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This European Standard EN 1993, Eurocode 3: Design of steel structures, has been prepared by Technical 
Committee CEN/TC250 « Structural Eurocodes », the Secretariat of which is held by BSI. CEN/TC250 is 
responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 
text or by endorsement, at the latest by November 2005, and conflicting National Standards shall be withdrawn 
at latest by March 2010. 

This Eurocode supersedes ENV 1993-1-1. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement these European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ircland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Slovakia, Slovenia, Spain, Swedcn, 
Switzerland and United Kingdom. 

Background of the Eurocode programme 

In 1975, the Commission of the European Community decided on an action programme 111 the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonization of technical speci1~cations. 

Within this action programme, the Commission took the initiative to establish a set of harmonized technical 
rules for the design of construction works which, in a first stage, would serve as an alternativc to the national 
rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Stcering Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980s. 

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an agreement I 
between the Commission and CEN, to transfer the preparation and the publication of the Eurocodes to the 
CEN through a series of Mandates, in order to provide them with a future status of European Standard (EN). 
This links de facto the Eurocodes with the provisions of all the Council's Directives and/or Commission's 
Decisions dealing with European standards (e.g. the Council Directive 89/1 06/EEC on construction products 
~ CPD ~ and Council Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of setting up the internal market). 

The Stluctural Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 Eurocode: Basis of structural design 

EN 1991 Eurocode 1: Actions on structures 

EN 1992 Eurocode 2: Design of concrete structures 

EN 1993 Eurocode 3: Design of steel stluctures 

EN 1994 Eurocode 4: Design of composite steel and concrete structures 

EN 1995 Eurocode 5: Design of timber stluctures 

EN 1996 Eurocode 6: Design of masonry structures 

EN ]997 Eurocode 7: Geotechnical design 

EN 1998 Eurocode 8: Design of structures for earthquake resistance 

I Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (Bc/CEN/03/89). 

5 



BS EN 1993-1-1:2005 
EN 1993-1-1:2005 (E) 
EN ] 999 Eurocode 9: Design of aluminium structures 

Eurocode standards recognize the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatory safety matters at national level where these 
continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the EU and EFTA recognize that Eurocodes serve as reference documents for the 
fonowing purposes: 

as a means to prove compliance of building and civil engineering works with the essential requirements 
of Council Directive 89/1 06/EEC, particularly Essential Requirement N° 1 - Mechanical resistance and 
stability - and Essential Requirement N°2 Safety in case of fire; 

as a basis for specifying contracts for construction works and related engineering services; 

as a framework for drawing up harmonized technical specifications for construction products (ENs and 
ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they are of a different nature from 
harmonized product standard3

. Therefore, technical aspects arising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product 
standards with a view to achieving a full compatibility of these technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or design conditions are not specifically covercd and additional expert consideration will be 
required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by which may be preceded by a National title page and National foreword, and 
may be followed by a National annex (informative). 

The National Annex (informative) may only contain information on those parameters which are left open in 
the Eurocode for national choice, known as Nationally Determined Parameters, to be used for the design of 
buildings and civil engineering works to be constructed in the country concerned, i.e. : 

values for partial factors and/or classes whcre alternatives are given in the Eurocode, 

values to be used where a symbol only is given in the Eurocode~ 

geographical and climatic data specific to the Member State, e.g. snow map, 

the procedure to be used where alternative procedures are given in the Eurocode, 

references to non-contradictory complementary information to assist the user to apply the Eurocode. 

Links between Eurocodes and product harmonized technical specifications (ENs 

('"".-rill-'" to Art. 3 _3 of the CPD, the essential requirements (ERs) shall be concrete form in interpretative documents for the 
creation of tile necessary Jinks betwcen the essential requirements and the mandates tor hENs and ETAGsiETAs. 

According to Art. 12 of the CPD the interpretative documents shall : 
a) concrete form to the essential harmonizing the t"'·",,,,,,,I,,,n( and the technical bases and indicating classes 

where necessary; 
b) these classes or levels of requirement with the technical e.g. methods of 

calculation and technical rules for design. etc. ; 
c) serve as a reference for the establishment standards and guidelines for European technical approvals. 
The Eurocodes, de playa similar role in the field of the ER 1 and a part ofER 2. 
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There is a need for consistency between the harmonized technical specifications for construction products 
and the technical rulcs for works4

. Furthermore, all the information accompanying thc CE Marking of the 
constIuction products which rcfcr to Eurocodes should clearly mention which Nationally Determined 
ParaIneters have been taken into account. 

Additional information specific to EN 1993-1 

EN 1993 is intended to be used with Eurocodes EN 1990 - Basis of Structural Design, EN 1991 - Actions on 
structures and EN 1992 to EN 1999, when steel stluctures or steel components are rcferred to. 

EN 1993-1 is the first of six parts of EN 1993 Design of Steel Structures. It gives generic design rules 
intended to be used with the other parts EN 1993-2 to EN 1993-6. It also gives supplementary rules 
applicable only to buildings. 

EN 1993-1 comprises twelve subparts EN 1993-1-1 to EN 1993-1-12 each addressing specific stcel 
components, lilnit states or materials. 

It may also be used for design cases not covered by the Eurocodes (other structures, other actions, othcr 
materials) serving as a reference document for other CEN TC's concenling structural matters. 

EN 1993-1 is intended for use by 

committees drafting design related product, tcsting and execution standards, 

clients (e.g. for the formulation of their specific requirements) 

designers and constructors 

relevant authorities 

Numerical values for patiial factors and other reliability parameters are recommended as basic values that 
provide an acceptable level of reliability. They have been selected assuming that an appropriate level of 
worlananship and quality management applies. 

4 See Art.3.3 and Art.l2 of the CPD, as well as clauses 4.1. 4.3. L 4.3.2 and 5.2 ofID I. 
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National annex for EN 1993-1-1 

This standard gives values with notes indicating where national choices may have to be made. Therefore the 
National Standard implementing EN 1993-1 should have a National Annex containing all Nationally 
Determined Parameters to be used for the design ~ of steel structures and civil engineering works to be 
constructed @2] in the relevant country. 

National choice is allowed in EN 1993-1-1 through the following clauses: 

2.3.1(1) 

3.1(2) 

3.2.1 (I) 

3.2.2( I) 

3.2.3(1) 

3.2.3(3)8 

3.2.4(1 )8 

5.2.1(3) 

5.2.2(8) 

5.3.2(3) 

5.3.2(11 ) 

5.3.4(3) 

6.1(1) 

6.1(1)B 

6.3.2.2(2) 

6.3.2.3(1) 

6.3.2.3(2) 

6.3.2.4(1)8 

6.3.2.4(2)8 

6.3.3(5) 

6.3.4(1) 

7.2.1(1)B 

7.2.2(1)B 

7.2.3(1 )8 

BB.1.3(3)B 
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1 General 

1.1 Scope 

1.1.1 Scope of Eurocode 3 

(1) Eurocodc 3 applies to the design of buildings and civil engineering works in steel. It complies with the 
principles and requirements for the safety and serviceability of structures, the basis of their design and 
verification that are given in EN 1990 Basis of structural design. 

(2) Eurocode 3 is concerned only \vith requirements for resistance, serviceability, durability and fire 
resistance of steel structures. Other requirements, e.g. concerning thermal or sound insulation, are not 
covered. 

(3) Euroeode 3 is intended to be used in conjunction with: 

EN 1990 "Basis of structural design" 

EN 1991 '"Actions on structures" 

ENs, ET AGs and ETAs for construction products relevant for steel structures 

EN 1090 "Execution of Steel Structures - Technical requirements" 

EN 1992 to EN 1999 when steel structures or steel components are referred to 

(4) Eurocode 3 is subdivided in various parts: 

EN 1993-1 Design of Steel Structures: General rules and rules for buildings. 

EN 1993-2 Design of Steel Structures: Steel bridges. 

EN 1993-3 Design of Steel Structures: Towers, masts and chimneys. 

EN 1993-4 Design of Steel Structures: Silos, tanks and pipelines. 

EN 1993-5 Design of Steel Structures: Piling. 

EN 1993-6 Design of Steel Structures: Crane supporting structures. 

(5) EN 1993-2 to EN 1993-6 refer to the generic rules in EN 1993-1. The rules in parts EN 1993-2 to 
EN 1993-6 supplement the generic lules in EN 1993-1. 

(6) EN 1993-1 "General rules and lules for buildings" comprises: 

EN ] 993-1-1 Design of Steel Structures: General rules and rules for buildings. 

EN 1993-1-2 Design of Steel Structures: Structural fire design. 

EN 1993-1-3 Design of Steel Struchlres: IAC 2) Cold-formed members and sheeting @l]. 

EN 1993-1-4 Design of Steel Structures: Stainless steels. 

Design of Steel Structures: Plated structural elements. 

Design of Steel Structures: Strength and stability of shell structures. 

EN 1993-1-5 

EN 1993-1-6 

EN 1993-1-7 Design of Steel Stluctures : Strength and stability of planar plated structures transversely 
loaded. 

EN 1993-1-8 

EN 1993-1-9 

Design of Steel Stluetures : Design of joints. 

Design of Steel Structures: Fatigue strength of steel structures. 

EN 1993-1-10 Design of Steel StIuctufes : Selection of steel for fracture toughness and through-thickness 
properties. 

EN 1993-1-11 Design of Steel Structures: Design of structures \vith tension components made of steel. 

EN 1993-1-12 Design of Steel Structures: Supplementary rules for high strength steel. 
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1.1.2 Scope of Part 1.1 of Eurocode 3 

(1) EN 1993-1-1 basic design rules for stccl structurcs with material thicknesses t 2: 3 mm. It also 
gives supplementary provisions for the structural design of steel buildings. These supplementary provisions 
are indicated by the lettcr "B" after thc paragraph number, thus ( )B. 

NOTE ~Forcold formed members and sheeting, see EN 1993-1-3 @lI. 

(2) The following subjects are dealt with in EN 1993-1-1: 

Section 1: General 

Section 2: Basis of 

Section 3: Materials 

Section 4: Durability 

Section 5: Structural analysis 

Section 6: Ultimate limit states 

Section 7: Scrviceability limit states 

(3) Sections 1 to 2 provide additional clauses to those given in EN 1990 "Basis of structural design". 

(4) Section 3 deals with matcrial properties of products made of low alloy structural steels. 

(5) Section 4 general ru1cs for durability. 

(6) Section 5 refers to the structural analysis of structures, in which tile melnbers can be modelled with 
sufficient accuracy as line e1cments for global analysis. 

(7) Section 6 gives detailed rules for thc design of cross sections and members. 

(8) Section 7 gives rules for serviceability. 

1.2 Normative references 

This European Standard incorporates by dated or undated reference, provisions from other publica60ns. 
These normative references are cited at the appropriate places in the text and the publications are listed 
hereafter. For dated references, subsequent amendmcnts to or revisions of any of publications apply to 
this Europcan Standard only when incorporated in it by amendment or revision. For undated references the 
latest edition of the publication referred to applics (including amendillents). 

1.2.1 General reference standards 

EN 1090 Execution of steel structurcs - Technical requirements 

EN ISO 12944 Paints and varnishes Corrosion protection of steel structures by protective paint 

EN ISO] 461 @lI Hot dip galvanized coatings on fabricated iron and steel articles - specifications and test 
methods 

1.2.2 Weldable structural steel reference standards 

EN 10025-1 :2004 Hot-rolled products of stIllctural steels - Pmi 1: General delivelY conditions. 

EN 10025-2:2004 Hot-rolled products of structural steels - Part 2: Technical delivery conditions for n011-
alloy structural 

EN 10025-3:2004 Hot-rolled products of stlllctural steels - Part 3: Technical delivery conditions for 
normalized / normalized rolled weldable fine grain structural steels. 
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EN 10025-4:2004 Hot-rolled products of structural Part 4: Technical dclivery conditions for 
thermomechanical rolled weldable finc grain structural steels. 

EN 10025-5:2004 Hot-rolled products of structural steels - Part 5: Technical delivery conditions for 
structural steels with improved atmospheric corrosion resistance. 

EN 10025-6:2004 Hot-rolled products of structural steels - Part 6: Technical delivery conditions for l1at 
products of high yield strcngth structural steels in the quenched and tempered condition. 

EN 10164: 1993 Stcel products with improved deformation propel1ies perpendicular to the surface of thc 
product - Technical delivery conditions. 

EN 10210-1: 1994 Hot finished structural hollow sections of non-alloy and fine grain structural steels -
Part 1: Technical delivcry requircmcnts. 

EN 10219-1: 1997 Cold formed hollow sections of structural stcel - Part 1: Technical delivery 
requirements. 

1.3 Assumptions 

(1) In addition to the assumptions of EN 1990 the following assumptions apply: 

fabrication and erection complies with EN 1090 

1.4 Distinction between principles and application rules 

(1) The rules in EN 1990 clause 1.4 apply. 

1.5 Terms and definitions 

(1) The rules in EN 1990 clause 1.5 apply. 

(2) The following terms and definitions are used in EN 1993-1-1 with the following meanings: 

1.5.1 
frame 
the whole or a portion of a structure, comprising an assembly of directly connected structural elements, 
designed to act together to resist load; this term refers to both moment-resisting frames and triangulated 
.LL<.4.LLL,",,>, it covers both plane frames and three-dimensional frames 

1.5.2 
sub-frame 
a frame that fonns part of a larger frame, but is be treated as an isolated frame in a structural analysis 

1.5.3 
type of framing 
terms used to distinguish between frames that are either: 

semi-continuous, in which the structural properties of the members and joints need explicit 
consideration in the global analysis 

continuous, in which only the structural propeliies of the members need be considered in the global 
analysis 

shnple, in which the joints are not required to resist moments 

1.5.4 
global anaJysis 
the detennination of a consistent set of internal forces and moments in a structure, which arc in equilibrium 
with a particular set of actions on the structure 
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1.5.5 
system length 
distance in a given plane between two adjacent points at which a nlember is braced against lateral 
displacement in this plane, or between one such point and the end of the member 

1.5.6 
buckling Jength 
system length of an otherwise similar member with pinned ends, which has the Saine critical buckling 
load as a given mcmber or segment of nlcmber 

1.5.7 
shear lag effect 
non-uniform stress distribution in wide flanges due to shear deformation; it is taken into account by using a 
reduced "effecti ve" flange width in safety assessments 

1.5.8 
capacity design 
design method for achieving the plastic deformation capacity of a Inember by providing additional strength 
in its connections and in other parts connected to it 

1.5.9 
uniform member 
member with a constant cross-section along its whole length 

1.6 Symbols 

(1) For the purpose of this standard the following symbols apply. 

(2) Additional symbols are defined wherc they first occur. 

NOTE Symbols are ordered by appearance in EN 1993-1-1. Symbols may have various meanings. 

Section / 

x-x axis along a member 

y-y axis of a cross-section 

z-z axis of a cross-section 

u-u major principal axis (where this does not coincide with the y-y axis) 

v-v minor principal axis (where this docs not coincide with the z-z axis) 

b width of a cross section 

h depth of a cross section 

d depth of straight pOliion of a web 

tw web thickness 

tr flangc thickness 

r radius of root fillet 

fl radius of root fillct 

1'2 toe radius 

thickness 

Section 2 

Pk nominal value of thc cffcct of prestressing imposed during erection 

Gk nominal value of the cffect of permanent actions 
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~ Xk @.il characteri stic values of material property 

Xn nonlinal values of material property 

Rd design value of resistance 

Rk characteristic value of resistance 

YM genera] partial factor 

YMi particular partial factor 

YMf partial factor for fatigue 

11 conversion factor 

ad design value of geometrical data 

Section 3 

fy yield strength 

fu ultimate strength 

[§) ReH (Aczl yield strength to product standards 

Rm ultimate strength to product standards 

Ao original cross-section area 

Cy yield strain 

CLi u ltill1ate strai n 

required design Z-value resulting frOll1 the magnitude of strains from restrained metal shrinkage under 
the weld beads. 

ZRd available design Z-value 

E modulus of elasticity 

G shear modulus 

v Poisson's ratio in elastic stage 

U coefficient of linear thermal expansion 

Section 5 

U cr factor by which the design loads would have to be increased to cause elastic instability in a global 
mode 

FEd design loading on the structure 

Fer elastic critical buckling load for global instability mode based on initial elastic stiffnesses 

[§) total design horizontal load, including equivalent forces transferred by the storey (storey shear) @lI 

[§) V Ed total design vertical load on the frame transferred by the storey (storey thlust) @lI 

bH,Ed horizontal displacement at the top of the storey, relative to the bottom of the storey 

h storey height 

A non dimensional slende111ess 

NEd design value of the axial force 

<P global initial sway imperfection 

<Po basic value for global initial sway imperfection 

Uh reduction factor for height h applicable to columns 

h height of the structure 
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am reduction factor for the number of columns in a row 

m number of columns in a row 

eo maximum amplitude of a member imperfection 

L member length 

Tjinit amplitude of clastic critical buckling mode 

11cr shape of clastic critical buckling mode 

eO.d design value of maximum amplitude of an imperfection 

MRk characteristic momcnt resistance of the critical cross section 

characteristic resistance to normal force of the critical cross section 

a imperfection factor 

Ell1~r bending moment due tOller at the critical cross section 

X reduction factor for the relevant buckling curve 

aull.k minimum load amplifier of the design loads to reach the characteristic resistance of the most critical 
cross section of thc structural component considering its in plane behaviour without taking lateral or 
lateral torsional buckling into account however accounting for all effects due to in plane geometrical 
deformation and imperfections, global and local, whcrc relevant ~ 

a cr minimum force amplifier to reach the ~ elastic critical buckling load ~ 

q equivalent force per unit 

8q in-plane deflection of a bracing systen1 

qel equivalent design force per unit length 

M Ed design bending moment 

k factor for eO.d 

E strain 

(J strcss 

(j"com,Ed maximum design compressive stress in an element 

e 

c 

a 

d 

length 

factor depending on fy ~ 

width or depth of a part of a cross section 

portion of a paI1 of a cross section in compression 

stress or strain ratio 

plate buckling factor ~ 

outer diameter of circular tubular sections 

Section 6 

YMO partial factor for resistance of cross-sections whatever the class is 

YMI pal1ial factor for resistance of members to instability assessed by member checks 

YM2 partial factor for resistance of cross-sections in tension to fracture 

ax.Ed design value of the local longitudinal stress 

(Jz.Ed design value of the local transverse stress 

'TEd design value of the local shear stress 

N Ed design norma] force 

My.Ed design bending moment, y-y axis 

Mz,Ed bending moment, z-z axis 

N Rd val ues of the resistance to normal forces 
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My,Rd design values of the resistancc to bending moments, y-y 

Mz,Rd design values of the resistance to bending moments, z-z axis 

s staggered pitch, the spacing of the centrcs of 1\-\10 consecutive holes in the chain measured parallel to 
the nlember axis 

p spaeing of the centres of the same two holes measured perpendicular to the member axis 

n number of holes extending in any diagonal or L.I"'-- LUl"'- line progressively across the member or part of 
the member 

do diameter of hole 

eN shift of the centroid of the effective area AelT relative to the centre of gravity of the gross cross section 

L1MEd additional moment from shift of the centroid of the effective area 
of the gross cross scction 

relative to the centre of gravity 

AetT effectivc area of a cross section 

NtRd design valucs of the resistance to tension forces 

design plastic resistancc to normal forces of the gross cross-section 

Nu,Rd design ultimate resistance to normal forces of the net cross-section at holes for fasteners 

A llet net area of a cross section 

Nnet,RcI design plastic resistance to normal forces of the net cross-section 

Nc,Rd design resistance to normal forces of the cross-section for uniform compression 

Mc,Rd design resistance for bcnding about one principal axis of a cross-section 

W pl plastic section modulus 

W e1,min Ininin1um elastic section modulus 

Weff.min minimum effective section modulus 

Af area of the tension flange 

Af,net net area of the tension flange 

V Ed design shear force 

Vc,Rd design shear resistance 

l6§) V pl,Rd design plastic shear resistance 

Av shear area 

11 factor for shear area 

S first moment of area 

second moment of area 

A cross-sectional area 

Aw area of a web 

Af area of one flange 

T Ed design value of total torsional moments 

T Rd design resistance to torsional moments 

l6§) Tt,Ed design value of internal St. Vcnant torsional moment @II 

IAC2) Tw, Ed design value of internal warping torsional moment @II 

't'tEd design shear stresses due to S1. Venant torsion 

Tw,Ed design shear stresses due to warping torsion 

C'w.Ed design direct stresses due to the bimoment BEd 

BEd design value of the bimoment @II 

V pl,T,Rd reduced design plastic shear resistance making allowance for the presence of a torsional moment 
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p reduction factor to determine reduced design values of the resistance to bending moments making 

allowance for the presence of shear forces 

MV"Rd reduced design values of thc resistance to bending moments making allowance for the presence of 
shear forces 

MN .. Rd reduced design values of the resistance to bending moments making allowance for the presence of 
normal forces 

n ratio of design normal force to design plastic resistance to normal forces of the gross cross-section 

a ratio of web area to gross area 

ex parameter introducing the effect of biaxial bending 

p parameter introducing the cffect of biaxial bending 

eny shift of the ccntroid of the effective area relative to the centre of gravity of the gross cross section 
(y-y 

eN] sh ift of the centroid of the effective area AelT relative to the centre of gravity of the gross cross section 
axis) 

minimum cffcctive section modulus 

Nb,Rd design buckling resistance of a compression member 

X reduction factor for relevant buckling mode 

(I) va1ue to determine the rcduction factor X 

ao, a, b, c, d class indexes for buckling curves 

Ncr elastic critical force for the relevant buckling mode based on the gross cross sectional properties 

radius of gyration about the relevant axis, determined using the prope11ies of the gross cross-section 

AI slenderness value to determine the relative slendemcss 

)'" T relative slenderness for torsional or torsional-flexural buckling 

Ncr.TF elastic torsional-l1exura I buckling force 

elastic torsional buckling force 

Mb,Rd design buckling resistance lTI0l11ent 

XLT reduction factor for lateral-torsional buckling 

<DLT value to determine the reduction factor XLT 

ex LT imperfection factor 

A LT non dimensional slenderness for lateral torsional buckling 

Mer elastic critical moment for lateral-torsional buckling 

I'A plateau length of the lateral torsional buckling curves ~ for rolled and welded sections @l] 

p correction factor for the lateral torsional buckling curves ~ for rolled and welded sections @l] 

XLT.mod modified reduction factor for lateral-torsional buckling 

f modification factor for XLT 

kc correction factor for moment distribution 

~J ratio of moments in segment 

Lc length between latera1 rcstraints 

AI' equivalent compression slenderness 

radius of gyration of compression flange about the minor axis of the section 

effective second moment of area of compression flange about the minor axis of the section 
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effective area of compression tlange 

AetT,w,ceffective area of compressed part of web 

Aco slenderness parameter 

k fi modification flictor 

moments due to the shift of the centroidal y-y axis 

~ ilMz.Ed @l) moments due to the shift of the centroidal z-z axis 

Xy reduction factor due to tlexural buckling (y-y axis) 

XZ reduction factor due to tlexural buckling axis) 

kyy interaction factor 

kyz interaction factor 

kzy interaction factor 

kzz interaction factor 
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Aop global non dimensional slenderness of a structural component for out-of-plane buckling 

Xop reduction factor for the non-dimensional slenderness Aop 

Uult.k minimum load amplifier of the design loads to reach the characteristic resistance of the most critical 
cross section 

ucr,op minimum amplifier for the in plane loads to reach the elastic ~critical buckling load ~ 
with to lateral or lateral torsional buckling 

NRk characteristic value of rcsistance to compression 

My,Rk characteristic value of resistance to bending moments about y-y axis 

M z.Rk characteristic value of resistance to bending moments about z-z axis 

Qm local force applied at each stabilized member at the plastic hinge locations 

stable length of segment 

buckling length of chord 

ho distance of centrelines of chords of a built-up column 

a distance between restraints of chords 

U angle between axes of chord and lacings 

1m in minimum radius of gyration of single 

ACh area of one chord of a built-up column 

design chord force in the middle of a built-up lTIember 

M ~d design value of the L60maximum first order moment @l] in the middle of the built-up member 

letT effective second moment of area of the built-up member 

shear stiffness of built-up member from the lacings or battened panel 

n number of planes of lacings or battens 

Ad area of one diagonal of a built-up column 

d length of a diagonal of a built-up column 

Av area of one post (or transverse element) of a built-up column 

Ich in plane second moment of area of a chord 

Ib in plane second moment of area of a batten 

!l efficiency factor 
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1) radius of gyration (y-y axis) 

Annex A 

Cmy equivalent uniform moment factor 

Cm? equivalent uniform moment factor 

equivalent uniform moment factor 

factor 

PI factor 

elastic i1exural buckling force about the y-y axis 

Ncr,? clastic flexural buckling force about the z-z axis 

factor 

Cyz factor 

f~lctor 

Czz factor 

factor 

W z tactor 

IlpJ factor 

Amax maximum of Ay and j",z 

bLT factor 

Cn factor 

dn factor 

eLI' factor 

\/fy ratio of end moments (y-y axis) 

Cmy,() factor 

Cmz.O factor 

an factor 

h St. Venant torsional constant 

Iy second moment of area about y-y axis 

~ C 1 ratio between the critical bending moment (largest value along the member) and the critical constant 
bending moment for a member with hinged supports @1] 

Mi,Ed(X) maximum first order moment 

maximum member displacement along the melnber 

Annex B 

IAC 2) as factor; s = sagging 

IAC 2) ah factor; h hogging @1] 

ell equivalent uniform moment factor 

Annex AB 

YG pal1ial factor for permanent loads 

Gk characteristic value of permanent loads 

YQ pmiial factor for variable loads 

Ok characteristic value of variable loads 
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Annex BB 

AefLv effective slenderness ratio for buckling about v-v axis 

.y effective slcndcI11ess ratio for buckling about y-y axis 

effective slenderness ratio for buckling about z-z axis 

L system length 

Lcr buckling length 

S shear stiffness providcd by sheeting 

Iw warping constant 

CS,k rotational stiffness providcd by stabilizing continuum and conncctions 

Ku factor for considering the type of analysis 

factor for considering the moment distribution and the type of restraint 
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rotational stiffness provided thc stabilizing continuum to the beam assuming a stiff connection to 
the member 

rotational stiffness of the connection between the beam and the stabilizing continuum 

CSD.k rotational stiffness deduced from an analysis of the distorsional deformations of the beam cross 
sections 

Lm stable length between adjacent lateral restraints 

Lk stable length between adjaccnt torsional restraints 

stable length between a plastic hinge location and an adjacent torsional restraint 

C 1 modification factor for moment distribution 

modification factor for linear moment gradient 

Cn modification factor for non-linear moment gradicnt 

a distance between the ccntroid of the member with the plastic hinge and the centroid of the restraint 
members 

Bo factor 

BI factor 

B2 factor 

~ 11 ratio of clastic critical values of axial forces 

Is radius of gyration related to centroid of restraining men1ber 

~L ratio of the algebraically smaller end moment to the larger end moment 

R\ moment at a specific location of a member 

R2 mOll1ent at a specific location of a member 

R3 moment at a specific location of a member 

~ moment at a specific location of a member 

R5 mOll1ent at a specific location of a member 

RE maximum of RI or R5 

Rs Inaximum value of bending moment anywhere in the length 

c taper factor 

hh additional depth of the haunch or taper 

hmax maximum depth of cross-section within thc length Ly 

hmin minimum depth of cross-section within the length 
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hs vertical depth of the un-hallnched section 

Lh length of haunch within the length 

Ly length between restraints 

1.7 Conventions for member axes 

(1) The convention for member axes is: 

x-x - along the member 

y-y - axis of the cross-section 

z-z - axis of the cross-section 

(2) For steel members, the cOllventions used for cross-section axes are: 

- generally: 

y-y - cross-section axis parallel to the f1anges 

z-z - cross-section axis perpendicular to the flanges 

- for angle sections: 

y-y axis parallel to the smaller leg 

z-z - axis perpendicular to the smaller leg 

where necessary: 

ll-ll - major principal axis (where this does not coincide with the yy axis) 

v-v - minor principal axis (where this does not coincide with the zz axis) 

(3) The symbols used for dimensions and axes of rolled steel sections are indicated in Figure 1.1. 

(4) The convention used for subscripts that indicate axes for 1110ments is: "Use the axis about which the 
moment acts." 

20 

NOTE All rules in this Eurocode relate to principal axis properties, which are generally defined by 
the axes y-y and z-z but for sections such as angles are defined by the axes u-u and v-v. 
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Figure 1.1: Dimensions and axes of sections 
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2 Basis of design 

2.1 Requirements 

2.1.1 Basic requirements 

IEJ) (l)P The design of steel structures shall be in accordance with the rules in EN 1990. @j] 

(2) The supplementary provisions for steel structures given in this section should also be applied. 

(3) The basic requirements oLEN 1990 section 2 should be deemed be satisfied where limit state design is 
lIsed in conjunction with the pm1ial factor method and the load combinations given in EN 1990 together with 
the actions given in EN 1991. 

(4) The rules for resistances, serviceabi lity and durability given in the various pm1s of EN ] 993 should be 
applied. 

2.1.2 Reliability management 

(I) Where different levels of reliability are required, these levels should preferably be achieved by an 
appropriate choice of quality managcment in design and execution, according to EN 1990 Annex C and 
EN 1090. 

2.1.3 Design working life, durability and robustness 

2.1.3.1 Genera] 

(l)P Depending upon the type of action affecting durability and the design working life (see EN 1990) steel 
structures shall be @j] 

designed against corrosion by means of 

suitable surface protection (see EN ISO 12944) 

the use of \vcathering steel 

the usc of stainlcss stccl EN 1993-1-4) 

detailed for sufficient fatiguc life 

designed for wearing 

EN 1993-1-9) 

designed for accidental actions (see EN 1991 

inspected and maintained. 

2.1.3.2 Design working Bfe for buildings 

IEJ) (l)P,B The design working life shall be taken as the period for which a building structure is expected to be 
used for its intendcd purpose. 

(2)B For the specification of the intended design working life of a permanent building sec Table 2.1 of 
EN 1990. 

(3)8 For structural elements that cannot be designed for the total design life of the building, see 
2.1.3.3(3)B. 

2.1.3.3 Durability for buildings 

~ (1 )P,B To ensure durability, buildings and their components shall either be designed for environmental 
actions and if relevant or else protected from them. 
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~ (2)P,B The effects of deterioration of material, corrosion or fatigue where relevant shall bc takcn into 
account by appropriate choice of material, see EN 1993-1-4 and EN 1993-1-10, and dctails, sce 
EN 1993-1-9, or by structural redundancy and by the choicc of an appropriate corrosion protection system. 

(3)8 If a building includes components that need to be replaceable (e.g. bearings in zones of soil 
scttlemcnt), thc possibility of their safc rcplacemcnt should bc verified as a transient design situation. 

2.2 Principles of limit state design 

(1) The resistance of cross-sections and members specificd in this Eurocodc 3 for the ultimate limit states 
as defined ~ in the clause 3.3 1990 arc based on tests in which the material exhibited sufficient 
ductility to apply simplified 

(2) The resistances specified in this Eurocode Part may therefore be used where the conditions for 
Inaterials in section 3 are met. 

2.3 Basic variables 

2.3.1 Actions and environmental influences 

(l) Actions for the design of steel structures should be taken from EN 1991. For the combination of 
actions and partial factors of actions see Annex A to EN 1990. 

NOTE 1 The National Annex may define actions for particular regional or climatic or accidental 
situations. 

NOTE 2B For proportional loading for incremental approach, see Annex AB.l. 

NOTE 3B For simplified load arrangement, see Annex AB.2. 

(2) The actions to be considered in the erection should be obtained from EN 1991-1-6. 

(3) Where the effects of predicted absolute and differential settlements need to be considered, best 
estimates of imposed deformations should be used. 

(4) The effects of uneven settlements or irnposed deformations or other forms of imposed 
during erection should be taken into account by their nominal value Pk as permanent actions and grouped 
with other permanent actions Gk to form a single action @.il (Gk + Pd. 

(5) Fatigue actions not defined in EN 1991 should be determined """r>A"","rr to Annex A of EN 1993-1-9. 

2.3.2 Material and product properties 

(l) Material properties for steels and other construction products and the geometrical data to be used for 
design should be those specified in the relevant ET AGs or ETAs unless otherwise indicated in this 
standard. 

2.4 Verification by the partial factor method 

2.4.1 Design values of material properties 

~ (1) P For the of steel structures characteristic values or nominal values Xll of material 
properties shall be used as indicated in this Eurocode. @.il 

2.4.2 Design values of geometrical data 

(1) Geometrical data for cross-sections and systems may be taken from product standards hEN or 
drawings for the execution to EN 1090 and treated as nominal values. 
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(2) Design values of geometrical imperfections specified in this standard are equivalent geometric 
imperfections that take into account the effects of: 

geometrical imperfections of members as gove111ed by geometrical tolerances in product standards or the 
execution standard; 

structural imperfections due to fabrication and erection; 

residual stresses; 

variation of the yield strength. 

2.4.3 Design resistances 

(]) For steel structures equation (6.6c) or equation (6.6d) of EN 1990 applies: 

~ Rk ] ( .. .) 
~ Rd - Rk 1llX k.I' lli Xkj, ad 

YM 1M 
(2.1) 

where Rk is the characteristic value of the particu lar resistance determined with characteristic or nominal 
values for the material properties and dimensions 

YM is the global partial factor for the particular resistance 

NOTE For the definitions Ofl11, lli' Xkl , Xki and ad see EN 1990. 

2.4.4 Verification of static equilibrium (EQU) 

(1) The reI iability format for the verification of static equilibrium in Table 1.2 (A) in Annex A of 
EN 1990 also applies to design situations equivalent to (EQU), e.g. for the design of holding down anchors 
or the verification of uplift of bearings of continuous beams. 

2.5 Design assisted by testing 

(l) The resistances Rk in this standard have been determined using Annex D of EN 1990. 

(2) In recommending classes of constant partial factors YMi the characteristic values Rk were obtained from 

(2.2) 

where Rei are design values according to Annex D of EN 1990 

YMi are recommended partial factors. 

NOTE 1 The numerical values of the recommended partial factors YMi have been detennined such that 
Rk represents approximately the 5 %-fractile for an infinite nUlYlber of tests. 

NOTE 2 For characteristic values of fatigue strength and pa11ial factorsYMf for fatigue see 
EN 1993-1-9. 

NOTE 3 For characteristic values of toughness resistance and safety elements for the toughness 
verification see EN 1993-1-] O. 

(3) Where resistances Rk for prefabricated products should be determined from tests, the procedure in (2) 
should be followed. 
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3.1 General 
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(1) The nominal values of material properties given in this section should be adopted as characteristic 
values in design calculations. 

(2) This Part of EN 1993 covers the design of steel structures fabricated from steel material conforming to 
the steel grades listed in Table 3.1. 

NOTE For other steel material and products see National Annex. 

3.2 Structural steel 

3.2.1 Material properties 

(1) The nominal values of the yield strength fy and the ultimate strength £:1 for structural stccl should bc 
obtained 

a) either by adopting the valucs ~ fy = ReH and t~J = Rm direct from the product standard 

b) or by using the simplification givcn in Tablc 3.1 

NOTE The National Annex may the choice. 

3.2.2 Ductility requirements 

(1) For steels a minimum ductility is required that should be expressed in terms of limits for: 

the ratio t~ I fy of the specified minimum ultimate tensile strength fu to the specified minimum yield 
strength . 

the elongation at failure on a gauge length of 5,65 (where Ao is the original cross-sectional area); 

the ultimate strain Eu, where Eu corresponds to the ultimate strength £:J . 

NOTE The limiting values of the ratio fll I fy , the elongation at failure and the ultimate strain Cli may 
be defined in the National Annex. The following values are recommended: 

fu I fy 1,10; 

elongation at failure not less than 15%; 

ClI 15Ey , where Cy is the yield strain (Cy fy I 

(2) Steel conforming with one of the steel grades listed in Table 3.1 should be accepted as satisfying these 
requ irements. 

3.2.3 Fracture toughness 

(l)P The material shall have sufficient fracture toughness to avoid brittle fracture of tension clements at 
the lowest servicc temperature expected to occur within the intended design life of the structurc. @il 

NOTE The lowest service temperature to be adopted in design may be given in the National Annex. 

(2) No further check against brittle fracture need to be made if the conditions in EN 1993 -1 -10 are 
satisfied for the lowest temperature. 
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(3)B For building components under compression a minimum toughness property should be selected. 

NOTE B The National Annex may give information on the selection of toughness properties for 
members in compression. The use of Table 2.1 of EN 1993-1-10 for 0Ed = 0,25 fY(t) is recommended. 

(4) For selecting steels for members with hot dip galvanized coatings see I£§) EN ISO 1461 @l]. 

Table 3.1: Nominal values of yield strength fy and ultimate tensile strength fu for 
hot rolled structural steel 

Standard 
Nominal thickness of the element t [111m] 

and t 40mm 40 111m < t :::: 80 mm 
stccl 

t~ [N/mm2] fu [N/mm2] f~, [N/mm2] t~ [N/mnl] 

EN 10025-2 

S 235 235 360 215 360 
S 275 275 430 255 410 
S 355 355 490 335 470 
S 450 440 550 410 550 

EN 10025-3 

S 275 N/NL 275 390 370 
S 355 N/NL 355 490 335 470 
S 420 N/NL 420 520 390 520 
S 460 N/NL 460 540 430 540 

EN 10025-4 

S 275M/ML 370 255 360 
S 355 M/ML 355 470 335 450 
S 420 M/ML 420 520 390 500 
S 460 M/ML 460 540 430 530 

EN 10025-5 

S 235 W 235 360 215 340 
S 355 W 355 [§) 490 @lI 335 490 

EN 10025-6 

S 460 Q/QL/QL1 460 570 440 550 
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Table 3.1 (continued): Nominal values of yield strength fy and ultimate tensile 
strength f u for structu ral hollow sections 

Standard 
Nominal thickness of the clement t [111m] 

and t ::; 40 111m 40 111m < t ::; 80 111111 

steel grade 
fy [N/mm2] fu [N/mm2] f;, [N/mm2] fll [N/mm2] 

EN 10210-1 

S 235 H 235 360 215 340 
S 275 H 275 430 255 410 
S 355 H 355 510 335 490 

S 275 NHINLH 275 390 255 370 
S 355 NH/NLH 355 490 335 470 
S 420 NH/NLH@l] 420 540 390 520 
S 460 NH/NLH 460 560 430 550 

EN 10219-1 

S 235 H 235 360 
S 275 H 275 430 
S 355 H 355 510 

S 275 NHINLH 275 370 
S 355 NH/NLH 355 470 
S 460 NHINLH 460 550 

S 275 MH/MLH 275 360 
S 355 MH/MLH 355 470 
S 420 MH/MLH 420 500 
S 460 MH/MLH 460 530 

3.2.4 Through-thickness properties 

(I) Where steel with improved through-thickness properties is necessary according to EN 1993-1 10, steel 
according to the required quality elass in EN 10164 should be used. 

NOTE 1 Guidance on the choice of through-thickness properties is given in EN 1993-1 10. 

NOTE 2B Particular care should be given to welded beam to column connections and welded end 
plates with tension in the through-thickness direction. 

NOTE 3B The National Annex l11ay give the relevant allocation of target values according to 
3.2(2) oLEN 1993-1-10 to the quality class in EN 10164. The allocation in Table 3.2 is recommended 
for buildings: 

Table 3.2: Choice of quality class according to EN 10164 

Target value of Required value of ZRd expressed 
ZEd according to in te1111S of design Z-values 
EN 1993-1-10 according to EN 10164 

::;10 -

10 < :S 20 Z 15 

20 < ZEd::; 30 Z 25 

> 30 Z 35 
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3.2.5 Tolerances 

(1) The dimensional and mass tolerances of rolled steel sections, structural hollow sections and plates 
should con form with the relevant product standard, ET AG or ETA unless more severe tolerances are 
specified. 

(2) For wcldcd components thc tolerances given in EN 1090 should be applied. 

(3) For structural analysis and design the nominal values of dimensions should be used. 

3.2.6 Design values of material coefficients 

(1) The material coefficients to be adopted in calculations for the structural steels covered this 
Eurocode Part should be taken as follows: 

modulus of elasticity E = 210000 N Itnn12 

shear modulus G = E ~ 81 000 N / mn12 

2(1 v) 

Poisson's ratio in elastic stage v 0,3 

coefficient of linear thermal expansion a 12 xl 0- 6 perK (for T ~ 100°C) 

NOTE For calculating the structural effects of unequal temperatures in composite concrete-steel 

structures to EN 1994 the coefficient of linear thermal expansion is taken as a = 10 10--6 perK. 

3.3 Connecting devices 

3.3.1 Fasteners 

(1) Requirements for fasteners are given in EN 1993-1-8. 

3.3.2 Welding consumables 

(1) Requ irements for welding consumables are given in EN 1993-1-8. 

3.4 Other prefabricated products in buildings 

(l)B Any semi-finished or finished structural product used in the structural design of buildings should 
comply with the relevant EN Product Standard or ET AG or ETA. 

4 Durability 

(1) The basic requiremcnts for durability are set out in EN 1990. 

~(2)P The means of executing the protective treatment undertaken off-site and on-site shall be In 

accordance with EN 1090. 

NOTE EN 1090 lists the factors affecting execution that need to be specified during design. 

(3) Parts sLisceptible to corrosion, mechanical wear or fatigue should be designed such that inspection, 
maintenance and reconstruction can be carried out satisfactorily and access is available for in-service 
inspection and maintenance. 
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(4)8 For building structures no fatigue assessment is normally required except as follows: 

a) Melnbers supporting lifting appliances or rolling loads 

b) Members subject to repeated stress cycles from vibrating machinery 

c) Members subject to wind-induced vibrations 

d) Members subject to crowd-induced oscillations 

~(5)P For elements that cannot be inspected an appropriate corrosion allowance shall be included. @i) 

(6)B Corrosion protection does not need to be applied to internal building structures, if the internal relative 
humidity does not exceed 80%). 

5 Structural analysis 

5.1 Structural modelling for analysis 

5.1.1 Structural modelling and basic assumptions 

~(l)P Analysis shall be based upon calculation models of the strueture that are appropriate for the limit 
state under consideration. @i) 

(2) The calculation model and basic assumptions for the calculations should reflect the structural 
behaviour at the relevant limit state with appropriate accuracy and reflect the anticipated type of behaviour of 
the cross sections, members, joints and bearings. 

~(3)P The method used for the analysis shall be consistent with the design assumptions. @i) 

(4)B For the structural modelling and basic assumptions for components of buildings see also EN 1993-1-5 
and EN 1993-1-11. 

5.1.2 Joint modelling 

(1) The effects of the behaviour of the joints on the distribution of internal forces and moments within a 
structure, and on the overall deformations of the structure, may generally be neglected, but where such 
effects are significant (such as in the case of semi-continuous joints) they should be taken into account, see 
EN 1993-1-8. 

(2) To identify whether the effects of joint behaviour on the analysis need be taken into account, a 
distinction may be made between three joint models as follows, see EN 1993-1-8, 5.1.1 : 

simple, in which the joint may be assumed not to transll1it bending moments; 

con6nuous, in which the behaviour of the joint may be assumed to have no effect on the analysis; 

selni-continuous, in which the behaviour of the joint needs to be taken into account in the analysis 

(3) The requirements of the various types of joints are given in EN 1993-1-8. 

5.1.3 Ground-structure interaction 

(1) Account should be taken of the deformation characteristics of the supports where significant. 

NOTE EN 1997 gives guidance for calculation of soil-structure interaction. 
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5.2 Global analysis 

5.2.1 Effects of deformed geometry of the structure 

(I) The internal forces and moments may general1y be determined using either: 

first-order analysis, using the initial geometry of the structure or 

second-ordcr analysis, taking into account the influence of the deformation of the structure. 

(2) The effects of the deformed geometry (second-order effects) should be considered if they increase the 
action effects significantly or modify significantly the structural behaviour. 

(3) First order analysis may be used for the structure, if the increase of the relevant internal forces or 
moments or any other change of structural behaviour caused deformations can be neglected. This 
condition may be assumed to be fulfilled, if the following criterion is satisfied: 

U cr 
Fer ~ 10 for elastic analysis 
FEd 

2:: 15 for plastic analysis 
(5.1 ) 

where U er is the factor by which the design loading would have to be increased to cause elastic instability 
in a global mode 

FEd is the design loading on the structure 

Fer is the elastic critical buckling load for global instability mode based on initial elastic 
stiffnesses 

NOTE A greater limit for U cr for plastic analysis is given in equation (5.1) because structural 
behaviour may be significantly influenced by non linear material properties in the ultimate limit state 

where a frame forms plastic hinges with moment redistributions or where significant non linear 
deformations from semi-rigid joints occur). Where substantiated by more accurate approaches the 
National Annex may give a lower limit for U cr for certain types of frames. 

(4)B Portal frames with shallow roof slopes and beam-and-column type plane frames in buildings may be 
checked for sway mode failure with first order analysis if the criterion (5.1) is satisfied for each storey. In 
thesc structures U er [§) should be calculated using the following approximative formula, provided that 
the axial compression in the beams or rafters is not significant: 

(5.2) 

[§) where is the total design horizontal load, including equivalent forces according to 5.3.2(7), transfelTed 
by the storey (storey shear) 
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V[d is the total design vertical load on the frame transferred by the storey (storey thrust) @lI 

b'-LEd is the horizontal displacement at the top of the storey, relative to the bottom of the storey, 
when the frame is loaded with horizontal loads (e.g. wind) and fictitious horizontal loads 
which arc applied at each floor level 

h is the storey height 
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[§) Figure 5.1: Notations for 5.2.1 (4) @iI 

NOTE IS For the application of (4)B in the absence of more detailed information a roof slope may 
be taken to be shallow if it is not steeper that 1:2 (26°). 

NOTE 2B For the application of (4)B in the absence of more detailed information the axial 
compression in the beams or rafters [§) should @iI be assumed to be significant if 

A~ 0,3 -"-y - ~f 
NEd 

(5.3) 

where NEd is the design value of the compression force, 

"A is the inplane non dimensional slenderness calculated for the beam or rafters considered 
as hinged at its ends of the system length measured along the beams of rafters. 

(5) The effects of shear lag and of local buckling on the stiffness should be taken into account if this 
significantly influences the global analysis, see EN 1993-1-5. 

NOTE For rolled sections and welded sections with similar dimensions shear lag effects may be 
neglected. 

(6) The effects on the global analysis of the slip in bolt holes and similar deformations of connection 
devices like studs and anchor bolts on action effects should be taken into account, where relevant and 
significant. 

5.2.2 Structural stability of frames 

(1) If according to 5.2.1 the influence of the deformation of the structure has to be taken into account (2) 
to (6) should be applied to consider these effects and to verify the structural stability. 

(2) The verification of the stability of frames or their parts should be carried out considering imperfections 
and second order effects. 

(3) According to the type of frame and the global analysis, second order effects and imperfections may be 
accounted for by one of the following methods: 

a) both totally by the global analysis, 

b) partially by the global analysis and partially through individual stability checks of members according to 
6.3, 

c) for basic cases by individual stability checks of equivalent members according to 6.3 using appropriate 
buckling lengths according to the global buckling mode of the structure. 
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(4) Second order effccts may be calculated by using an analysis appropriate to the structure (including 
step-by-step or other itcrative procedures). For frames where the first sway buckling mode is prcdominant 
first order elastic analysis should be carried out with subsequent amplification of relevant action effects (e.g. 
bending moments) by appropriate factors. 

(5)8 For single storey frames designed on the basis of clastic global analysis second order sway effects due 
to vertical loads may be calculated by increasing the horizontal loads (e.g. wind) and equivalent loads 

<p due to imperfections (sec 5.3.2(7)) and other possible sway effects according to first order theory by 
the factor: 

(5.4 ) 

U(;r 

provided that au 3,0, 

where an may be calculated according to (5.2) in 5.2.1(4)B, provided that the roof slope is shallow and 
that the axial compression in the beams or rafters is not significant as defined in 5.2.1 (4)B. 

NOTE B For (Xcr 3,0 a morc accurate second order analysis applies. 

(6)B For multi-storey frames second order sway cfTects may be calculated by means of the method given in 
(5)8 provided that all storeys have a similar 

distribution of vertical loads and 

distribution of horizontal loads and 

distribution of frame stiffness with respect to the applied storey shear forces. 

NOTE B For the limitation of the method see also 5.2.1(4)B. 

(7) In accordance with (3) the stability of individual members should be checked according to the 
fo11owing: 

a) If second order effects in individual members and relevant member imperfections (see 5.3.4) are totally 
accounted for in the global analysis of the structure, no individual stability check for the members 
according to 6.3 is necessary. 

b) If second order effects in individual members or certain individual member imperfections (c.g. member 
imperfections for flexural and/or lateral torsional buckling, see 5.3.4) are not totally accounted for in the 
global analysis~ the individual stability of members should be checked according to the relevant criteria in 
6.3 for the effects not included in the global analysis. This verification should take account of end 
moments and forces from the global analysis of the structure, including global second order effects and 
global imperfections (see 5.3.2) when relevant and may be based on a buckling length equal to the system 
length 

(8) Where the stability of a frame is assessed by a check with the equivalent column method according to 
6.3 the buckling length values should be based on a global buckling mode of the frame accounting for the 
stiffness behaviour of members and joints, the presence of plastic hinges and the distribution of compressive 
forces under the design loads . .In this case intenlal forces to be used in resistance checks are calculated 
according to first order theory without considering imperfections. 

NOTE The National Annex may give information on the scope of application. 

5.3 Imperfections 

5.3.1 Basis 

(1) Appropriate allowances should be incorporated in the structural analysis to cover the effects of 
imperfections, including residual stresses and geometrical imperfections such as lack of verticality, lack of 
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straightness, lack of flatness, lack of fit eccentricities greater than the essential to1cranccs give in 
EN 1090-2 present in joints of the unloaded structure. 

(2) Equivalent geometric imperfections, see 5.3.2 and 5.3.3, should be used, with values which rcflect thc 
possible effects of all type of imperfections unless these effects are included in the resistance formulae for 
member design, see section 5.3.4. 

(3) The following imperfections should be taken into account: 

a) global imperfections for frames and bracing systcms 

b) local imperfections for individual members 

5.3.2 Imperfections for global analysis of frames 

(1) The assumed shape of global imperfections and local impcrfections may bc dcrived from the clastic 
buckling mode of a structure in the plane of buckling considered. 

(2) Both in and out of plane buckling including torsional buckling with symmetric and asymmetric 
buckling shapes should be taken into account in the most unfavourable direction and form. 

(3) For frames sensitive to buckling in a sway mode the effect of imperfections should be allowed for in 
frame analysis by means of an equivalent imperfection in the form of an initial sway imperfection and 
individual bow imperfections of members. The imperfections may be determined from: 

a) global initial sway imperfections, see Figure 5.2: 

(5.5) 

where q)o is the basic value: <Po = 1/200 

ah is the reduction factor for height h applicable to columns: 

h is the height of the structure in metcrs 

am is the reduction factor for the number of columns in a row: am = 

m is the number of columns in a row including only those columns which carry a vertical load 
not less than 500/0 of the average value of the column in the vertical plane considcred 

h 

Figure 5.2: Equivalent sway imperfections 

b) relative initial local bow imperfections of members for flexural buckling 

eo / L 

where L is the member length 

h 

(5.6) 

NOTE The values Co / L may be chosen in the National Annex. Recommended values are given in 
Table 5.1. 
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Table 5.1: Design value of initial local bow imperfection eo IL for members 

IIEV Buckling curve elastic analysis plastic analysis 
according to Table 6.2@l1 eo / L 

ao 1 / 350 
a 1 /300 
b 1/250 
c 1/200 
d 1 / 150 

(4)8 For building frames sway imperfections may be disregarded where 

H Ed 0) 15 V Ed 

eo / L 

1 /300 
1/250 
1 /200 
1 / 150 
1 / 100 

(5.7) 

(5)8 For the determination of horizontal forces to floor diaphragms the configuration of imperfections as 
given in Figure 5.3 should be applied, where ~ is a sway imperfection obtained from (5.5) assuming a single 
storey with height 11, see (3) a). 

h h 

h 

t NEd 

Figure 5.3: Configuration of sway imperfections ~ for horizontal forces on floor 
diaphragms 

(6) \Vhen performing the global analysis for determining end forces and end moments to be used in 
Inember checks according to 6.3 local bow imperfections may be neglected. However for frames sensitive to 
second order effects local bow imperfections of l11enlbers additionally to global sway imperfections (see 
5.2. J (3)) should be introduced in the structural analysis of the frame for each compressed member where the 
following conditions are met: 

at least one moment resistant joint at one l11ember end 

- /A fv 
/1,>0,5,,1-' 

V NEd 

(5.8) 

where NEd is the design value of the compression force 

and A is the in-plane non-dimensional slendell1ess caleulated for the member considered as hinged at 
its ends 

NOTE Local bow imperfections are taken into account in member checks, see 5.2.2 (3) and 5.3.4. 
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(7) The effects of initial sway imperfection and local bow imperfections may be replaced by systems of 
equivalent horizontal forces, introduced for each colUlnn, see Figure 5.3 and Figure 5.4. 

~ initial sway imperfections 
NEd !\JEd 

t t 
initial bow imperfections 

NEd 

L 

t 4 NEd eo 
~L 

Figure 5.4: Replacement of initial imperfections by equivalent horizontal forces 

(8) These initial sway imperfections should apply in all relevant horizontal directions, but need only be 
considered in one direction at a time. 

(9)B Where, in multi-storey beam-and-column building frames, equivalent forces are used they should be 
applied at each floor and roof level. 

(10) The possible torsional effects on a structure caused by anti-symmetric sways at the two opposite faces, 
should also be considered, see Figure 5.5. 

A.--______ ---,B 

AI JIB 
~--- ~----------t 

(a) Faces A-A and B-B sway 
in same direction 

J translational sway 
2 rotational swaJ' 

--, 
A.----_--",......-....:::-__ ..I..-.-,B 

\ 

\ 

\ 

A ' r-- -.. B 

t 
(b) Faces A-A and B-B sway 

in opposite direction 

Figure 5.5: Translational and torsional effects (plan view) 
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(11) As an alternative to (3) and (6) the shape of the elastic critical buckling model1cr of the structure may 
be applied as a unique global and local imperfection. The amplitude of this imperfection may be determined 
from: 

(5.9) 

where: 

for). > 0,2 (5.10) 

and A is the relative slende111ess of the structure (5.11) 

a is the imperfection factor for the relevant buckling curve, see Table 6.1 and Table 

X is the rcduction factor for the relevant buckling curve depending on the relevant cross-section, see 
6.3.1; 

aullJ is the minimum force amplifier for the axial force configuration NEd in members to reach the 
characteristic resistance NRk of the most axially stressed cross section without taking buckling 
into account 

an is the minimum force amplifier for the axial force configuration 
the elastic critical buckling load @II 

111 members to reach 

MRk is the characteristic moments resistance of the critical cross section, e.g. MelJ~k or MpLRk as 
relevant 

is the characteristic resistance to normal force of the critical cross section, i.e. NpLRk 

E'I '7;'r,max is the bending moment due to llcr at the critical cross section 

11cr is the shape of elastic critical buckling mode 

NOTE 1 For calculating the amplifiers aultk and acl' the members of the structure may be considered 
to be loaded by axial forces NEd only that result from the first order clastic analysis of the structure for 
the loads.(§) In case of elastic global calculation and plastic cross-section check the linear 

formula + < 1 should be used.@.il 
IV,JIJ'd }\111U1d -

NOTE 2 The National Annex may give infonnation for the scope of application of (11). 

5.3.3 Imperfection for analysis of bracing systems 

(1) In the analysis of bracing systems which are required to provide lateral stability within the length of 
beams or compression members the effects of imperfections should be included by means of an equivalent 
geometric imperfection of the members to be restrained, in the form of an initial bow imperfection: 

eo = am L / 500 (5.12) 

where L is the span of the bracing system 

and am 

in which 111 is the number of members to be restrained. 

(2) For convenience, the effects of the initial bow in1perfections of the members to be restrained by a 
bracing system, may be replaced by the equivalent stabilizing force as shown in Figure 5.6: 
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where <Sq is the inplane deflection of the bracing system due to q plus any external loads calculated from 
first order analysis 

NOTE Sq may be taken as 0 if second order theory is used. 

(3) Where the bracing system is required to stabilize the compression flange of a beam of constant height, 
the force NEd in Figure 5.6 may be obtained from: 

NEd = M Ed / h (5.14) 

where M Ed is the maximum moment in the beam 

and h is the overall depth of the beam. 

NOTE Where a beam is subjected to external compreSSIOn NEd should include a part of the 
compression force. 

(4) At points where beams or compression members are spliced, it should also be verified that the bracing 

system is able to resist a local force equal to amN Ed / 100 applied to it by each beam or compression member 
which is spliced at that point, and to transmit this force to the adjacent points at which that beam or 
con1pression member is restrained, see Figure 5.7. 

(5) For checking for the local force according to clause (4), any external loads acting on bracing systems 
should also be included, but the forces arising from the imperfection given in (I) may be omitted. 

NEd 

eo impeliection 
qd eqllivalentforce per unit length 
1 bracing system 

The force N Ed is assumed uniform within the span L of the bracing system. 
For non-unifon11 forces this is slightly conservative. 

Figure 5.6: Equivalent stabilizing force 
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am CPo : CPo = 1 /200 

1 splice 
2 bracing .">JJStem 

Figure 5.7: Bracing forces at splices in compression elements 

5.3.4 Member imperfections 

(1) The effects of local bow imperfections of members are incorporated within the formulas given for 
buckling resistance for members, see section 6.3. 

(2) \Vhcrc thc stability of mcmbcrs is accounted for by second ordcr analysis according to 5.2.2(7)a) for 
compression mcmbers imperfections eo according to 5.3.2(3)b), 5.3.2(5) or 5.3.2(6) should be considered. 

(3) For a second order analysis taking account of lateral torsional buckling of a member in bending the 
imperfections may bc adopted as keO,d, ~ where eo is @l] the equivalent initial bow imperfection of the 
weak axis of the profile considered. In gcneral an additional torsional inlpcrfection need not to be allowed for. 

NOTE The National Annex may choose the value ofk. The value k 0,5 is recommended. 

5.4 Methods of analysis considering material non-linearities 

5.4.1 General 

(1) Thc intcrnal forces and l1101nents may bc determined using eithcr 

a) elastic global analysis 

b) plastic global analysis. 

NOTE For finite element model (FEM) analysis sec EN 1993-1-5. 

(2) Elastic global analysis may be used in all cases. 
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(3) Plastic global analysis may be used only where thc structure has sufficient rotation capacity at thc 
actual locations of the plastic hinges, whether this is in the membcrs or in thc joints. Wherc a plastic hingc 
occurs in a ll1cmber, thc mcmber cross sections should be double symnlctric or single symmetric with a plane 
of symmetry in the sanle plane as the rotation of the plastic hinge and it should satisfy thc rcquirements 
specified in 5.6. Where a plastic hinge occurs in a joint the joint should either have sufficient strength to 
ensure the hinge remains in the member or should be able to sustain the plastic resistance for a sufficient 
rotatio11, see EN 1993-1-8. 

(4)B As a simplified method for a limited plastic redistribution of moments in continuous beams where 
following an elastic analysis some peak moments exceed the plastic bending resistance of 15 % maximum, 
the parts in excess of these peak moments may bc redistributed in any membcr, provided, that: 

a) the internal forces and moments in the framc remain in equilibrium with the applicd loads, and 

b) all the members in which the moments are reduced have Class 1 or Class 2 cross-sections (sce 5.5), and 

c) lateral torsional buckling of the members is prevented. 

5.4.2 Elastic global analysis 

(1) Elastic global analysis should be based on the assumption that the stress-strain bchaviour of thc 
material is linear, whatever the stress level is. 

NOTE For the choice of a semi-continuous joint model see 5.1.2 

(2) Intemal forces and moments may be calculated according to elastic global analysis cvcn if thc 
resistance of a cross section is based on its plastic resistance, scc 6.2. 

(3) Elastic global analysis may also be used for cross sections the resistances of which are limited by local 
buckling, see 6.2. 

5.4.3 Plastic global analysis 

(l) Plastic global analysis allows for the effects of material non-linearity in calculating thc action cffects 
of a stnlctural system. Thc bchaviour should be modcllcd by one of the following mcthods: 

by elastic-plastic analysis with plastified scctions and/or joints as plastic hingcs, 

by non-linear plastic analysis considering the partial plastificatio11 of membcrs in plastic lones, 

by rigid plastic analysis neglecting thc elastic behaviour betwecn hingcs. 

(2) Plastic global analysis may be used where the members are capable of sufficicnt rotation capacity to 
enable the required redistributions ofbcnding Inomcnts to develop, see 5.5 and 5.6. 

(3) Plastic global analysis should only be used where the stability of members at plastic hinges can be 
assured, see 6.3.5. 

(4) The bi-linear stress-strain relationship indicated in Figure 5.8 may be used for thc grades of structural 
steel specified in section 3. Altenlatively, a more precise relationship may be adoptcd, see EN 1993-1-5. 

(J" 

Figure 5.8: Bi-linear stress-strain relationship 
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(5) Rigid plastic analysis may be applied if no effects of the deformed geomehy (e.g. second-order 
effects) have to be considered. Tn this case joints are classified only by strength, see EN 1993-1-8. 

(6) The effects of deformed geometry of the structure and the structural stability of the frame should be 
verified according to the principles in 5.2. 

NOTE The maximum resistance of a frame with significantly deformed geomehy may occur before 
all hinges of the first order collapse mechanism have fonned. 

5.5 Classification of cross sections 

5.5.1 Basis 

(1) The role of cross section classification is to identify the extent to which the resistance and rotation 
capacity of cross sections is limited by its local buckling resistance. 

5.5.2 Classification 

(1) Four classes of cross-sections are defined, as follows: 

Class 1 cross-sections are those which can form a plastic hinge with the rotation capacity required from 
plastic analysis without reduction of the resistance. 

Class 2 cross-sections arc those which can develop their plastic moment resistance, but have limited 
rotation capacity because of local buckling. 

Class 3 cross-sections are those in which the stress in the extreme compression fibre of the steel member 
assuming an elastic distribution of stresses can reach the yield strength, but local buckling is liable to 
prevent deve lopment of the plastic moment resistance. 

Class 4 cross-sections are those in which local buckling will occur before the attainment of yield stress in 
one or more parts of the cross-section. 

(2) ]n Class 4 cross sections effective widths may be used to make the necessary allowances for 
reductions in resistance due to the effects of local buckling, see [§) EN 1993-1-5, 4.4 ®J. 

(3) The classification of a cross-section depends on the width to thickness ratio of the parts subject to 
compreSSiOn. 

(4) Compression parts include every part of a cross-section which IS either totally or partially 111 
compression under the load combination considered. 

(5) The various compression parts in a cross-section (such as a web or t1ange) can, in general, be in 
different classes. 

(6) A cross-section is classified according to the highest (least favourable) class of its compression parts. 
Exceptions are specified in 6.2.1 (10) and 6.2.2.4(1). 

(7) Alternatively the classification of a cross-section may be defined by quoting both the flange 
classification and the web classification. 

(8) The limiting proportions for Class 1, 2, and 3 compression parts should be obtained from Table 5.2. A 
part which fails to satisfy the limits for Class 3 should be taken as Class 4. 

(9) Except as given in (10) Class 4 sections may be treated as Class 3 sections if the width to thickness 

ratios are less than the limiting proportions for Class 3 obtained from Table 5.2 when £ is increased by 

fy / Y MO 1 . 1 . d' . . 1 k f fi d --- , W1ere (J com.Ed IS t 1e maX1111Um eSlgn compreSSIVe stress 111 t 1e part ta en rom 1rst or er or 
(J cOIll.Ed 

where necessary second order analysis. 
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(10) However, when verifying the design buckling resistance of a member using section 6.3, the limiting 
proportions for Class 3 should always be obtained from Table 5.2. 

(11) Cross-sections with a Class 3 wcb and Class I or 2 flanges may bc classified as class 2 cross sections 
with an eHective web in accordance with 6.2.2.4. 

(12) Where the web is considered to resist shear forces only and is assumed not to contribute to the bending 
and normal force resistance of the cross section, the cross section may be designed as Class 2, 3 or 4 
sections, depending only on the flange class. 

NOTE For flange induced web buckling see EN 1993-1-5. 

5.6 Cross-section requirements for plastic global analysis 

(1) At plastic hinge locations, the cross-section of the member which contains the plastic hinge should 
have a rotation capacity of not less than the required at the plastic hinge location. 

(2) In a uniform member sufficient rotation capacity may be assumed at a plastic hinge if both the 
following requirements arc satisfied: 

a) the member has Class 1 cross-sections at the plastic hinge location; 

b) where a transverse force that exceeds 10 % of the shear resistance of the cross section, see 6.2.6, is 
applied to the web at the plastic hinge location, web stiffeners should be provided within a distance along 
the Inelnber of h/2 from the plastic hinge location, lEV where h is the height of the cross section @II. 

(3) Where the cross-section of the mcmber vary along length @II, the following additional criteria 
should be satisfied: 

a) Adjacent to plastic hinge locations, the thickness of the web should not be reduced for a distance each 
way along the member from the plastic hinge location of at least 2d, where d is the clear depth of the web 
at the plastic hinge location. 

b) Adjacent to plastic hinge locations, the compression flange should be Class I for a distance each way 
along the member from the plastic hinge location of not less than the of: 

2d, where d is as defined in (3)a) 

the distance to the adjacent point at which the moment in the member has fallen to 0,8 times the 
plastic moment resistance at the point conce111cd. 

e) Elsewhere in the member the compression flange should be class I or class 2 and the web should be class 
1, class 2 or class 3. 

(4) Adjacent to plastic locations, any fastener holes in tension should satisfy 6.2.5(4) for a distance 
such as defined in (3)b) each way along the member from plastic hinge location. 

(5) For plastic design of a frame, regarding cross section requirements, the capacity of plastic 
redistribution of moments may be assumed sufficient if the requirements in (2) to (4) are satisfied for all 
members where plastic hinges exist, may occur or have occurred under design loads. 

(6) In cases where methods of plastic global analysis are used which consider the real stress and strain 
behaviour along the member including the combined effect of local, member and global buckling the 
requirements (2) to (5) need not be applied. 
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Table 5.2 (sheet 1 of 3): Maximum width-to-thickness ratios for compression 
parts 

Internal compression parts 
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456£ 

when a > 0,5: c t ~ ---
13a -1 

h I 
41,5£ 

w en a ~ 0,5: c t ~ --
a 

+ 

c 

42£ 
when \If> -1: cit ~ -----

0,67 + 0,33\1f 

when \If ~ -1"): cit ~ 62£(1 - \If )~ ( -\If) 
355 420 I 460 
0,81 0,75 I 0,71 

*) \1':::; -1 applies where either the compression stress IT :::; fy or the tensile strain Gy > fiE 
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Table 5.2 (sheet 2 of 3): Maximum width-to-thickness ratios for compression 
parts 

Outstand flanges 

~ 
C C C , r--i r--rl , ~----II[ 

I I t .. tr~ T t t ...-1 
c 

,--" '------, '-------, 

Rolled sections Welded sections 

Class Part subject to compression 
Part subject to bending and compression 

Tip in compression Tip in tension 

Stress o.C aC .. .... -
distribution ! + 

i + + 
in parts ; 

~1 ! c I 
( compression I ~ 

lLJ 
~ 

\ 
I 0-

J -I I 

positive) 
I 1 C i !! c : i' 

I 9E 9E 
1 cit ~ 9c: c t=:;- c/t=:;--

a a~ 
10c: 10c: 

2 cit=:; 10E cit=:;- cit ~--a ara 
Stress 

I 1+'''" distribution + //+ 
i - .. ~ I ........ -

in pa11s ~1 ! c ~1 rL/ ~1 f 

( compression I : . c : I C I ... 
I : ! : ! 

positive) 
I 

3 cit 14c: 
cl t =:; 2 :jC 

For k:J see EN 1993-1-5 
fy I 235 275 355 I 420 460 E = ~235/fy 
£ I 1,00 0,92 0,8] I 0,75 0,71 
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Table 5.2 (sheet 3 of 3): Maximum width-to-thickness ratios for compression 
parts 

Angles 
h 

.... ... 
i 

~ 
t Does not apply to angles in I 

Refer also to "Outstand flanges" ib continuous contact with other 
(see sheet 2 of 3) components 

Class Section in compression 

Stress 
di stribution + fy 

~-

across 

11+ section 
( compression 

positive) 

b+h 
" I&) hit S; 15£ and S; 11,5£ -, 

2t 
Tubular sections 

t 
o-r

d 

-'-

Class Section in bending and/or compression 

I dl t s; 50£2 

2 d/tS;70£2 

" 
d ItS; 90£2 

.) 

NOTE For d/t > 90£ see EN 1993-1-6. 

I fv 235 275 355 420 460 
£ = ~235 / f I I:: 1,00 0,92 0,81 0,75 0,71 I y 

I 
J 

1,00 0,85 0,66 0,56 0,51 E-

44 



BS EN 1993-1-1:2005 
EN 1993-1-1:2005 (E) 

6 Ultimate limit states 

6.1 General 

(1) The partial faetors YIvl as defined in 2.4.3 should be applied to the various characteristic values of 
resistance in this section as follows: 

resistance of eross-sections whatever the class is: 

resistance of members to instability assessed by member checks: 

resistance of cross-sections in tension to fracture: 

Yl'vlO 

YMI 

YrvI2 

resistance of joints: see EN 1993-1-8 

NOTE 1 For other recommended numerical values see EN 1993 Pmi 2 to Part 6. For structures not 
covered by EN 1993 Part 2 to Part 6 the National Annex may define the partial factors YMi; it is 
recommended to take the partial factors YMi from EN 1993-2. 

NOTE 2B Partial factors YMi for buildings may be detined in the National Annex. The following 
numerical values are recommended for buildings: 

YMO 1,00 

YMI = ] ,00 

YM2 = 1,25 

6.2 Resistance of cross-sections 

6.2.1 General 

1Ei>(1)P The design value of an action effect in each eross section shall not exceed the corresponding design 
resistance and if several action effects act simultaneously the combined effect shaH not exeeed the 
resistance for that combination. @il 

(2) Shear lag effects and local buekling effects should be included by an effective width according to 
EN 1993-1-5. Shear buckling effects should also be considered according to EN 1993-1-5. 

(3) The design values of resistance should depend on the classification of the cross-section. 

(4) Elastic verification according to the elastic resistance may be carried out for all cross sectional classes 
provided the effective cross sectional properties are used for the verification of class 4 cross sections. 

(5) For the elastic verification the following yield criterion for a critical point of the eross section may be 
used unless other interaction f01111ulae apply, see 6.2.8 to 6.2.10. 

(6.1) 

where ax,Ed is the design value of the text deleted longitudinal stress at the point of consideration 

a z.Ed is the design value of the text deleted transverse stress at the point of consideration 

t Ed is the design value of the 8V text deleted @lI shear stress at the point of consideration 

NOTE The verification according to (5) can be conservative as it excludes partial plastic stress 
distribution, which is permitted in e1astic design. Therefore it should only be performed where the 
interaction of on the basis of resistances NRd , MRd , V Rd cannot be performed. 
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(6) The plastic resistance of cross sections should be verified by finding a stress distribution which is in 
equilibrium with the internal forces and moments without exceeding the yield strength. This stress 
distribution should be compatible with the associated plastic deformations. 

(7) As a conservative approximation for all cross section classes a lincar summation of the utilization 
ratios for cach strcss resultant may be used. For class 1, class 2 or class 3 cross sections subjected to the 
combination of , M\.[d and Mz,Ed this method may be applicd by using the following criteria: 

Mz. Ed +--
M z.Rd 

(6.2) 

where N Rd , My,Rd and Mz. Rd are the design values of the resistance depending on the cross sectional 
classification and including any rcduction that Illay be caused by shear effects, see 6.2.8. 

NOTE For class 4 cross sections sec 6.2.9.3(2). 

(8) Wherc all the compression parts of a cross-section are ~ Class 1 or Class 2 @l], the cross-section may 
be taken as capable of dcveloping its full plastic resistance in bending. 

(9) Where all the compression parts of a cross-section are Class 3, its resistance should be based on an 
clastic distribution of strains across the cross-section. Compressive stresses should be limited to the yield 
strength at the extreme fibres. 

NOTE The extreme fibres may be assumed at the midplane of the t1anges for ULS checks. For 
fatigue see EN 1993-1-9. 

(10) Where yiclding first occurs on the tension side of the cross section, the plastic reserves of the tension 
zone may be utilized by accounting for partial plastification when determining the resistance of a Class 3 
cross-section. 

6.2.2 Section properties 

6.2.2. t Cross cross-section 

(1) The properties of the gross cross-section should be determined using the nominal dimensions. Holes 
for fasteners need not be deducted, but allowance should be made for larger openings. Splice materials 
should not be included. 

6.2.2.2 Net area 

(1) The net area of a cross-sect jon should be taken as its gross area less appropriate deductions for all 
holes and other openings. 

(2) For calculating net section properties, the deduction for a single fastener hole should be the gross 
cross-sectional area of the hole in the plane of its axis. For countersunk holes, appropriate allowance should 
be made for the countersunk portion. 

(3) Provided that the fastener holes are not staggered, the total area to be deducted for fastener holes 
should be the maximum sum of the sectional areas of the holes in any cross-section perpendicular to the 
member axis (see failure plane (?) in Figure 6.1). 

NOTE The maximum sum denotes the positlon of the critical fracture line. 
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of: 

a) the deduction for non-staggered holes given in (3) 

b) t (nd 0 _ L S 2 

4p 
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fasteners should be the greater 

(6.3) 

where s is the staggered pitch, the spacing of the centres of two consecutive holes in the chain measured 
parallel to the member axis; 

p is the spacing of the centres of the same two holes measured perpendicular to the member axis; 

is the thickness; 

n is the number of holes extending in any diagonal or zig-zag line progressively across the member 
or part of the Incmber, see 6.1. 

do is the diameter of hole 

(5) In an angle or other member with holes in more then one planc, the spacing p should be measured 
along the centre of thickness of the material (sec 6.2). 

I 

: 

p 

I i 
.~- -4t-- --ftj--

CD/ I , I .. ;t :@ ~ , 
'/ , --$-----~- I 

I . . I 
1 I , I 

S S 

I 

Figure 6.1: Staggered holes and critical fracture lines 1 and 2 

Figure 6.2: Angles with holes in both legs 

6.2.2.3 Shear lag effects 

(1) The calculation of the effective widths is covered in EN 1993-1-5. 

(2) In class 4 sections the interaction between shear lag and local buckling should be considered according 
to EN 1993-1-5. 

NOTE F or co Id fonned melnbers sce EN 1993-1-3. 
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6.2.2.4 Effective properties of cross sections with class 3 webs and class 1 or 2 flanges 

(\) \\tTherc cross-sections with a class 3 web and class 1 or 2 flanges are classified as effective Class 2 
cross-sections, see 5.5.2(1\), the proportion of the web in compression should be replaced by a part of 20£tw 

adjacent to the compression flange, with another pali of 20£t\\ adjacent to the plastic neutral axis of the 
effective cross-section in accordance with Figure 6.3. 

3 

2 

I compression 
2 tension 
3 plastic nelltral axis 
4 neglect 

+ 

2 

Figure 6.3: Effective class 2 web 

6.2.2.5 Effective cross-section properties of Class 4 cross-sections 

(l) The effective cross-section properties of Class 4 cross-sections should be based on the effective widths 
of the compression parts. 

(2) For ~ cold formed sections ~ see l.l.2(1) and EN 1993-1-3. 

(3) The effective widths of planar compression palis should be obtained from EN 1993-1-5. 

(4) Where a class 4 cross section is subjected to an axial compression force, the method given in 
EN 1993-1-5 should be used to determine the possible shift eN of the centroid of the effective area Aeff 
relative to the centre of gravity of the gross cross section and the resulting additional moment: 

~MEd = N EdeN (6.4) 

NOTE The sign of the additional moment depends on the effect in the combination of inten1al forces 
and moments, see 6.2.9.3(2). 

(5) For circular hollow sections with class 4 cross sections see EN 1993-1-6. 
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6.2.3 Tension 

~(1)P The design value of the tension force NEd at each cross section shall satisfy: @il 

N LRd 

1,0 (6.5) 

(2) For sections with holes the design tension resistance Nt.Rd should be taken as the smaller of: 

a) the design plastic resistance of the gross cross-section 

N pLRd 

YMO 

b) the design ultimate resistance of the net cross-section at holes for fasteners 

N u.Rd 

0,9A nel fu 
(6.7) 

(3) Where capacity design is requested, see EN 1998, the design plastic resistance NpLRd (as given in 
6.2.3(2) a» should be less than the design ultimate resistancc of the net section at fastcncrs holes N u•Rd (as 

in 6.2.3(2) b». 

(4) In category C connections EG(see EN 1993-1-8,3.4.1(1» ,the design tcnsion resistance in 
6.2.3(1) of the nct section at holes for fasteners should be takcn as NneLRd, where: 

N nCLRd (6.8) 
YMO 

(5) For angles connected through one leg, see also EN 1993-1 3.10.3 @l]. Similar considcration 
should also be given to other type of scctions connected through outstands. 

6.2.4 Compression 

(l)P The design value ofthc compression force NEd at each cross-scction shall satisfy: 

NEd :::;;1,0 
N c.Rd 

(6.9) 

(2) The design resistance of the cross-section for uniform compression N C•Rd should be determined as 
follows: 

YMO 

Aerr 
NeRd =---

YMO 

for class 1, 2 or 3 cross-sections (6.]0) 

for class 4 cross-sections (6.11 ) 

(3) Fastener holes except for ovcrsize and slotted holcs as defined in EN 1090 need not be allowed for in 
compression members, provided that they are filled by fasteners. 

(4) In the case of unsymmetrical Class 4 sections, the method given in 6.2.9.3 should be used to allow for 
the additional moment L1M Ed due to the eccentricity of the centroidal axis of the effective section, see 
6.2.2.S( 4). 
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6.2.5 Bending moment 

IEJ) (I)P Thc dcsign value of the bcnding moment M Ed at each cross-section shall satisfy:@j] 

1,0 
Ml'.Rd 

whcrc McJ{d is determined considering fastener holes, see (4) to (6). 

(6.1 

(2) The design rcsistance for bending about one principal axis of a cross-section is determined as follows: 

M cRd = M pI. Rei = ----'-~ 
Y l'vIO 

M e .Rd M cUZcl 

YMO 

M = WelT,mill 
I:.Rd 

YMO 

for class ] or 2 cross sections 

for class 3 cross sections 

for class 4 cross sections 

where WeLll1l11 and corresponds to the fibre with the maximum elastic strcss. 

(3) For bending about both axes, the methods given in 6.2.9 should be used. 

(4) Fastener holes in the tension flange may be ignored provided that for the tension flange: 

YMO 

where AI' is the area of the tension flange. 

NOTE The criterion in (4) provides capacity design (see 1.5.8) ~text de!eted(ffiJ. 

(6.13 ) 

(6.]4) 

(6.15) 

(6.16) 

(5) Fastener holes in tension zone of the web need not be allowed for, provided that the lin1it given in (4) 
is satisfied for the complete tcnsion zone comprising the tension flangc plus the tension zone of the web. 

(6) Fastener holes except for oversize and slotted holes in compression zone of the cross-section need not 
be allowcd for, provided that they are filled by fasteners. 

6.2.6 Shear 

(l)P The design value of thc shear force V Ed at each cross section shall satisfy: 

(6.17) 

where Vc.RcI is the dcsign shear resistance. For plastic design is the design plastic shear resistance VpLRd 

as given in (2). For elastic design Vc.Rd is the design elastic shear resistance calculated using (4) and (5). 

(2) In the absence of torsion the design plastic shear resistance is given by: 

Av (fy I FJ) 
YMO 

where Av is the shear area. 
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(3) The shear area may be taken as follows: 
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a) rolled I and H sections, load parallel to web 

b) rolled channel sections, load parallel to web 

- 2bt f + (t\\ + 2r) t f but not less than llh\\tw 

A 2bt c + (t \\ r) t f 

~ c) rolled T -section, load parallel to web 

- for rolled I-sections: 
t. 

A =A-bt,+(t +2r)---.L 
v j \V 2 

tr A=t ,(h--) 
v \\ ') 

"-

- for welded T -sections: 

d) welded I, H and box sections, load parallel to web llL (hw tw) 

e) welded I, H, channel and box sections, load parallel to flanges A- L (h w t w ) 

f) rolled rectangular hollow sections ofunifonu thickness: 

load parallel to depth 

load parallel to width 

g) circular hollow sections and tubes of uniform thickness 

where A is the crosssectional area; 

b is the overall breadth; 

h is the overall depth; 

hw is the depth of the web; 

r is the root radius; 

tf is the flange thickness; 

Ah/(b+b) 

Ab/(b+h) 

2A/rr 

tw is the web thickness (If the web thickness in not constant, tw should be taken as the minimum 
thickness.). 

11 sec EN 1993-1-5. 

NOTE 11 may be conservatively taken equal 1,0. 

(4) For verifying the design elastic shear resistance Vc.Rd the following criterion for a critical point of the 
cross section may be used unless the buckling verification in section 5 of EN 1993-1-5 applies: 

1,0 ( 6.19) 

where TEd luay be obtained from: 1: Ed = 
I t 

(6.20) 

where V Ed is the design value of the shear force 

S is the first moment of area about the centroidal axis of that pOltion of the cross-section between 
the point at which the shear is required and thc boundary of the cross-section 

IS second moment of area of the whole cross section 

IS the thickncss at the examined point 

NOTE The verification according to (4) is conservative as it excludes partial plastic shear 
distribution, which is permitted in elastic design, sec (5). Therefore it should only be carried out where 
the verification on the basis ofVc.Rd according to equation (6.17) cannot be performed. 
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(5) For J- or H-sections the shear strcss in the web may be taken as: 

1 1:d = A if AI' / A\\ 2:: 0,6 
\V 

where Ar is the area of one flange; 

is the area of the \;\;'eb: 

(6.21) 

(6) In addition the shear buckling resistance for webs without intermediate stiffeners shouJd be according 
to section 5 of EN 1993-1-5, if 

hw > 72~ 
tw 11 

For 11 sec section 5 of EN 1993-1-5. 

NOTE 11 may be conservatively taken equal to 1,0. 

( 6.22) 

(7) Fastener holes need not be allowed for in the shear verification except in verifying the design shear 
resistance at connection zones as given in EN 1993-1-8. 

(8) Where the shear force is combined with a torsional moment, the plastic shear resistance Vpl,Rd should 
be reduced as specified in 6.2.7(9). 

6.2.7 Torsion 

(l) For members subject to torsion for which distortional deformations may be disregarded the design 
value of the torsional moment at each cross-section should satisfy: 

::; 1,0 
TRd 

where T Rd is the design torsion a 1 resistance of the cross section. 

(6.23) 

(2) The total torsional moment at any cross- section should be considered as the sum of two internal 
effects: 

where is IRV the design value of the internal St. Venant torsion moment @lI; 

Tw. Ed is IRV the design vallie of the internal warping torsional moment @lI. 

(6.24) 

(3) The values of Tt.Ed and at any cross-section may be determined from by elastic analysis, 
taking account of the section properties of the member, the conditions of restraint at the supports and the 
distribution of the actions along the member. 

(4) The following stresses due to torsion should be taken i11to account: 

the shear stresses "[1.Ed due to St. Venant torsion TLFd 

the direct stresses CJw,Ed due to the bimoment BEd and shear stresses '[v{.Ed due to warping torsion Tw.Ed 

(5) For the elastic verification the yield criterion in 6.2.1(5) may be applied. 

(6) For determining the plastic moment resistance of a cross section due to bending and torsion only 
torsion effects BEd should be derived fi:om elastic analysis, sec (3). 

(7) As a simplification, in the case of a member witb a closed hollow cross-section, such as a structural 
hollow section, it may be assumed that the effects of torsional warping can be neglected. Also as a 
simplification, in the case of a member with open cross section, such as I or H, it may be assumed that the 
effects of St. Venant torsion can be neglected. 
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(8) For the calculation of the resistance T Rd of closed hollow sections the design shear strength of the 
individual palis of the cross section according to EN 1993-1-5 should be taken into account. 

(9) For combined shear force and torsional moment the plastic shear resistance accounting for torsional 
effects should be reduced from V pLRd to Vpl.T.Rd and the design shear force should satisfy: 

-.....:::..::.--:::;1,0 
V pl,T,Rd 

in which Vpl.T.Rd may be derived as follows: 

for an 1 or H section: 

V pl,T,Rd 
1 Tt.Ed V 

- 125 (f I '3)/ pl.Rd 
, y "'-' YMO 

for a channel section: 

V pl,T.ReI 

for a structural hollow section: 

V pl.T,Rd 

where V pLRd is given in 6.2.6. 

6.2.8 Bending and shear 

(6.25) 

(6.26) 

(6.27) 

(6.28) 

(1) Where the shear force is present allowance should be made for its effect on the moment resistance. 

(2) Where the shear force is less than half the plastic shear resistance its effect on the moment resistance 
may be neglected except where shear buckling reduces the section resistance, see EN 1993-1-5. 

(3) Otherwise the reduced moment resistance should be taken as the design resistance of the cross-section, 
calculated using a reduced yield strength 

(1 - p) fy 

for the shear area, 

where p = 2 - IJ 2 and 

\. V pl.Rd 

NOTE See also 6.2.10(3). 

is obtained from 6.2.6(2). 

(4) When torsion is present p should be obtained from p 

as 0 for V Ed S O,5Vpl ,T.Rd. 

(6.29) 

[
2VEd 

Vpl.T.Rd 

1]', see 6.2.7, but should be taken 
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(5) The reduced design plastic resistance moment allowing for the shear force may altematively be 
obtained for I-crass-sections with equal flanges and bending about the major axis as follows: 

M y.V.Rd 
l A 2] W

pl
.
y 

_P
4t

\\ fy 
IV 

Y r\'\o 
but M y.V.Rd :s; My.c,Rd (6.30) 

where My.c.Rd is obtained from 6.2.5(2) 

and AII' = hw tw 

(6) For the interaction of bending, shear and transverse loads see section 7 of EN 1993-1-5. 

6.2.9 Bending and axial force 

6.2.9.1 Class 1 and 2 cross-sections 

(l) Where an axial force is present, allowance should be made for its effect on the plastic lTIOment 
resistance. 

~(2)P For class 1 and 2 cross sections, the fol1owing criterion shall be satisfied:@il 

Mhl S M N.Rd (6.31) 

where MN.Rd is the design plastic moment resistance reduced due to the axial force NEd. 

(3) For a rectangular solid section without fastener holes M N.Rd should be taken as: 

M N.Rd = MpI.Rdr-(N Ed IN pI.Rd)2 J (6.32) 

(4) For doubly symmetrical 1- and H-sections or other flanges sections, allowance need not be made for 
the effect of the axial force on the plastic resistance moment about the y-y axis when both the following 
criteria are satisfied: 

NEd :s; 0,25 N pl.Rd and (6.33) 

0,5h w t w f y 
NEd :s; . (6.34) 

YMO 

For doubly sYlTImetrieall- and H-seetions, allowance need not be made for the effect of the axial force on the 
plastic resistance moment about the z-z axis when: 

hwtwfy 
NEd :s;---

Y [1,'10 

( 6.35) 

(5) For cross-sections where fastener holes are not to be accounted for, the following approximations may 
be used for standard rolled I or H sections and for welded I or H sections with equal flanges: 

M N.y.Rd = IYfpl.y.Rd (1-n)/(1-0,5a) but M N.y.Rd S Mpl.y,Rd (6.36) 

for n s a: M N.z.Rd = Mpl.z,Rd ( 6.37) 

for n > a: MN.,.RJ ~ MpL,Rd [ 1 - ( ~ ~ : J 2 ] (6.38) 

where n = NEd / Npl. Rd 

a = (A-2btr )/A but a s 0,5 
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For cross-sections where fastener holes are not to be accounted for, the following approximations may be 
used for rectangular structural hollow sections of uniform thic1u1ess and for welded box sections with equal 
flanges and equal webs: 

MN,y.ReI = MpLy.ReI (1 - n)/(1 - 0,5aw) but M N.y.Rd ::;; MpLy.Rd 

MN,LReI = MpLLReI (1 - n)l(1 - 0,5af ) but M'l.z.Rd ::;; Mpl.z.ReI 

where aw = (A - 2bt)/A but aw ::;; 0,5 for hollow sections 

aw = (A-2btr)l A but aw ::;; 0,5 for welded box sections 

ar = (A - 2ht)/ A but ar ::;; 0,5 for hollow sections 

ar = (A-2htw )/ A but ar ::;; 0,5 for welded box sections 

(6) For bi-axial bending the following criterion may be used: 

_---'----'_ + z". <1 
[

My Ed lex l M. Eel l r.l 
M ny.

RcI 
M

NLRd
-

in which a and ~ are constants, which may conservatively be taken as unity, otherwise as follows: 

I and H sections: 

a = 2 ; 0 = 5 n but 0 2 1 

circular hollow sections: 

a=2;0=2 

~ M - M - M (1- L7) IfiC:l E::1J N •. l',Rd - , ;V·.=.Rd - pl.ReI n ~ 

rectangular hollow sections: 

a = 0 = 1,66 ') 
1-1,1311-

but a = ~::;; 6 

where 11 = NEd / Npl,ReI . 

6.2.9.2 Class 3 cross-sections 

(6.39) 

(6.40) 

(6.41) 

~ (l)P In the absence of shear force, for Class 3 cross-sections the maximum longitudinal stress sball 
satisfy the criterion: @il 

fy 
0' , :s; - (6.42) x,EeI 

YMO 

where 0' x,Ed is the design value of the local longitudinal stress due to lTIOment and axial force taking account 

of fastener holes where relevant, see 6.2.3,6.2.4 and 6.2.5 

6.2.9.3 Class 4 cross-sections 

~ (l)P In the absence of shear force, for Class 4 cross-sections the maximum longitudinal stress ax,Ed 

calculated using the effective cross sections (see 5.5.2(2)) shall satisfy the criterion: @il 

fy 
ax,EeI ::;;--

YMO 

(6.43) 

where 0' x,EeI is the design value of ~ the longitudinal stress @2] due to moment and axial force taking 

account of fastener boles where relevant, sec 6.2.3, 6.2.4 and 6.2.5 
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(2) As an alternative to the criterion in (1) the following simplified criterion may be used: @21 

__ N_EC_l __ + M + M z.l~d + N Ed e Nz 

ACfrfy/YMO \Vcll ,y,mill f IYtvlO WefLz,min fy/Y/v10 

where Aclr is the et1cetive area of the cross-section when subjected to uniform compression 

Wcff.l1lill is the effective section modulus (corresponding to the fibre with the maximum elastic 
of the cross-section when subjected only to moment about the relevant axis 

(6.44) 

eN is the shift of the relevant centroidal axis when the cross-section is subjected to compression 
only, sec 6.2.2.5(4) 

NOTE The signs of NEd, 

direct stresses. 
Mz,Ed and ~Mi NEd eNi depend on the combination of the respective 

6.2.10 Bending, shear and axial force 

(J) Where shear and axial force are present, allowancc should be made for the effect of both shear force 
and axial force on the resistance moment. 

(2) Provided that the value of the shear force does not exceed 50% of the design plastic shear 
resistance no reduction of the resistances defined for bending and axial force in 6.2.9 need be made, 
except where shear buckling reduces the section resistance, see EN 1993-1-5. 

(3) Where V Ed exceeds 50% OfVpl.Rd the design resistance of the cross-section to combinations of moment 
and axial force should be calculated llsing a reduced yield strength 

(l-p )t~ ( 6.45) 

for the shear arca 

where p= (2VEd I VpI. Rd-1)2 and VpLRd is obtained from 6.2.6(2). 

NOTE Instead of reducing the yield strength also the plate thickness of the relevant part of the cross 
section may be reduced. 

6.3 Buckling resistance of members 

6.3.1 Uniform members in compression 

6.3.1.1 Buckling resistance 

(1) A compression member should be verificd against buckling as follows: 

NEd :::; 1,0 
N b,Rd 

where NEd is the design value of the compression force; 

Nb.Rd is the design buekljng resistance of the compression member. 

(6.46) 

(2) For members with non-sYl11metric Class 4 sections allowance should be made for the additional 
moment ~MEd due to the eccentricity of the centroidal axis of the effective section, see also 6.2.2.5(4), and 
the interaction should be carried out to 6.3.4 or 6.3.3. 
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(3) The design buckling resistance of a compression member should be taken as: 

Nb,Rd for Class I, 2 and 3 cross-sections (6.47) 

X 
Nb,Rd =---

YMI 

for Class 4 cross-sections (6.48) 

where X is the reduction factor for the relevant buckling mode. 

NOTE For determining the buckling resistance of members with tapered sections along the member 
or for non-uniform distribution of the eOlnpression force second order analysis according to 5.3.4(2) 
may be performed. For out-of-plane buckling sec also 6.3.4. 

(4) In detennining A and Aetr holes for fasteners at the colunul ends need not to be taken into account. 

6.3.1.2 Buckling curves 

-

(l) For axial compression in members thc value of X for the appropriate non-dimensional slenderness A 
should be determined from the relevant buckling curve according to: 

1 
but X ~ 1,0 

CP+~(j)2 _?:.2 
X (6.49) 

where <1> 0,5l1 + a(?:. - 0,2)+?:.2 J 

- Hff A- --Y 

Ncr 
for Class 1, 2 and 3 cross-sections 

A= for Class 4 cross-sections 

a is an imperfection factor 

Ncr is the elastic critical force for the relevant buckling mode based on the gross cross sectional 
properties. 

(2) The imperfection factor a corresponding to the appropriate buckling curve should be obtained from 
Table 6.1 and Table 6.2. 

Table 6.1: Imperfection factors for buckling curves 

Buckling curve I ao a b I c d 

Inlperfection factor a I 0,13 0,21 0,34 I 0,49 0,76 

(3) Values of the reduction factor X for the appropriate non-dimensional slenderness A may be obtained 
from Figure 6.4. 

(4) For slenderness A ~ 0,2 or for ~ 0,04 the buckling effects may be ignored and only cross 
Ncr 

sectional checks apply. 
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Table 6.2: Selection of buckling curve for a cross-section 

Buckling 
Cross section Limits about 
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Non-dimensional slendell1ess I ... 

Figure 6.4: Buckling curves 

6.3.1.3 Slenderness for flexural buckling 

(1) The non-dimensional s1enden1ess I\, is given by: 

for Class 1, 2 and 3 cross-sections (6.50) 

for Class 4 cross-sections (6.51) 

where Ler is the buckling length in the buckling plane considered 

is the radius of gyration about the relevant axis, determined using the properties of the gross 
cross-secti on 

NOTE B For elastic buckling of components of building structures sec Annex BB. 

(2) For flexural buckling the appropriate buckling curve should be determined from Table 6.2. 
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6.3.1.4 Slenderness for torsional and torsional-flexural buckling 

(1) For members with open cross-sections account should be taken of the possibility that the of 
the mcmbcr to eithcr torsional or torsional-tlcxural buckling could be less than its rcsistance to tlexural 
buckling. 

(2) The non-dimcnsional slendemess "'AT for torsional or torsional-flexural buckling should be taken as: 

for Class 1, 2 and 3 cross-sections 

II.T :::;;: for Class 4 cross-scctions 

wherc Ncr:::;;: N cr.TF but Ncr < N er.T 

Ncr. is thc elastic torsional-flcxural buckling force; 

N Cr•T is the clastic torsional buckling force. 

(6.52) 

(6.53) 

(3) For torsional or torsional-flexural buckling the appropriate buckling curve may be determined from 
Table 6.2 considering the one related to the z-axis. 

6.3.2 Uniform members in bending 

6.3.2.1 Buckling resistance 

(1) A laterally unrestrained membcr subject to major axis bending should be verified against lateral-
torsional buckling as follows: 

::; 1,0 
Mb,Rd 

\vhere M Ed is the design value of the moment 

Mb,Rd is the design buckling resistance moment. 

(6.54) 

(2) Beams with sufficient restraint to the compression flange are not susceptible to lateral-torsional 
buckling. In addition, beams with certain types of cross-sections, such as squarc or circular hollow sections, 
fabricated circular tubes or square box sections are not susceptible to lateral-torsional buckling. 

(3) The design buckling resistance moment of a laterally unrestrained beam should be taken as: 

M b. Rd XLT Wy (6.55) 
" Y!Vll 

where Wy is the appropriate section modulus as follows: 

60 

Wy Wpl.y 

Wy Wei.)' 

Wy = Welry 

for Class I or 2 cross-sections 

for Class 3 cross-sections 

for 4 cross-sections 

XLT is the reduction factor for lateral-torsional buckling. 

NOTE 1 For determining the buckling resistance of beams with tapered sections second order 
analysis according to 5.3.4(3) may be performed. For out-of-plane buckling see also 6.3.4. 

NOTE 2B For buckling of components of building stIl1ctures see also Annex BB. 
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(4) In determining Wy holes for fasteners at the beam end need not to be taken into aecount. 

6.3.2.2 Lateral torsional buckling curves General case 

(l) Unless otherwise specified, see 6.3.2.3, for bending members of constant cross-section, the value of 
XLT for the appropriate non-dimensional slenderness should be determined fi:om: 

XLT= butxLT::;l,O (6.56) 

cD LT + 

where cD LT = 0,5l1 + u LT (~LT - 0,2)+ 5::~"T J 

a L T is an imperfection factor 

Mer is the elastic eritical moment for lateral-torsional buckling 

(2) Mer is based on gross cross sectional properties and takes into account the loading conditions, the real 
moment distribution and the lateral restraints. 

NOTE The imperfection factor aLT corresponding to the appropriate buckling curve may be obtained 
from the National Annex. The recommended values aLT are in Table 6.3. 

Table 6.3: Recommended values for imperfection factors for lateral torsional 
buckling curves 

d 
0,76 

The recommendations for buckling curves are given in Table 6.4. 

Table 6.4: Recommended values for lateral torsional buckling curves for cross
sections using equation (6.56) 

Cross-section Limits Buckling curve 

Rolled I-sections 
h/b::; 2 a 
h/b > 2 b 

\Velded I-sections 
h/b 2 c 
hlb 2 d 

Other cross-sections d 

-

(3) Values of the reduction factor XLT for the appropriate non-dimensional slenderness P'LT may be 
obtained from Figure 6.4. 

(4) 
M -

For slendernesses }"LT ~ ~LTO (see 6.3.2.3) or for ~ ~ 
Mer 

effects may be ignored and only cross sectional eheeks apply. 

6.3.2.3) lateral 10rsional buekling 
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6.3.2.3 Lateral torsional buckling curves for rolled sections or equivalent welded sections 

(1) For rollcd or equivalent welded sections in bending the values of XLT for thc appropriate non-
dimensional slendelllcss may bc dctermined from 

XLI !XLT ::; 1,0, 
----;====== but < I 

XLT - -'> 

A-
(6.57) 

NOTE The parameters ~~ and 0 and any limitation of validity concerning the beam depth or hlb 
ratio may be given in the National Annex. The following values are recommended for rolled sections 
or equivalent welded sections: 

A Ll.O 0,4 (maximum value) 

o 0,75 (minimum value) 

The recommendations for buckling curves are given in Table 6.5. 

Table 6.5: Recommendation for the selection of lateral torsional buckling curve 
for cross sections using equation (6.57) 

Cross-section Limits Buckling curve 

Rolled I-sections 
hlb S; 2 b 
hlb > 2 c 

\Velded I -sections 
hlb 2 c 
hlb > 2 d 

(2) For taking into account the moment distribution between the lateral restraints of members the 
reduction factor XLT may be modified as follows: 

62 

!XLT.1ll0d ::; 1 

X L'f,lllod ~ but 11' < 1 
f ALT,mod -

Au 

(6.58) 

NOTE The values f may be defined in the National Annex. The following minimum values are 
recommended: 

butf::;l,O 

kc is a correction factor according to Table 6.6 



Table 6.6: Correction factors kc 

Moment distribution 

I111111111111111111111111111111 

\1'=1 

mlllllllllllllli!llii!!!''':n 

-1::; ::; 1 
1,33 

1,0 

0,33'1' 

0,94 

0,90 

0,91 

0,86 

0,77 

0,82 
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6.3.2.4 Simplified assessment methods for beams with restraints in buildings 

(l)B Members with discrete lateral restraint to the compresslon flange are not susceptible to lateral

torsional buckling if the length Lc between restraints or the resulting slenderness A f of the equivalent 
compression flange satisfies: 

where 

- M 
If' < I c:Rd /\, - /\'cO--

i ,)"1 My,Ed 

(6.59) 

is the maximum design value of the bending moment within the restraint spacing 

MC: Rd = Wy 
. YMl 

Wy is the appropriate section modulus corresponding to the compression 

kc is a slenderness correction factor for moment distribution between restraints, see Table 6.6 

1,~z is the radius of gyration of the equivalent compresslon flange composed of the compression 
flange plus 113 of the compressed part of the web area, about the minor axis of the section 

is a slenden1ess liluit of the equivalent compression flange defined abovc 
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NOTE 1B For Class 4 cross-sections may be taken as 

1 r = 

wbere IelIr is the etTective second n10mcnt of area of the compression flange about the minor axis 
of thc section 

Ad'Ll' is the effective area of the compression flangc 

is the effective ~ area @.il of the compressed part of the web 

NOTE 2B The slenderness limit may be given in the National Annex. A limit value 

!"'dl ALT.o + 0,1 is recommended, see 6.3.2.3. 

(2)B If the slenderness of the compression flange Af exceeds the limit given in (1 )B, the design buckling 
resistance moment may be taken as: 

Mb.Rd = kuX (6.60) 

where X is the reduction factor of the equivalent compression flange determined with A I' 

k fi is the modification factor accounting for the conservatism of the equivalent compression flange 

method 

NOTE B The modification factor may be given in the National Annex. A value k fP 1,10 is 

recommended. 

(3)B The buckling curves to be used in (2)B should be taken as follows: 

curve d for welded sections provided that: h:::; 44£ 
t f 

curve c for all other sections 

where h is the overall depth of the cross-section 

tf is the thickness of the compression flange 

NOTE B For lateral torsional buckling of components of building structures with restraints see also 
Annex BB.3. 

6.3.3 Uniform members in bending and axial compression 

(1) Unless second order analysis is canied out using the imperfections as given in 5.3.2, the stability of 
uniform members with double symmetric cross sections for sections not susceptible to distortional 
deformations should be checked as given in the following clauses, where a distinction is made for: 

members that are not susceptible to torsional deformations, e.g. circular hollow sections or sections 
restraint from torsion 

members that are susceptible to torsional deformations, e.g. members with open cross-sections and 110t 
restraint from torsion. 

(2) In addition, the resistance of the cross-sections at each end of the member should satisfy the 
reqUIrements given in 6.2. 
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NOTE 1 The interaction formulae are based on the modelling of simply supported single span 
members with end fork conditions and with or without continuous lateral restraints, which are 
subjected to compression forces, end moments and/or transverse loads. 
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NOTE 2 In case the conditions of application expressed in (1) and (2) are not fulfilled, see 6.3.4. 

(3) For members of structural systems the resistance check may be carried out on the basis of the 
individual single span n1embers regarded as cut out of the system. Second order effects of the sway system 
(P-~-effects) have to be taken into account, either by the end moments of thc mcmber or by means 
appropriate buckling lengths respectively, see 5.2.2(3)e) and 5.2.2(8). 

(4) MelTlbcrs which are subjected to combined bending and axial compression should satisfy: 

NEd M M z.Ed + L1M 
+ kyy +k :S;1 

Rk M z.Rk 

(6.61) 

XLT 
YMI YMI YMI 

NEd M M z.Ed + L1M z.Ed 

Xz NRk 

+ k zy + k zz 
M z. Rk 

:S;1 (6.62) 

XLT 
YMI YMI YMI 

where My.Ed and M z.Ed are the design values of the compression force and the maximum moments 
about the y-y and z-z axis along the member, respectively 

are the moments due to the shift of the centroidal axis according to 6.2.9.3 for 
class 4 scctions, see Table 6.7, 

Xl' and Xz are the rcduction factors due to flexural buckling from 6.3.1 

is the reduction factor due to lateral torsional buckling from 6.3.2 

are the interaction factors 

Table 6.7: Values for NRk = fy Ai, Mi,Rk = fy Wi and ~Mi,Ed 

Class 1 2 3 4 

Ai A A A Aclf 
\Vy WI)"V \Vpl.v \Vel.v Wen:v 
Wz \VDLz W pLz WeLz W crLz 

L1Mv.Ed 0 0 0 CN.Y lEd 

L1Mz.Ed ° ° ° eN.? ! Ed 

NOTE For members not susceptible to torsional deformation XLT would be XLT 1,0. 

(5) The interaction factors kyy , , k,~y , kzz depend on the method which is chosen. 

NOTE 1 The interaction factors kyz, and have been derived from two alternative 
approaches. Values of these factors may be obtained from Annex A (alternative method 1) or from 
Annex B (alternative method 2). 

NOTE 2 The National Annex may give a choice from alternative method 1 or alternative method 2. 

NOTE 3 For simplicity verifications may be performed in the elastic range only. 

6.3.4 General method for lateral and lateral torsional buckling of structural components 

(1) The following method may be used where the methods given in 6.3.1, 6.3.2 and 6.3.3 do not apply. It 
allows the verification of the resistance to lateral and lateral torsional buckling for structural components 
such as 

[§) single members with mono symmetric cross sections, built-up or not @l], uniform or not, with 
complex support conditions or not, or 

plane frames or subfl'ames composed of such members, 
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which arc subject to compression and/or mono-axial bending in the plane, but which do not contain rotative 
plastic hinges. 

NOTE The National Anncx may specify the field and linlits of application of this method. 

(2) Overall resistance to out-of-plane buckling for any structural component conforming to the scope in 
(1) can be verified by ensuring that: 

1,0 (6.63) 
YMI 

where UUILk is the minimum load amplifier of the design loads to reach the characteristic resistance of the 
most critical cross section of the structural component considering its in plane behaviour 
without taking lateral or lateral torsional buckling into account however accounting for all 
effects due to in plane geometrical deformation and imperfections, global and local, where 
relevant; 

XOP is the reduction factor for the non-dimensional slendelTIess Aor , see (3), to take account of 

lateral and lateral torsional buckling. 

(3) The global non dimensional s1endenless j"op for the stmctural component should be determined from 

Aop = (6.64) 

where Uuit,k is defined in (2) 

is the minimum amplifier for the in plane design loads to reach the elastic critical load @1] 
of the stmctural component with regards to lateral or latcral torsional buckling without 
accounting for in plane flexural buckling 

NOTE In determining u cr.op and Uulr,k Finite Element analysis may be used. 

(4) The reduction factor may be determined from either of the following methods: 

a) the minimum value of 

X for lateral buckling according to 6.3.1 

XLT for lateral torsional buckling according to 6.3.2 

each calculated for the global non dimensional slenderness Aop . 

NOTE For example where Uulr,k is determined by the cross section check 
N 

this 
U ulCk NRk 

method leads to: 

N Ed + _M----" __ 

NRk/YMl My.Rk/YMI 
Xop (6.65) 

b) a value interpolated between the values X and XLT as determined in a) by using the formula for Uult,k 

corresponding to the critical cross section 
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NOTE For example where UulLk is determined by the cross section check _1_ 
u ulLk 

method leads to: 

+ this 
NRk M y.Rk 
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NEd M 
---=-=----- + -----'--- ~ 1 
X N Rk /Y MI XLT M y .Rk /Y Ml 

(6.66) 

6.3.5 lateral torsional buckling of members with plastic hinges 

6.3.5.1 General 

(1)B Structures Inay be designed with plastic analysis provided lateral torsional buckling in thc frame is 
prevented by the following means: 

a) restraints at locations of "rotated" plastic hinges, see and 

b) verification of stable length of segment bctween such restraints and other latcra1 restraints, sce 6.3.5.3 

(2)B Where under all ultimate limit state load combinations, the plastic hinge is "not-rotated" no restraints 
are necessary for such a plastic hinge. 

6.3.5.2 Restraints at rotated plastic hinges 

(1)B At each rotated plastic hinge location the cross section should have an effective latcral and torsional 
restraint with appropriate resistance to lateral forccs and torsion induced by local plastic dcformations of the 
member at this location. 

(2)B Effective restraint should be provided 

for me111bers canying either moment or moment and axial force by lateral restraint to both flanges. This 
may be provided by lateral restraint to one flangc and a stiff torsional restraint to the cross-section 
preventing the lateral displacement of the compression flange relative to the tension flangc, scc 
6.5. 

for members canying either moment alone or moment and axial tension in which the compression flange 
is in contact with a floor slab, by lateral and torsional restraint to the compression flange by 
connecting it to a slab, see Figure 6.6). For cross-sections that are more slender than rolled I and H 
sections the distorsion of the cross section should be prevented at thc plastic hinge location (e.g. by 
means of a web stiffener also connected to the comprcssion flange with a stiff joint hom thc 
compression flange into the slab). 

Figure 6.5: Typical stiff torsional restraint 

1 compression/lange 

Figure 6.6: Typical lateral and torsional restraint by a slab to the compression 
flange 
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(3)B At each plastic hinge location, the connection (e.g. bolts) of the compression flange to the 
element at that point purlin), and any intermediate element (e.g. diagonal brace) should be designed to 
resist to a local force of at least 2,S% of (defined in 6.3.S.2(S)B) transmitted by the flange in its plane 
and perpendicular to the web plane, without any combination with other loads. 

(4)B Where it is not practicable providing such a restraint directly at the hinge location, it should be 
provided within a distance of h/2 along the length of the member, where h is its overall depth at the plastic 
hinge location. 

(5)B For the design of bracing systems, see 5.3.3, it should be verified by a check in addition to the check 
for imperfection according to 5.3.3 that the bracing system is able to resist the effects of local forces Qm 
applied at each stabilized member at the plastic hinge locations, where; 

QJ11 (6.67) 

where N CEd is the axial force in the compressed flange of the stabilized member at the plastic hinge 
location; 

am is according to 5.3.3(1). 

NOTE For combination with external loads see also 5.3.3(5). 

6.3.5.3 Verification of stable length of segnlent 

(l)B The lateral torsional buckling verification of segments between restraints may be performed by 
checking that the length between restraints is not greater than the stable length. 

'+ b . 1 '. h h 110 d]' For Ul1l10rm cam segments WIt 1 I or H cross sectIons WIt .,' E un er . 111 ear moment and without 
t f 

significant axial compression the stable length may be taken from 

where E 

E 1 for 0,625 ::s;; \jf ::s;; 1 

(60 - 40\jf) E i z for -1 ::s;; \jf ::s;; 0,625 

235 

fy [N 11111112] 

M 
'V ;::;:: = ratio of end moments in the segment 

Mpl. Rd 

NOTE B For the stable length of a segment see also Annex BB.3. 

(6.68) 

(2)B \Vherc a rotated plastic hinge location occurs iInmediately adjacent to one end of a haunch, the tapered 
segment need not be treated as a segment adjacent to a plastic hinge location if the follovving criterja are 
satisfied: 

a) the restraint at the plastic hinge location should be within a distance h/2 along the length of the tapered 
segment, not the uniform segment; 

b) the compression flange of the haunch remains elastic throughout its length. 

NOTE B For more information see Annex BB.3. 
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6.4 Uniform built-up compression members 

6.4.1 General 

(l) UnifonTI built-up compression members with hinged ends that are laterally supported should be 
designed with the following model, see Figure 6.7. 

L 
1. member may be considered as a column with a bow imperfeetion eo = 

500 

2. The elastic deformations of or battens @2], see 6.7, nlay be eonsidered by a continuous 
(slTIeared) shear stiffness Sy of the colunu1. 

NOTE For other end conditions appropriate modifications may be performed. 

(2) The lTIodel of a uniform built-up cOlTIpression member applies when 

1. the lacings or lEV battens @lI consist of equal modules with parallel chords 

2. the minimUlTI nunlbers of 1110dules in a member is thrce. 

NOTE This assumption allows the structure to be regular and smearing thc discrete structurc to a 
continUlUTI. 

(3) The design procedure is applicable to built-up lTIembers with lacings in two planes, sec 6.8. 

(4) The chords may be solid members or may themselves be laced or battened in the perpendicular plane. 

r~ 

T 
Ll2 

H-
Ll2 

eo = L/500 

I 

I I 

0 1 

! -A 
A." Ii"' 

I I 
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i 

Figure 6.7: Uniform built-up columns with lacings and lEV battens 
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r---------------------~------------------~ 

Lch = 1,28a 

I 
Lch = a 

Figure 6.8: Lacings on four sides and buckling length Lch of chords 

(5) Checks should be performed for chords using the design chord forces N ch .Ed from compression forces 
NEd and moments at mid span of the built-up member. 

(6) For a member with two identical chords the design force shou1d be determined from: 

N eh.Ed (6.69) 

where M Ed 
NEd NEd 
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N Sv 

N is the effective critical force of the built-up member 

NEd is the design value of the compression force to the built-up member 

M Ed is the design value of the maximum moment in the middle of the built-up member considering 
second order effects 

M :~d is thc design value of the maximum moment in the middle of the built-up member without 

second ordcr effects 

ho is the distance between the centroids of chords 

Ach is the cross-sectional area of one chord 

Icff is the effective second moment of area of the built-up member, see 6.4.2 and 6.4.3 

Sv is the shear stiffness of the lacings or battened paneL see 6.4.2 and 6.4.3. 
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(7) The checks for the lacings of laced built-up members or for the frame moments and shcar forces of thc 
battened panels of battened built-up members should be performed for the end pancl taking account of the 
shear force in the built-up membcr: 

6.4.2 Laced compression members 

6.4.2.1 Resistance of components of laced compression members 

(1) The chords and diagonal lacings subject to comprcssion should be designed for buckling. 

NOTE Second31Y moments may be neglected. 

(2) For chords the buckling verification should be performed as follows: 

---:::;1,0 
Nb,Rd 

(6.70) 

(6.71) 

where Neh,Ed is the design compression force in the chord at mid-length of the built-up member according to 
6.4.1(6) 

and Nb,RcI is the design value of the buckling resistance of thc chord taking the buckling length Lch from 
Figure 6.8. 

(3) The shear stiffness Sv of the lacings should be takcn from Figure 6.9. 

(4) The effective second order moment of area of laced built-up members may be taken as: 

Ieff 0,5h~Ach 

T T 
a 

+ a 
System 1 a 

Ad 
~ 

t--- ho ----i r--ho~ 

Sy 
2d 3 d 3 

n is the number of planes of lacings 
Ad and Av refer to the cross sectional area of the bracin s 

1-
I 
a 

1 

Figure 6.9: Shear stiffness of lacings of built-up members 

6.4.2.2 Constructional details 

(6.72) 

(1) Single lacing systems in opposite faces of the built-up membcr with two parallcllaced planes should 
be cOlTesponding systenls as shown in Figure 6.10(a), arranged so that one is the shadow of the other. 
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(2) Whcn the lacing systems on opposite faces of a built-up member with two parallel laced planes 
are mutually opposed in direction as shown in 6.l0(b), the resulting torsional effects in the member 
should be taken into account. 

(3) Tie panels should be provided at the ends of 
and at joints \vith other members. 

chord 
IL 

CD :0:=======0l CD 
A I B 

........ ~ I ~ 
I I 

(g):O ~l(g) 

Lacing on face A Lacing on face B 

a) Corresponding lacing system 
(Recommended system) 

systems, at points where the 

chord 
IL 

is interrupted 

Lacing on face A Lacing on face B 

b) Mutually opposed lacing system 
(Not recommended) 

Figure 6.10: Single lacing system on opposite faces of a built-up member with 
two parallel laced planes 

6.4.3 Battened compression members 

6.4.3.1 Resistance of cmnponents of battened compression Inembers 

(1) The chords and the battens and their joints to the chords should be checked for the actual moments and 
forces in an end panel and at mid-span as indicated in Figure 6.11. 
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~OTE For simpllcity the maximum chord forces 
force V[d. 

may be combined with the maximum shear 
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Figure 6.11: Moments and forces in an end panel of a battened built-up member 

(2) The shear stiffness Sv should be taken as follows: 

_=-_--=.:.'----= < 2 IT 2 EI eh 
- ') a-

(3) The effective second moments of area of battened built-up members may be taken as: 

Ieff = O,5h~Ach + 2~lIeh 

where Ieh = in plane second moment of area of onc chord 

Ib = in plane second moment of area of one battcn 

J.l efficiency factor fron1 Table 6.8 

~ n number of planes of battens @lI 

Table 6.8: Efficiency factor J.l 

Criterion Efficiency factor ~l 

A ~ 150 0 
Iv 

75 < I\, < 150 ~ 2--
75 

A::; 75 1 ~O 

where }" = 
L 

io ~ ; I, = O,5h~A'h + 21", , 
10 

(6.73) 

(6.74) 
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6.4.3.2 Design details 

(l) Battens should be provided at each end of a member. 

(2) Where parallel planes of battens are provided, the battens in each plane should be arranged opposite 
each other. 

(3) Battens should also be provided at intermediate points where loads are applied or lateral restraint is 
supplied. 

6.4.4 Closely spaced built-up members 

(l) Built-up compression members with chords in contact or closely spaced and connected through 
packing plates, see Figure 6.12, or star battened angle Inembers connected by pairs of battens in two 
perpendicular planes, see Figure 6.13 should be checked for buckling as a single integral member ignoring 
the effect of shear stiffness (Sv = (0), when the conditions in Table 6.9 are Inet. 

z z 
I I 

I 

z 
I 

I 

I 

z 
I 

I 

I .J!L 
y------~-------y ,!r y--I--y y--- ...Jl------y 

I 
y--¥- -y 

I 

i i z 
Figure 6.12: Closely spaced built-up mernbers 

Table 6.9: Maximum spacings for interconnections in closely spaced built-up or 
star battened angle members 

Type of built-up member 
Maxin1um spacing between 

interconnections *) 

Members according to Figure 6.12 connected by bolts or welds 15 imin 

Members according to Figure 6.13 connected by pair of battens 70 imin 

*) centre-to-centre distance of interconnections 
imin is the minimum radius of gyration of one chord or one angle 

(2) The shear forces to be transn1itted by the battens should be detennined from 6.4.3.1 (l). 

(3) In the case of unequal-leg angles, see Figure 6.13, buckling about the y-y axis Inay be verified with: 

. 10 
1 =---

y 1,15 
(6.75) 

where in is the minimum radius of gyration of the built-up member. 
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/' 
V 

/' 
V 

Figure 6.13: Star-battened angle members 

7 Serviceability limit states 

7.1 General 

I 
Y 

V 
./ 

/' 

V 
./ 

. ---;/'_·-z 

(1) A steel structure should be designed and constructed such that all relevant serviceabi Iity criteria are 
satisfied. 

(2) The basic requirements for serviceability limit states are given in 3.4 of EN 1990. 

(3) Any serviceability limit state and the associated loading and analysis model should be specified for a 
project. 

(4) Where plastic global analysis is used for the ultimate limit state, plastic redistribution of forces and 
moments at the serviceability limit state may occur. If so, the effects should be considered. 

7.2 Serviceability limit states for buildings 

7.2.1 Vertical deflections 

(l)B With reference to EN 1990 - Annex A 1.4 limits for vertical deflections according to Figure A 1.1 
should be specified for each project and agreed with the client. 

NOTE B The National Annex may specify the limits. 

7.2.2 Horizontal deflections 

(l)B With reference to EN 1990 - Annex A 1.4 limits for horizontal deflections according to Figure A 1.2 
should be specified for each project and agreed with the client. 

NOTE B The National Annex may specify the limits. 

7.2.3 Dynamic effects 

(l)B With reference to EN 1990 - Annex A 1.4.4 the vibrations of stluctures on which the public can walk 
should be limited to avoid significant discomfort to users, and limits should be specified for each project and 
agreed with the client. 

NOTE B The National Annex may specify limits for vibration of floors. 
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Annex A [informative] - Method 1: Interaction factors kij for interaction formula 
in 6.3.3(4) 

Interaction factors 

AuxiliaI terms: 

~z = 

1 

1- NEd 

N cLy 

Xv NEd 

. N cr.y 

NEd 

Ncr 

WI' -~ 1~ Wv - ,) . W 
el.y 

W :s:; 1,5 
Wel. z 

Table A.1: Interaction factors kjj (6.3.3(4)) 

Design as sum tions 
clastic cross-sectional properties plastic cross-sectional properties 

class 3, class 4 class 1, class 2 

~y 
C my C mLT ---'--

N
tLy 

Cmz N 
1--~ 

Ncr 

CmyCmLT--'::::""-

Ncr,y 

C ~z 
lllZ N 
1-~ 

1 + (W 

with b LT 

14 --"'-=---

-"1 

II.~ M 
with C LT = 10 a LT -4 C M 

5 + Az my XLT . - pl.y,Rd 

C zv = 1 + (W - 1) [( 2 - 14 C' ~' - l W 

Cmz N C
1 

O,6JW, 
1-~ Wy 

1 ~
7 

C C 06 -y 
my mLT N- , 

1 _E_d C Zy W z 

Ncr,y 

C 
IllZ N_ C 
1-~ zz 

Ncr 

11 NEd. 1...0 M M z.Ed 
pi N /y r;:;:;:lwlthd LT =2a LT -4 

Rk MO~ 0,1 + iz_ C X M C M f'v_ my "LT ·pl.y.RJ "I11Z pJ.z.Rd 

c,ny see Table A.2 ~ r J 
a LT 1- 1, :2: ° = 1 + (w, l)l2 ~~. C,;".,t" - ~6 . C,;" ~y;", - eu np/:2: W

p

/, 

1...0 
with eLT 1,7 a LT --- ------

0,1 + 
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{
-

- Av 
Amax = tnax --

II.. z 

Table A.1 (continued) 

Ao non-dimensional slendenless for lateral-torsional buckling due to uniform bending moment, 

Le. ~Jy =1,0 in Table A.2 

A LT non-dimensional slenderness for lateral-torsional buckling 

CIllZ Cmz.O 

Cmu 1,0 

If ~o > O,2.JC:4 (1- N Cd J(l- NEd J: 
N CLl N cr.TF 

( ) 
FraLT 

= C my .o + 1- Cmy,o r::-
. l+"cya LT 

Cmz = Cmz .o 

C mLT = 

[§) Cmi,o see Table A.2 @1] 

A 
C = 

y NEd 
for class 1, 2 and 3 cross-sections 

for class 4 cross-sections 
N'~d W j'f c e' ,y 

is a factor depending on the loading and end conditions and may be taken as 
is to be taken from Table 6.6. @1] 

where kc 

= elastic flexural buckling force about the y-y axis 

= elastic flexural buckling force about the z-z axis 

Ned elastic torsional buckling force 

IT St. Venant torsional constant 

Iy second moment of area about y-y axis 
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Table A.2: Equivalent uniform moment factors Cmi,Q 

Moment diagram C l11i .O 

MI I l \j/MJ NEd 

- 1 :::; \1' :::; 1 C l11i .O = 0,79 + 0,21\1' i + 0,36(\1' i - 0,33)~ 
eLI 

~ l n2EIi 1<\ 1 J NEd 
emi,o = 1 + L'IM. ( )1- 1 ~ 

I.Ed X Cr.1 

~ /1 ~ M(x) 

~ Mi,Ed (x) is the maximum moment My,Ed or M z.Ed ~ according 
to the first order analyses @1] 
18x l is the nlaximum ll1enlber ~ deflection@1] along the member 

~ 
C . = 1 - ° 18 N Ed 

1111.0 , N . 
Cr.1 

C. = 1 + ° 03 NEd ~ 1111.0 . , N. 
Cr.1 
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Annex B [informative] - Method 2: Interaction factors kij for interaction 
formula in 6.3.3(4) 

Table B.1: Interaction factors kij for members not susceptible to torsional 
deformations 

Interaction Type of 
Design assumptions 

factors seetions elastic cross-sectional properties plastic cross-sectional properties 
class 3, class 4 class 1, class 2 

( 

Ned 
CmY (1 + (~ NEd 

Cmyll + 0,6Ay 
I-sections X N Rk / Y Ml XyNRk/YMI 

kyy 
RHS-sections 

S;C my (I+0,6 N"d, J S; Cm, (1 + 0,8 N Fd 

Xy N Rk / YMI N Rk / Y MI / 

kyz 
I-sections 

kzz 0,6 
RHS-sections 

I-sections 
0,8 kyy 0,6 kyy 

RHS-sections 

I-sections 

Cm{I+~A 06) N'd ) 
' Xz N Rk / Y \11 

( NEd I C (I + 1 4 NEd J C mz 1 + 0,6j,~z I . 
1112 , 

XzN Rk / Y Ml 
Xz N Rk / Y rvll 

kzz 

(1+06 NEd ) ::; (I + (~, - NEd C ' XzN Rk / Y MI XzN Rk / Y MI 
RHS-sections 

oS: C m,{1 + 0,8 
NEd 

N Rk /YMI 

For 1- and H-sections and rectangular hollow sections under axial compression and uniaxial bending My.Ed 

the coefficient kzv may be k,~v 0. 

Table B.2: Interaction factors kij for members susceptible to torsional 
deformations 

Desio-n assum tions Interaction I----------------¥----'-----------------I 

factors elastic cross-sectional prope11ics plastic cross-sectional properties 
class 3, class 4 class L class 2 

B.l kvv fro111 Table B.l 
kvz from Table B.l 

-
for "Az < 0,4 : 

-

0,1I ... z NEd k zy 0,6 + ::; 1 - -,------ -------=-=--

N Rk / Y MI 
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I kzz I kzz from Table B.l kzz from Table B.] 

Table B.3: Equivalent uniform moment factors em in Tables B.1 and B.2 

Moment diagram range Cmv and Cmz and CnL T 

uniforn1 loading concentrated load 

1~c:>:->_. 

M ; ~ljIM -l~~J~l 0,6 + 0,4\V ;:::: 0,4 

° ~ a s ~ 1 -1~\V~] 0,2 + O,8as ;:::: 0,4 0,2 + 0,8as ;:::: 0,4 

0::;\jJ::;1 0,1 - 0,8as 2: 0,4 -0,8as 2: 0,4 
-1 ~ as < ° 

J\'1s/ Jv1h -1::;\jJ<0 0,1 (1-\jJ) - 0,8as 2: 0,4 0,2( -\jJ) - 0,8as 2: 0,4 

) ,+fIV1h ° ~ ah ~ 1 -1~~/~] 0,95 + 0,05ah 0,90 + O,lOah 

O~~J~l 0,95 + 0,05ah 0,90 + O,lOah 
-1 ~ ah < ° 

-1~\jJ<0 

For members with sway buckling mode the equivalent uniform moment factor should be taken emy = 0,9 or 
~ Cm? @1] = 0,9 respectively. 
Cmy , Cmz and CmLT should be obtained according to the bending moment diagram between the relevant 
braced points as follows: 

moment factor 
Cmy 

bending axis 
y-y 

points braced in direction 
z-z 

C Il1Z 

CmLT 
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Annex AB [informative] - Additional design provisions 

AB.1 Structural analysis taking account of material non-linearities 

(l)B In case of material non-linearities the action effects in a structure may be determined by incremental 
approach to the design loads to be considered for the relevant design situation. 

(2)B In this incremental approach each permanent or variablc action should be increased proportionally. 

AB.2 Simplified provisions for the design of continuous floor beams 

(l)B For continuous beams with slabs in buildings without cantilevers on which uniformly distributed loads 
are dominant, it is suflkient to consider only the following load arrangements: 

a) altenlative spans carrying the design permanent and variable load (YG Gk Yo Qk), other spans carrying 
only the design permanent load YG Gk 

b) any two adjacent spans carrying the design permanent and variable loads (YG Gk + Yo Qk), all other spans 
carrying only the design pennanent load YG Gk 

NOTE 1 a) applies to sagging Inoments, b) to hogging moments. 

NOTE 2 This annex is intended to be transferred to EN 1990 in a later stage. 
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Annex BB [informative] - Buckling of components of building structures 

88.1 Flexural buckling of members in triangulated and lattice structures 

88.1.1 General 

(l)B For chord members generally and for out-of-plane buckling of web members, the buckling length 
may be takcn as equal to the system length L, see BB.1.3(1 )B, unless a smaller value can be justified by 
analysis. 

(2)B The buckling length Ler of an I or H section chord member may be taken as O,9L for in-plane buckling 
and 1 ,OL for out-of-plane buckling, unless a smaller value is justified by analysis. 

(3)B \Veb mcmbcrs may be designed for in-plane buckling using a buckling length smaller than the system 
length, providcd thc chords supply appropriatc end restraint and the end connections supply appropriate 
fixity (at least 2 bolts ifboltcd). 

(4)B Under these conditions, in normal triangulated stIllctures the buckling length Ler of web members for 
in-plane buck ling may be taken as O,9L, except for sections, see BB.1.2. 

88.1.2 Angles as web members 

(1)8 Provided that the chords supply appropriate end restraint to web mcmbers made of angles and the end 
connections of such web members supply appropriate fixity (at least two bolts if bolted), the eccentricities 
may be neglected and cnd !}xities allowed for in the design of angles as web members in compression. The 
effective slenderness ratio Acff may be obtained as follows: 

0,35 + O,7J. .. y for buckling about v-v axis 

f"'clT = 0,50 + O,7Ay for buckling about y-y axis (BB.1) 

AclT,z 0,50 + O,7Az for buckling about z-z axis 

where f .. is as dcfined in 6.3.1.2. 

(2)8 When only one bolt is used for end connections of angle web members the eccentricity should be 
taken into account using 6.2.9 and the buckling length La should be taken as equal to the system length L. 

88.1.3 Hollow sections as members 

(l)8 The buckling length Lcr of a hollow section chord member may be taken as O,9L for both in-plane and 
out-of-planc buckling, where L is the system length for the relevant plane. The in-plane system length is the 
distance between the joints. The out-of-plane system length is the distance between the lateral suppOlis, 
unless a smaller value is justified by analysis. 

(2)8 The buckling length Ler of a hollow section brace member (web member) with bolted connections lllay 
be taken as l,OL for both in-plane and out-of-plane buckling. 

~ (3)B The buckling length LCI of a hollow section brace member without cropping or llattening, welded 
around its perimeter to hollow section chords, may be generally taken as O,75L for both in-plane and out
of-plane buckling. Lower buckling lengths may be used based on testing or calculations. In this case the 
buckling length of the cord may not be reduced. 

NOTE The National Annex may give more information on buckling lengths. 
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88.2 Continuous restraints 

BB.2.1 Continuous lateral restraints 

(l)B If trapezoidal sheeting according to EN 1993-1-3 is connected to a beam and the condjtion expressed 
IE1) by formula (BB.2) @lI is met, the beam at the connection may be regarded as being laterally restrained 
in the plane of the sheeting. 

( 
rr:2 .. rr2 I 70 

S ~ EIw - + GIT + EI z ') 0,25h - I @lI 
L- h-

(BB.2) 

where S is the shear stiffness (per unit of beam length) provided by the sheeting to the beam regarding its 
deformation in the plane of the sheeting ~ to be connected to the beam at the bottom at each 
rib 

Iw is the warping constant 

~ IT @l1 is the torsion constant 

Iz is the second moment of area of the cross section about the minor axis of the cross section 

L is the beam length 

h is the depth of the beam 

If the sheeting is connected to a beam at every second rib only, S should be substituted by 0,20S. 

NOTE Formula (BB.2) @l] may also be used to detel111ine the lateral stability of beam flanges 
used in combination with other types of cladding than trapezoidal sheeting, provided that the connections 
are of suitable design. 

BB.2.2 Continuous torsional restraints 

(l)B A beml1 may be considered as sufficiently restraint from torsional deformations if 

M~l.k 
C a.k > --I(aI(u (BB.3) 

where rotational stiffness (per unit of beam length) provided to the beam by the stabilizing 
continuum (e.g. roof structure) and the connections 

0,35 for elastic analysis 

1,00 for plastic analysis 

Ks factor for considering the lTIOlTIent distribution see Table BB.l and the type of restraint 

:rv1pIJ= characteristic value of the plastic moment of the beam 
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Table 88.1: Factor Ks for considering the moment distribution and the type of 
restraint 

I without with 
Case Moment distribution . translati,onal translational 

i restramt restraint 

I ~ IM~ 
I 

1 4,0 ° 
2a rd M 

0,12 

3,5 

2b M'" 

~ 
/1M 

0,23 

,.., 
2,8 0 _1 

I 

4 M 1,6 
I 

1,0 

5 
M~ 

1,0 0,7 ~1tJM 
ljJ :;; -0,3 

(2)B The rotational stiffness provided by the stabilizing continuum to the beam may be calculated from 

1 I I 1 
--=--+--+--
C:n C:m.k C 9C.k C~m.k 

(BB.4) 

where C 8R.k rotational stiffness (per unit of the bean1 length) provided by the stabilizing continuum to 
the beam assuming a stiff connection to the member 

CSD.k 

rotational stiffness (per unit of the beam length) of the connection between the beam and 
the stabilizing continuum 

rotational stiffness (per unit of the beam length) deduced from an analysis of the 
distorsional deformations of the beam cross sections, where the flange in compression is 
the free one; where the compression flange is the connected one or where distorsional 
deformations of the cross sections may be neglected (e.g. for usual rolled profiles) 
CHD.k co 

NOTE For more information see EN 1993-1-3. 

88.3 Stable lengths of segment containing plastic hinges for out-of-plane 
buckling 

88.3.1 Uniform members made of rolled sections or equivalent welded I-sections 

BR.3.1.1 Stable lengths between adjacent lateral restraints 

(l)B Lateral torsional buckling effects may be ignored where the length L of the segment of a member 
between the restrained section at a plastic hinge location and the adjacent lateral restraint is not greater than 
Lm, where: 
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~ L 38i z 
~ 'Ill == -;::=============== (BB.S) 

-[ ~~y Jl :;5 r 
where is the design value of the compression force [NJ in the member 

is the cross section area [111m2] of the member A 

Wpl.y is the plastic section modulus of the member 

IT @lI is the torsion constant of the member 

fy is the yield strength in [N/mn12] 

is a factor depending on the loading and end conditions and may be taken as C, ke where 
kc is to be taken from Table 6.6. @il 

provided that the member is restrained at the hinge as required by 6.3.5 and that the other end of the segment 
is restrained 

either by a lateral restraint to the compression flange where onc flange is in compression throughout the 
length of the segment, 

or by a torsional restraint, 

or by a lateral restraint at the end of the segment and a torsional restraint to thc mcmber at a distance that 
satisfies the requirements for Ls, 

see Figure BB.I, BB.2 and Figure BB3. 

NOTE In general Ls is greater than Lm. 

1 rt>A B 7 

4\ 
\\ 

2{J 
8 

1 tension flange 
~ 6 2 plastic stable length 

BB.3.1.1) 

3 3 elastic section (s'ee 6.3) 

II 4 plastic hinge 
I, 5 restrain!.,' 

I 

II 9 6 bending moment diagram I: 
7 compression/lange d 
8 plastic ';1/ith tension/lange 

restraint, stable length = L, 
BB.3. equation (BB.7) or 
(BB.8)) 

9 ela,),tic with tensiol1flange 

lc>A B~ 
restrclint (see 6.3), X and Xufl'om 
Ncr and flier including tension 

A-A 8-8 flange restraint 

Figure 88.1: Checks in a member without a haunch 
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2 4 

~ 1.----....-'7--"------.. --.--~_~ ___ ~_-_ 6 ......... : ....... 9 1 ---PJ----"-l ~ 
LL 3 

'---..r-
~--~--~~----~----~ 12 

10 11 

8-8 

9 

1 tension/lange 
2 elastic section 6.3) 
3 plastic stable length (see 

4 

5 
6 
7 

BB.3.2.1) or elastic (')ee 
6. 3. 5. 3 (2)B) 
plastic stable length (s'ee 
BB.3.1.1) 
elastic section (see 6.3) 
plastic hinge 
restraints 

8 bending nwment diagran1 
9 compression.flange 
10 plastic stable length (see 

BB.3.2) or elastic 
6.3.5. 3 (2)B) 

11 plastic stable length (see 
BB.3.1.2) 

12 elastic section (see 6.3), X and 
XL Tf;'orn Ncr and J~T inclllding 
tension flange restraint 

Figure BB.2: Checks in a member with a three flange haunch 
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3 plastic stable length 

~ BB.3.2.1) 
--.T 4 plastic stable length (see 

BB.3.1.1) 
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7 restraints 
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9 compression flange 
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11 plastic stable length 
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----~--~------~------ 12 
11 10 

12 elastic section X and 
XL Tfrorn and Mer including 

8-8 tension flange restraint 

Figure BB.3: Checks in a member with a two flange haunch 
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BB.3.1.2 Stable length between torsional restraints 

(1)8 Lateral torsional buckling effects may be ignored where the length L of the segment of a member 
between the restrained section at a plastic hinge location and the adjacent torsional restraint subject to a 
constant moment is not greater than Ll;, provided that 

the member is restrained at the hinge as required by 6.3.5 and 

there arc one or more intermediate lateral restraints between the torsional restraints at a spacing that 
satisfies the requirements for LIll , see BB.3.1.1, 

where 

l 600f y J( h J . 54+-- - 1 , E t
f 

Z 

(BB.6) 

(2)B Lateral torsional buckling effects may be ignored where the length L of the segment of a member 
between the restrained section at a plastic hinge location and the adjacent torsional restraint subject to a 
linear moment gradient and axial compression is not greater than Ls, provided that 

the member is restrained at the hinge as required by 6.3.5 and 

there are one or more intermediate lateral restraints between the torsional restraints at a spacing that 
satisfies the requirements for Lm, see BB.3.1.1, 

where L = rc- L ( MpLy,Rk J 
s "\j'-'m l; 

M N.y.Rk + aN Ed 

(BB.7) 

Cm is the modification factor for linear moment gradient, see BB.3.3.1; 

a is the distance between the centroid of the member with the plastic hinge and the centroid of 
the restraint members; 

Mp1.y.Rk is the characteristic plastic moment resistance of the cross section about the y-y axis 

MN.y.Rl; is the characteristic plastic moment resistance of the cross section about the y-y axis with 
reduction due to the axial force NEd 

(3)B Lateral torsional buckling effects may be ignored where the length L of a segment of a member 
between the restrained section at a plastic hinge location and the adjacent torsional restraint subject to a non 
linear moment gradient and axial compression is not greater than Ls, provided that 

the Inember is restrained at the hinge as required by 6.3.5 and 

there are one or more intermediate lateral restraints between the torsional restraints at a spacing that 
satisfies the requirements for Lm, ~ see BB.3 .1.1 @1] 

where Ls =.JC: Lk (BB.8) 

Cll is the modification factor for non-linear moment gradient, see BB.3.3.2, 

see Figure BB.1, Figure BB.2 and Figure BB.3. 
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BB.3.2 Haunched or tapered members made of rolled sections or equivalent welded 1-
sections 

88.3.2.1 Stable length between adjacent lateral restraints 

(l)B Lateral torsjonal buckling effects may be ignored where the length L of the segment of a melnber 
between the restrained section at a plastic hinge location and the adjacent lateral restraint is not greater than 
Lm, where 

for three flange haunches (see Figure BB.2) 

~Lm (BB.9) 

for two nange haunches (see Figure BB.3) 

Lm = 0,85 ----;:================ @iI (BB.IO) 

where NEd is the design value of the compression force [N] in the member 

W1 
pl,y 

~ --- is the maximum value in the segment 
AIT 

A is the cross sectional area [mm2] at the location where ~ @il is a maxilnum of the 
AIT 

tapered member 

is a factor depending on the loading and end conditions and may be taken as C] 
kc is to be taken from Table 6.6. @iI 

\VpLy is the plastic section modulus of the member 

is the torsional constant of the member 

is the yield strength in [N/mm2
] 

lz is the minimum value of the radius of gyration in the segment 

where 

provided that the member is restrained at the hinge as required by 6.3.5 and that the other end of segment is 
restrained 

either by a lateral restraint to the compression flange where one flange is in compression throughout the 
length of the segment, 

or by a torsional restraint, 

or by a lateral restraint at the end of the segment and a torsional restraint to the Inell1ber at a distance that 
satisfies the requirements for L~. 

BB.3.2.2 Stable length between torsional restraints 

(l)B For non uniform members with constant flanges under linear or nOll-linear moment gradient and axial 
compression, lateral torsional buckling effects Inay be ignored where the length L of the segment of a 
member between the rcstrained section at a plastic hinge location and the adjacent torsional restraint is not 
greater than provided that 

88 

the member is restrained at the hinge as required by 6.3.5 and 

there are one or more intermediate lateral restraints between the torsional restraints at a spacing that 
satisfies the requirements for Lm, see BB.3.2.1, 



where 

for three flange haunches (see Figure BB.2) 

Lk 
Ls =-'----

c 

for two flange haunches (see Figure BB.3) 

Lk 
Ls 0,85---

c 
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(BB.l1) 

(BB.12) 

where Lk is the length derived for a uniform member with a cross-section equal to the shal10west section, 
see BB.3.1.2 

en see BB.3.3.2 

e is the taper factor defined in BB.3.3.3 

BB.3.3 Modification factors for moment gradients in members laterally restrained along the 
tension flange 

BB.3.3.1 Linear moment gradients 

(l)B The modification factor Cn Inay be detennined from 

in which 

1 + 1011 
Bo 

1 + 2011 

5~ 
B I = --'-----=-

1t + 10 ~ 

B _ 0,5 0,5 
2 - 1 + 1t~ 1 + 2011 

11= 
NcrT 

NcrE = L 2 

t 

(BB.13) 

L t is the distance between the torsional restraints 

[§) NcrT is the elastic critical torsional buckling force for an I-section 

between restraints to both flanges at spacing with intermediate 
lateral restraints to the tension flange . 

• ? • 2' 2 
l~=ly+l +a 

where a is the distance between the centroid of the member and the centroid of the restraining members, 
such as purlins restraining rafters 
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PI is the ratio of the algebraically smaller cnd moment to the larger end moment. Moments that 
producc compression in the non-restrained flange should be taken as positive. If the ratio is less 
than -1,0 the value of ~t should be taken as -1,0, see Figure BB.4. 

(XI::::==I x =x x=x ====Ix I) (XII::::== x =x x=x ====Ix 1) 
+ 

200~ 

-100 
~l = + 200 

cc::::::::::::: 1 00 

-0,5 

+ 

200 

p~100 

n = 200 =-2 
}-'I +100 

IRV but ~t ::;;; -1,0 thus ~t 1,0 @2] 

Figure BB.4: Value of Pt 

BB.3.3.2 Non linear moment gradients 

(I)B The modification factor en may be determined from 

12 
C 11 = -=------~--------;-------,,.-:: 

1+3R2+4R3+3R4+R5+ 
(BB.14) 

in which RI to Rs are the values of R according to (2)B at the ends, quarter points and mid-length, see Figure 
BB.S, and only positive values of R should be included. 

In addition, only positive values of (Rs RE) should be included, where 

RE is the greater of R I or Rs 

Rs is the maximum value ofR anywhere in the length Ly 

IAC2) Figure BB.5: Moment values {AC21 

(2)B The value of R should be obtained from: 

R 
+ a NEd 
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where a is the distance between the centroid of the member and the centroid of the restraining members, 
such as purlins restraining rafters. 

BB.3.3.3 Taper factor 

(l)B For a non uniform member with constant flanges, for which h 2: 1,2b and hltr _ 20 the taper factor c 
should be obtained as follows: 

for tapered members or segments, see Figure BB.6(a): 

c=1+---
h 

hmin 

for haunched members or segments, see Figures BB.6(b) and BB.6(c): 

c=l+---

where hh is the additional depth of the haunch or taper, see Figure BB.6; 

hmax is the maximum depth of cross-section within the length Ly , see Figure BB.6; 

hmin is the minimum depth of cross-section within the length Ly , see Figure BB.6; 

h5 is the vertical depth of the un-haunched section, see Figure BB.6; 

Lh is the length of haunch within the length Ly , see Figure BB.6; 

is the length between points at which the compression flange is laterally restrained. 

(hJtf) is to be derived fronl the shallowest section. 

(BB.16) 

(BB.17) 

(a) Tapered segment (b) Haunched segment (c) Haunched segment 

x restraint 

Figure 88.6: Dimensions defining taper factor 
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Foreword 

This European Standard EN 1993-4-1, '"Eurocode 3: Design of steel structures - Part 4-1: Silos", has 
been prepared by Technical Committee CEN/TC250 «Structural Eurocodes », the Secretariat of 
which is held by BSI. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an 

identical text or by endorsement, at the latest by August 2007 and conflicting National Standards shall be 

withdrawn at latest by .March 2010. 

This Eurocode supersedes ENV 1993-4-1: 1999. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 

following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, Czech 

Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, 
Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, 
Slovenia, Spain, Sweden, Switzerland and United Kingdom. 

Background of the Eurocode programlne 

[n 1975, the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonisation of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonised 
technical rules for the design of construction works which, in a first stage, would serve as an 
alternative to the national rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of 
Member States, conducted the development of the Eurocodes programme, which Jed to the first 
generation of European codes in the] 980' s. 

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an 
agreement I) between the Commission and CEN, to transfer the preparation and the publication of the 
EUfocodes to the CEN through a series of Mandates, in order to provide them with a future status of 
European Standard (EN). This links de facto the Eurocodes with the provisions of all the Council's 
Directives and/or Commission's Decisions dealing with European standards (e.g. the Council 
Directive 89/1 06/EEC on construction products CPD - and Council Directives 93/37/EEC, 
92/50/EEC and 89/440/EEC on public works and services and equivalent EFTA Directives initiated in 
pursuit of setting up the internal market). 

The Structural Eurocode programme comprises the following standards generally consisting of a 
number of Parts: 

EN1990 
EN1991 
EN1992 
EN1993 
ENl994 
EN1995 

Eurocode: Basis of structural design 
Eurocode 1: Actions on structures 
Eurocode 2: Design of concrete structures 
Eurocode 3: Design of steel structures 
Eurocode 4: Design of composite steel and concrete structures 

structures 

1) Agreement between the Commission of the European Communities and the European Committee for 
Standardisation (CEN) concerning the work on EUROCODES for the design of building and civil engineering 
works (BC/CEN/03/89). 
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EN1996 
ENI997 
EN1998 
EN1999 

Eurocode 6: Design of masonry structures 
Eurocode 7: Geotechnical design 
Eurocode 8: Design of structures for earthquake resistance 
Eurocode 9: Design of aluminium structures 

Eurocode standards recognise the responsibility of regulatory authorities in each Member State and 
have safeguarded their right to determine values related to regulatory safety matters at national level 
where these continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the EU and EFTA recognise that EUROCODES serve as reference documents 
for the following purposes: 

as a means to prove compliance of building and civil engineering works with the essential 
requirements of Council Directive 89/1 06/EEC, particularly Essential Requirement N° 1 -
Mechanical resistance and stability - and Essential Requirement N°2 Safety in case of fire; 

as a basis for specifying contracts for construction works and related engineering services; 

as a framework for drawing up harmonised technical specifications for construction products 
(ENs and ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship 
with the Interpretati ve Documents}} referred to in Article 12 of the CPD, although they are of a 
different nature from harmonised product standards)}. Therefore, technical aspects arising from the 
Eurocodes work need to be adequately considered by CEN Technical Committees and/or EOT A 
Working Groups working on product standards with a view to achieving full compatibility of these 
technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of 
whole structures and component products of both a traditional and an innovative nature. Unusual 
forms of construction or design conditions are not specifically covered and additional expert 
consideration will be required by the designer in such cases. 

National Standards implelnenting Eurocodes 

The National Standards implementing Eurocodes will comprise the ful1 text of the Eurocode 
(including any annexes), as published by CEN, which may be preceded by a National title page and 
National foreword, and may be fol1owed by a National Annex. 

The National Annex may only contain information on those parameters which are left open in the 
Eurocode for national choice, known as Nationally Determined Parameters, to be used for the design 
of buildings and civil engineering works to be constructed in the country concerned, i,e. : 

2) According to Art. 3.3 of the CPO, the essential requirements (ERs) shall be given concrete form in 
interpretative documents for the creation of the necessary links between the essential requirements and the 
mandates for harmonised ENs and ETAGs/ETAs. 

3) According to Art. 12 of the CPD the interpretative documents shall : 

a) give concrete form to the essential requirements by harmonising the terminology and the technical bases 
and indicating classes or levels for each requirement where necessary; 

b) indicate methods of correlating these classes or levels of requirement with the technical specifications, e.g. 
methods of calculation and of proof, technical rules for project design, etc. ; 

c) serve as a reference for the establishment of harmonised standards and guidelines for European technical 
approvals. 

The Eurocodes, de facto, playa similar role in the field of the ER 1 and a part of ER 2. 
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values and/or classes where alternatives are given in the Eurocode, 

values to be lIsed where a symbol only is given in the Eurocode, 

country specific data (geographical, climatic, etc), e.g. snow map, 

the procedure to be used where alternative procedures are given in the EUfocode. 

It may also contain: 
decisions on the application of informative annexes, 

references to non-contradictory complementary information to assist the user to apply the 
Eurocode. 

Links between Eurocodes and harmonised technical specifications (ENs and ETAs) for products 

There is a need for consistency between the harmonised technical specifications for construction 
products and the technical rules for works4). Furthermore, all the information accompanying the CE 
Marking of the construction products which refer to Eurocodes should clearly mention which 
Nationally Determined Parameters have been taken into account. 

Additional inforJnation specific to EN1993-4-1 

EN 1993-4-\ gives design guidance for the structural design of silos. 

EN 1993-4-1 gives design rules that supplement the generic rules in the many parts of EN 1993-1. 

EN 1993-4-1 is intended for clients, designers, contractors and relevant authorities. 

EN 1993-4-1 is intended to be used in conjunction with EN 1990, with EN 199] -4, with the other 
Parts of EN 1991, with EN 1993-1-6 and EN 1993-4-2, with the other Parts of EN 1993, with 
EN 1992 and with the other Parts of EN 1994 to EN 1999 relevant to the design of silos. Matters that 
are already covered in those documents are not repeated. 

Numerical values for partial factors and other reliability parameters are recommended as basic values 
that provide an acceptable level of reliability. They have been selected assuming that an appropriate 
level of workmanship and quality management applies. 

Safety factors for 'product type' silos (factory production) can be specified by the appropriate 
authorities. When applied to 'product type' silos, the factors in 2.9 are for guidance purposes only. 
They are provided to show the likely levels needed to achieve consistent reliability with other designs. 

National Annex for EN1993-4-1 

This standard gives alternative procedures, values and recommendations for classes with notes 
indicating where national choices may have to be made. Therefore the National Standard 
implementing EN ] 993-4-1 should have a National Annex containing all NationaJ]y Determined 
Parameters to be used for the design of buildings and ci viI engineering works to be constructed in the 
relevant country. 

National choice is allowed in EN 1993-4-1 through: 

2.2 (1) 

2.2 (3) 

4) see Art.3.3 and Art.12 of the CPO, as well as clauses 4.2, 4.3.1, 4.3.2 and 5.2 of 10 1. 
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2.9.2.2 (3) 

3.4 (1) 

4.1.4 (2) and (4) 

4.2.2.3 (6) 

4.3.1 (6) and (8) 

5.3.2.3 (3) 

5.3.2.4 (10), (12) and (15) 

5.3.2.5 (10) and (14) 

5.3.2.6 (3) and (6) 

5.3.2.8 (2) 

5.3.3.5 (1) and (2) 

5.3.4.3.2 (2) 

5.3.4.3.3 (2) and (5) 

5.3.4.3.4 (5) 

5.3.4.5 (3) 

5.4.4 (2), (3)b) and (3)c) 

5.4.7 (3) 

5.5.2 (3) 

5.6.2 (1) and (2) 

6.1.2(4) 

6.3.2.3 (2) and (4) 

6.3.2.7 (3) 

7.3.1 (4) 

8.3.3 (4) 

8.4.1 (6) 

8.4.2 (5) 

8.5.3 (3) 

9.5.1 (3) and (4) 

9.5.2 (5) 

9.8.2 (1) and (2) 

A.2 (1) and (2) 

A.3.2.1 (6) 

A.3.2.2 (6) 

A.3.2.3 (2) 

A.3.3 (1), (2) and (3) 

A.3.4 (4) 
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1 General 

1.1 Scope 

(I) Part 4.1 of Eurocode 3 provides principles and application rules for the structural design of steel 
silos of circular or rectangular plan-form, being free standing or supported. 

(2) The provisions in this Part supplement modify or supersede the equivalent provisions 
gi ven in EN 1993-1. 

(3) This part is concerned only with the requirements for resistance and stability of steel silos. For 
other requirements (such as operational safety, functional performance, fabrication and erection, 
quality control, details like man-holes, ilanges, filling devices, outlet gates and feeders etc.), see the 
relevant standards. 

(4) Provisions relating to special requirements of seismic design are provided in EN 1998-4, which 
complements or adapts the provisions of Eurocode 3 specifically for this purpose. 

(5) The design of supporting structures for the silo are dealt with in EN 1993-1 I. The supporting 
structure is deemed to consist of all structural elements beneath the bottom flange of the lowest of 
the silo, see figure 1.1. 

(6) Foundations in reinforced concrete for steel silos are dealt with in EN 1992 and EN J 997. 

(7) Numerical values of the specific actions on steel silos to be taken into account in the design are 
in EN 1991-4 Actions in Silos and Tanks. 

(8) T'hls Part 4.1 does not cover: 

- resistance to fire; 

- silos with internal subdivisions and internal structures: 

~ silos with capacity less than 100 kN (10 tonnes); @J] 

- cases where special measures are necessary to limit the consequences of accidents. 

(9) Where this standard applies to circular planform silos, the geometric form is restlicted to 
axisymmetric structures, but the actions on them may be unsymmetrical, and their supports may 
induce forces in the silo that are not axisymmetrical. 

1.2 Normative references 

This European Standard incorporates, by dated and undated reference, prOVISIOns from other 
standards. These normative references are cited at the appropriate places in the text and the 
publications are listed hereafter. For dated references, subsequent amendments to, or revisions of, any 
of these publications apply to the European Standard only when incorporated in it by amendment or 
revision. For undated references the latest edition of the publication referred to applies. 

EN 1090 

EN 1990 

EN 1991 
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Part 1.1 

Part 1.2: 

Part] .3: 

Part 1.4: 

Execution strllcfllre s; 

Eurocode: Basis 

Eurocode ]: Action,)' on structures; 

Actions on structures Densities, self-lveight and imposed loads for buildings; 

Actions on structures Actions on stnfcture,\" exposed tofire; 

Actions 011 strlfctures - SHOll' loads; 

Actions Oil structures Wind loads; 
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Part 1.5: Actions on structures Thermal loads; 

Part 1.6: Actions on structures Constrllction loads; 

Part 1.7: Actions on structures Accidental actions; (giJ 

Part 4: Actions on silos and tanks: 

EN 1993 Eurocode 3: Design of steel structures; 

Part 1.1: General rules and rules for buildings: 

Part 1.3: Coldformed thin gallge melnbers and sheeting; 

Part 1.4: Stainless steels; 

Part 1.6: Strength and stability of shell structures; 

Pat1 1.7: Planar plated structllres loaded transversely; 

Part 1.8: Design of joint,'.;; 

Part 1.9: Fatiglle ,s'trerlgth (?fsteel structllres; 

Part 1.10: Selection qf steel forfracture toughness and through-thickness properties; 

Part 4.2: Tanks; 

EN 1997 Eurocode 7: Geotechnical design; 

EN 1998 

Part 4: 

Eurocode 8: Design provisions 

Silos, tanks and pipelines; 

earthquake resistance (~fstrllctures; 

Hot rolled products qf structural steeb; IEJ) EN 10025 

EN 10149 

ISO 1000 

ISO 3898 

ISO 4997 

ISO 8930 

Hot-rolledffat products made qf high yield strength ,)'teels for coldforming; @l) 

S1 Units; 

Bases for design (if structures - Notation General symbols; 

Cold reduced steel sheet of structural quality; 

General principles on reliability for structllres - List qf equivalent terms. 

1.3 Assumptions 

(1) In addition to the general assumptions of EN 1990 the following assumptions apply: 

fabrication and erection complies with EN 1090-2 

1.4 Distinction between principles and application rules 

(1) See 1.4 in EN ] 990. 

1.5 Terms and definitions 

(1) The terms that are defined in 1.5 in EN 1990 for common use in the Structural Eurocodes and 
the definitions given in ISO 8930 apply to this Part 4.1 of EN 1993~ unless otherwise stated, but for 
the purposes of this Pali 4.1 the following supplementary definitions are 

1.5.1 shell. A structure formed from a curved thin plate. 
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1.5.2 axisymmetric shell. A shell structure whose geometry is defined by rotation of a meridional 
line about a central axis. 

1.5.3 box. A structure formed from an assembly of flat plates into a three-dimensional enclosed 
form. For the purposes of this Standard, the box has dimensions that are generally comparable in a]] 
directions. 

1.5.4 nleridional direction. The tangent to the silo wall in a vertical plane at any point. It varies 
according to the structural element being considered. Alternatively, it is the vertical or inclined 
direction on the surface of the structure that a rain drop would take in sliding down the surface. 

1.5.5 circumferential direction. The horizontal tangent to the silo wall at any point. It varies 
around the silo, lies in the horizontal plane and is tangential to the silo wall irrespective of whether the 
silo is circular or rectangular in plan. 

1.5.6 nliddle surface. This term is used to refer to both the stress-free middle surface when a shell is 
in pure bending and the middle plane of a flat plate that forms part of a box. 

1.5.7 separation of stiffeners. The centre to centre distance between the longitudinal axes of two 
adjacent parallel stiffeners. 

Supplementary to Part 1 of EN 1993 (and Part 4 of EN 1991), for the purposes of this Part 4.1, the 
following terminology applies, see figure 1.1: 

1.5.8 silo: A silo is a vessel for storing particulate granular solids. In this Standard, it is assumed to 

have a vertical form with solids being added by gravity at the top. The term silo includes all forms of 
particulate solids storage structure, that might otherwise be referred to as a bin, hopper, grain tank or 
bunker. 

1.5.9 barrel: The barrel is the vertical walled section of a silo. 

1.5.10 hopper: A hopper is a converging section towards the bottom of a silo. It is Llsed to channel 
solids towards a gravity discharge outlet. 

1.5.11 junction: A junction is the point at which any two or more shell segments, or two or more flat 
plate elements of a box meet. It can include a stiffener or not: the point of attachment of a ring 
stiffener to the shell or box may be treated as a junction. 

1.5.12 transition junction: The transition junction is the junction between the barrel and hopper. 
The junction can be at the base of the barrel or part way down it. 

1.5.13 skirt: The skirt is that part of the barrel which lies below the transition junction: it differs 
from the higher part in that it has no contact with the stored bulk solids. 

1.5.14 strake: A strake or course is a single layer of steel plates used to form one level of the 
cylindrical barrel of a silo. 

1.5.15 stringer stiffener: A stringer stiffener is a local stiffening member that follows the meridian 
of a shell, representing a generator of the she]] of revolution. It is provided to increase the stability, or 
to assist with the introduction of local loads or to carry axial loads. It is not intended to provide a 
primary load carrying capacity for bending due to transverse loads. 

1.5.16 rib: A rib is a local member that provides a primary load carrying path for loads causing 
bending down the meridian of a shell or f1at plate, representing a generator of the shell of revolution 
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or a vertical stiffener on a box. It is used to distribute transverse loads on the structure by bending 
action. 

1.5.17 ring stiffener: A ring stiffener is a local stiffening member that passes around the 
circumference of the structure at a given point on the meridian. It is assumed to have no stiffness in 
the meridional plane of the structure. It is provided to increase the stability or to introduce local 
loads, not as a primary load-carrying element. In a shell of revolution it is circular, but in rectangular 
structures is takes the rectangular form of the plan section. 

1.5.18 Sll1eared stiffeners: Stiffeners are said to be smeared when the properties of the shell wall 
and the individual stiffeners are treated as a composite section using a width equal to an integer 
multiple of the separation of the stiffeners. The stiffness properties of a shell wall with smeared 
stiffeners are orthotropic with eccentric terms leading to coupling between bending and stretching 
behaviour. 

Silo 
ends 
here 

Cylindrical 
shell or 

structure 

a) Circular planform silo 

supporting 
structure 

b) Rectangular planform silo 

Figure 1.1: Terminology used in silo structures 

1.5.19 base ring: A base ring is a structural member that passes around the ci rcu mference of the 
structure at the base and provides means of attachment of the structure to a foundation or other 
element. It is required to ensure that the assumed boundary conditions are achieved in practice. 

1.5.20 ring girder or ring beanl: A ring girder or ring beam is a circumferential stiffener which has 
bending stiffness and strength both in the plane of the circular section of a shell or the plan section of 
a rectangular structure and also normal to that plane. It is a primary load-carrying element, used to 
distribute local loads into the shell or box structure. 

1.5.21 continuous support: A continuously supported silo is one in which all positions around the 
circumference are supported in an identical manner. Minor departures from this condition (e.g. a 
small opening) need not affect the applicability of the definition. 

1.5.22 discrete support: A discrete support is a position in which a silo is supported using a local 
bracket or column, giving a limited number of narrow supports around the silo circumference. Four or 
six discrete supports are commonly used, but three or more than six are also found. 
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1.5.23 p)Tamida1 hopper: A pyramidal hopper is lIsed for the hopper section of a rectangular silo, 
in the form of an inverted pyramid. In this Standard, it is assumed that the geometry is simple, 
consisting of only four planar elements of trapezoidal shape. 

1.6 Syrrlbols used in Part 4.1 of Eurocode 3 

The symbols used are based on ISO 3898: 1987. 

1.6.1 Roman upper case letters 
A area of cross-section; 
C membrane stretching stiffness; 
C buckling coefficient; 
D bending flexural rigidity; 
E Young's modulus; 
F force; 
G shear modulus; 
H height of structure; 

second moment of area of cross-section; 
I( uniform torsion constant; 

K flexural stiffness of wall pane]; 
L height of she] 1 segment or stiffener; 
M bending moment; 
N axial force; 
Q fabrication tolerance quality of construction of a shell susceptible to buckling; 
Rip local radius at the crest or trough of a corrugation. 

1.6.2 Roman lower case letters 

12 

a coefficient; 
b width of plate or stiffener; 
d crest to crest dimension of a corrugation; 
e eccentricity of force or stiffener: 
j~ yield strength of steel; 

f~ ultimate strength of steel; 

h separation of flanges of ring girder; 
j joint efficiency factor for welded lap joints assessed using membrane stresses; 
J equivalent harmonic of the design stress variation; 

i! effective length of shell in linear stress analysis; 

i! wavelength of a corrugation in corrugated sheeting; 

i! half wavelength of a potential buckle (height to be considered in calculation); 
l11 bending moment per unit width; 
mx meridional bending moment per unit circumference; 

l11y circumferential bending moment per unit height of box; 

l11e circumferential bending moment per unit height of shell; 

/nxy twisting shear moment per unit width of plate; 

I11xfJ twisting shear moment per unit width of shell; 

17 membrane stress resultant; 
17 number of discrete supports around silo circumference; 
17 x meridional membrane stress resultant per unit circumference; 

l1y circumferential membrane stress resultant per unit height of box; 

He circumferential membrane stress resultant per unit height of shell; 

membrane shear stress resultant per unit width of plate; 

I1x8 membrane shear stress resultant per unit width of she]]; 
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p 

Pn 

1\ 

Pe 
q 
r 
r 
!.; 

pressure distributed loading; 
pressure normal to shell (outward); 

meridional surface loading parallel to shell (downward); 

circumferential surface loading parallel to shell (anticlockwise in plan); 

transverse force per L1nit length acting on a tie; 
radial coordinate in a circular plan-form silo; 
radius of shell middle surface; 
circumferential separation of stiffeners; 
wall thickness; 

tx' ty equivalent wall thickness of corrugated sheet for stretching in the x, y directions; 

w 
w 
x 
y 
Z 
'7 

imperfection amplitude; 
radial deflection; 
local meridional coordinate; 
local circumferential coordinate; 
global axial coordinate; 
coordinate along the vertical axis of an axisymmetric silo (shell of revolution). 

1.6.3 Greek letters 
a elastic buckling imperfection factor (knock-down factor); 

a coefficient of thermal expansion; 

f3 hopper apex half angle; 

YP partial factor for actions; 

YM partial factor for resistance; 

8 limiting deflection; 

A increment; 

X reduction factor for flexural column buckling; 

X shell buckling stress reduction factor; 
IL shell meridional bending half-wavelength; 
I relative slenderness of a shell; 
f1 wall friction coefficient; 
v Poisson's ratio; 

B circumferential coordinate around shell; 

(j direct stress; 

(jbx meridional bending stress; 

OllY circumferential bending stress in box; 

Obe circumferential bending stress in curved shell; 

twisting shear stress in box; 

rbx9 twisting shear stress in curved shell: 

0;11 X meridional membrane stress; 

a;llY circumferential membrane stress in box; 

0;'19 circumferential membrane stress in curved shell~ 

rmxy membrane shear stress in box~ 

t;11X6 membrane shear stress in curved shell; 

~ox meridional outer surface stress; 

~oy circumferential outer surface stress in box; 

~oe circumferential outer surface stress in curved shell: 

~oxy outer surface shear stress in box; 

T.,ox9 outer surface shear stress in curved shell; 

r shear stress; 
OJ dimensionless parameter in buckling calculation; 
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(j) inclination to vertical of a hopper whose axis is not vertical; 
If/ stress non-uniformity parameter. 

1.6.4 Subscripts 
E value of stress or displacement (arising from actions); 
F actions; 
1\1 material; 
R resistance; 
S value of stress resultant (arising from design actions); 
b bending; 
c cyJinder; 
cr critical buckling value; 
d design value; 
efT effective; 
h hopper; 
m membrane, midspan; 
min minimum allowed value; 
n normal to the wall; 
p pressure; 

radial; 
s skirt, support; 
s surface stress (0 ... outer surface, i. .. inner sUIt'ace) 
u ultimate; 
w meridionally parallel to the wall (wall friction); 
x meridional; 
y circumferential (box structures), yield; 
z axial direction; 
e circumferential (shells of revolution). 

1.7 Sign conventions 

1.7.1 Conventions for global silo structure axis system for circular silos 

(1) The convention given here is for the complete silo structure, and recognises that the si 10 is 
not a structural member. 

Instantaneous centre 
of 

z 

ShE'll llE'lidian 

a) global coordinate system @il 

z 

lransition 
./r.-' 

.... :;;::/ 

skirt 

r 

b) silo shell coordinates and loading: 
section 

Figure 1.2: Coordinate systems for a circular silo 
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(2) In general, the convention for the global silo structure axis system is in cylindrical coordinates 
(see figure 1.2) as follows: 

Coordinate system 

Coordinate along the central axis of a shell of revolution 

Radial coordinate 

Circumferential coordinate 

(3) The convention for positive directions is: 

r 

f) 

Outward direction positive (internal pressure positive, outward displacements positive) 

Tensile stresses positive (except in buckling expressions where compression is positive) 

(4) The convention for distributed actions on the silo wall surface is: 

Pressure normal to shell (outward positi ve) Pn 

Meridional surface loading parallel to shell (downward positive) Px 

Circumferential surface loading parallel to shell (anticlockwise positive 111 plan) 

Pe 

1.7.2 Conventions for global silo structure axis system for rectangular silos 

(1) The sign convention given here is for the complete silo structure, and recognises that the si 10 is 
not a structural member. 

(2) In general, the convention for the global silo structure axis system is in Cartesian coordinates x, 
y, Z, where the vertical direction is taken as z, see figure 1.3. 

(3) The convention for positive directions is: 

Outward direction positive (internal pressure positive, outward displacements positive) 

Tensile stresses positive (except in buckling expressions where compression is positive) 

(4) The convention for distributed actions on the silo wall surface is: 

Pressure normal to box (outward positive) 

Meridional surface loading parallel to box surface (downward positive) 

fJn 

Px 

Circumferential surface loading in the plane of the box plan cross-section (anticlockwise 
positive) Py 
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z z 

Box meIidian 

a) global coordinate system @il b) silo box coordinates and loading: section 

Figure 1.3: Coordinate systems for a rectangular silo 

1.7.3 Conventions for structural element axes in both circular and rectangular silos 

(1) The convention for structural e1ements attached to the silo wall figures 1.4 and 
different for meridional and circumferential members. 

is 

(2) The convention for meridional straight structural elements (see figure l.4a) attached to the silo 
wall (shells and boxes) is: 

16 

Meridional coordinate for barre1, hopper and roof attachment x 

Strong bending axis (para11el to flanges: axis for meridional bending) y 

Weak bending axis (perpendicu1ar to flanges) z 

NOTE: A meridional stiffener bending in a manner that is compatible with meridional bending (m x) 

in the cylinder bends about the y axis of the stiffener. 
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barrel 

f z 

a) stiffener and axes of bending b) local axes in different segments 

Figure 1.4: Local coordinate systems for meridional stiffeners on a shell 
or box 

z 

k:r barrel 

a) stiffener and axes of bending b) local axes in different segments 

Figure 1.5: Local coordinate systems for circumferential stiffeners on a shell 
or box 

(3) The convention for circumferential curved structural elements (see figure I.Sa) attached to a 
she]] wall is: 

Circumferential coordinate axis (curved) 

Radial axis (axis for bending in the vertical plane) 

Vertical axis (axis for circumferential bending) 

e 
r 

NOTE: A circumferential stiffener or ring is subject to bending about its vertical axis z when the 
bending is compatible with circumferential bending in the cylinder (l71e). It is subject to bending 

moments about its radial axis r when either acting as a ring girder, or when subject to radial forces 
acting at a point eccentric to the ring centroid. 
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(4) The convention for circumferential straight structural elements attached to a box is: 

Circumferential axis x 

Horizontal axis y 

Vertical axis 

NOTE: A circumferential straight stiffener on a box is subject to bending about its vertical axis z 
when the bending is out of the plane of the box wall, which is the normal condition. 

1.7.4 Conventions for stress resultants for circular silos and rectangular silos 

(1) The convention used for subscripts indicating membrane forces is: 
"The subscript derives from the direction in which direct stress is induced by the force" 

Membrane stress resultants: 

l1x meridional membrane stress resultant 

fie circumferential membrane stress resultant in shells 

ny circumferential membrane stress resultant in rectangular boxes 

nxy or I1xe membrane shear stress resultant 

Membrane stresses: 

~11X meridional membrane stress 

~lle circumferential membrane stress in shells 

~llY circumferential membrane stress in rectangular boxes 

~llXY or ~1lXe membrane shear stress 

(2) The convention used for subscripts indicating moments is: 
"The subscript derives from the direction in which direct stress is induced by the moment" 

NOTE: This plate and shell convention differs from that for beams and columns as used in Eurocode 3 
Parts].] and) .3. Care must be exercised when using Parts 1.1 and 1.3 in conjunction with these rules. 

Bending stress resultants: 

111 x meridional bending moment per unit width 

me circumferential bending moment per unit width in shells 

my circumferential bending stress resultant in rectangular boxes 

lnxy or mxe twisting shear moment per unit width 

Bending stresses: 

Oi)x meridional bending stress 

(}b8 circumferential bending stress in shells 

(}by circumferential bending stress in rectangular boxes 

4Jxyor t"bxEJ twisting shear stress 

18 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

Inner and outer surface stresses: 

o:,ix' o;,ox meridional inner~ outer surface stress for boxes and shel1s 

o;,i8' 0:,08 circumferential inner, outer surface stress in she11s 

r~ix8' inner, outer surface shear stress in shells 

o;,iy' O:"oy circumferential inner, outer surface stress in rectangular boxes 

~ixy'~oxy inner, outer surface shear stress in rectangular boxes 

11 
Y 

It 
X 

III xy 

a) Membrane stress resultants b) Bending stress resultants 

Figure 1.6: Stress resultants in the silo wall (shells and boxes) 

1.8 Units 

(I)P S.L units shal1 be used in accordance with ISO 1000. 

(2) For calculations, the following consistent units are recommended: 

dimensions and thicknesses m 

unit weight kN/mJ 

forces and loads kN 

line forces and line 10ads ki\l/m 

pressures and area distributed actions kPa 

unit mass 

acceleration 

membrane stress resultants 

bending stress resultants 

stresses and elastic moduli 

kg/mJ 

km/s2 

kN/m 

kNm/m 
kPa 

mm 

N/mmJ 

N 
N/111m 
NIPa 

kg/min] 

m/s2 

N/mm 

Nmm/mm 
MPa (=N/mm2) 

III xy 
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2 Basis of design 

2.1 Requirements 

(I)P A silo shall be constructed and maintained to meet the requirements of section 2 of 
EN 1990 as supplemented by the following. 

(2) The silo structure should include a]] she]] and plated sections of the structure, including 
stiffeners, ribs, rings and attachments. 

(3) The supporting structure should not be treated as part of the silo structure. The boundary 
between the silo and its supports should be taken as indicated in figure 1.1. Similarly, other structures 
supported by the silo should be treated as beginning where the silo wall or attachment ends. 

(4) Silos should be designed to be damage-tolerant where appropriate, considering the use of the 
silo. 

(5) Particular requirements for special applications may be agreed between the designer, the client 
and the relevant authority. 

2.2 Reliability differentiation 

(I) For reliability differentiation, see EN 1990. 

NOTE: The national annex may define consequence classes for silos as a function of the location, 
type of infill and loading, the structural type, size and type of operation. 

Different levels of rigour should be used in the design of silo structures, depending on the 
consequence class chosen, the structural arrangement and the susceptibility to different failure modes. 

(3) For this standard, 3 consequence classes are used, with requirements which produce designs 
with essentially equal risk in the design assessment and considering the expense and procedures 
necessary to reduce the risk of failure for different structures: Consequence Classes 1, 2 and 3. 

20 

NOTE 1: The nmional annex may provide information one the consequence classes. Table 2.1 
an example for the classification of two parameters, the size and the type of operation into 
consequence classes when all other parameters result in medium consequences, see EN 1990, B.3.] . 
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T bl 21 C a e . onsequence c asses d epen d" Ing on size an d operation 

Consequence Class Design situations 

Consequence Class 3 Ground supported silos or silos supported on a complete skirt 
extending to the ground with capacity in excess of W]a tonnes 

Discretely supported silos with capacity in excess of W3b tonnes 

Silos with capacity in excess of ~V3c tonnes in which any of the 

following design situations occur: 
a) eccentric discharge 
b) local patch loading 
c) unsymmetrical fil1ing 

Consequence Class 2 All silos covered by this Standard and not placed in another class 

Consequence Class I Silos with capacity between Win tonnes'! and Wlb tonnes 

t Silos with capacity less than tV1a tonnes are not covered by this standard. 

The recommended values for class boundaries are as follows: 

Class boundary Recommended value 
(tonnes) 

~V]a 5000 

W3b 1000 

W3c 200 

Wlb 100 

Wla ]0 

NOTE 2: For the classification into action assessment classes, see EN 1991-4 

(4) A higher Consequence Class may always be adopted than that required. 

(5)P The choice of relevant Consequence Class shall be agreed between the designer, the client and 
the relevant authority. 

(6) Consequence Class 3 should be used for local patch loading, which refers to a stored solids 
loading case causing a patch load which extends round less than half the circumference of the silo, as 
defined in EN 1991-4. 

(7) For Consequence Class I, simp] ified provisions may be adopted. 

NOTE: Appropriate provisions for silos in Consequence Class I are set out in Annex A. 

2.3 Lim it states 

(1) The limit states defined in EN 1993-1-6 should be adopted for this Part. 
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2.4 Actions and environmental effects 

2.4.1 General 

(I)P The general requirements set out in section 4 of EN 1990 shall be satisfied. 

2.4.2 Wind action 

(1) For specifications of wind actions not set down in EN 1991 1-4 for the design of silos in 
isolation and in groups, appropriate additional information should be agreed. 

(2) Because these large light structures are sensitive to the detailed wind pressure distribution on 
the wall, both with respect to the buckling resistance when empty and the holding down details 
required at the foundation, additional information may be llsed to augment the basic wind data 
provided in EN 1991-1-4 for the specific needs of individual constructions. 

NOTE: Appropriale additional information on wind pressure distrihutions is set out in Annex C. 

2.4.3 Combination of solids pressures with other actions 

(l)P The partial factors on actions in silos set out in 2.9.2 shall be used. 

2.5 Material properties 

(1) The general requirements for material properties set out in EN 1993-1-1 should be followed. 

(2) '-rhe specific properties of materials for silos gi ven in section 3 of this Part should be used. 

2.6 Geometrica I data 

(I)P The provisions concerning geometrical data given in section 6 of EN 1990 shaH be foJ1owed. 

(2) The additional information specific to shell structures given in EN 1993-1-6 should also be 
applied. 

~ (3) The she]] plate thickness should be taken as the nominal thickness. In the case of hot-dipped 
metal coated steel sheet conforming with EN 10] 49, the nominal thickness should be taken as the 
nominal core thickness, obtained as the nominal external thickness less the total thickness of zinc 
coating on both surfaces. 

(4) The effects of corrosion and abrasion on the thickness of silo wall plates should be included in 
the design, in accordance with 4.1.4. 

2.7 Modelling of the silo for determining action effects 

(l)P The general requirements set OLlt in section 7 of EN 1990 shall be followed. 

(2) The specific requirements for structural analysis in relation to serviceability, set out in sections 
4 to 9 of this Part for each structural segment, should be followed. 

(3) The specific requirements for structural analysis in relation to ultimate limit states, set out in 
sections 4 to 9 of this Part and in more detail in EN 1993-1-6 and EN 1993-]-7, should be fol1owed. 

2.8 Design assisted by testing 

(I) The general requirements set out in Annex D of EN 1990 should be followed. 
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(2) For 'product type' silos (factory production), which are subject to fu]] scale testing, ,deemed_to-
satisfy' criteria may be adopted for design purposes. 

2.9 Action effects for limit state verifications 

2.9.1 General 

The general requirements set out in section 9 of EN 1990 shall be satisfied. 

2.9.2 Partial factors for ultimate limit states 

2.9.2.1 Partial factors for actions on silos 

(])P For persistent, transient and accidental design situations, the pattial factors Yr; shall be taken 

from EN 1990 and EN 1991-4. 

(2) Partial factors for 'product type' silos (factory production) may be specified by the appropriate 
authorities. 

NOTE: When applied to 'product silos, the factors in (I) are for guidance purposes only. They 
are provided to show the likely levels needed to achieve consistem reliabilily with other designs. 

2.9.2.2 Partial factors for resistances 

(1) Where structural properties are determined by ,.....,,)<I ll."-, the requirements and procedures of EN 
1990 should be adopted. 

(2) verifications should satisfy section 9 of EN 1993-] -6. 

(3)P The partial factors Itv1i for different limit states sha11 be taken from table 2.2. 

Table 2.2: Partial factors for resistance 

Resistance to failure mode Relevant 

Y 

Resistance of welded or bolted shell wall to Yt\10 
plastic limit state 

Resistance of shell wall to stability YMJ 

Resistance of welded or bolted shell wall to 
rupture 

Resistance of shell wall to cyclic plasticity YM4 
Resistance of connections YM5 
Resistance of shell wall to fatigue ItVl6 

NOTE: Partial factors YMi for silos may be defined in the National Annex. For values of YM5' further 

information may be fOLlnd in EN 1993-1-8. For values of YM6' funher information may be found in EN 

1993-1-9. The following numerical values are recommended for silos: 

lMO = 1,00 11\11 1,10 11\12 L25 

lM4 1,00 11\15 = ] ,25 11\16 = 1, I 0 

For further differentiation, see 2.2( 1) and 2.2(3) 
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2.9.3 Serviceability limit states 

(I) Where simplified compliance rules are given in the relevant provIsIOns dealing with 
serviceability limit states, detailed calculations using combinations of actions need not be carried out. 

2.10 Durability 

(1) The general requirements set out in 2.6 of EN ] 990 should be followed. 

2.11 Fire resistance 

(I) The provisions set out in EN ] 993-1-2 for fire resistance should be met. 
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3 Properties of materials 

3.1 General 

(1) All steels used for silos should be suitable for welding to permit later modifications when 
necessary. 

(2) All steels used for silos of circular planform should be suitable for cold formi ng into curved 
sheets or curved members. 

(3) The material properties given in this section, see Table 3.1 in EN 1993- 1 I and Table 3.1 b in 
EN 1993-1-3, should be treated as nominal values to be adopted as characteristic values in design 
calculations. 

(4) Other material properties are given in the relevant Reference Standards defined in EN 1993-1 I. 

(5) Where the silo may be filled with hot solids, the values of the material properties should be 
appropriately reduced to values corresponding to the maximum temperatures to be encountered. 

(6) Where the temperature exceeds 100°C, the material properties should be obtained from EN 
13084-7. 

3.2 Structural steels 

(1) The methods for design by calculation given in this Part 4.1 of EN 1993 may be used for 
structural steels as defined in EN 1993-1-1, which conform with the European Standards and 
International Standards listed in table 3.1. 

(2) The mechanical properties of structural steels, according to EN 10025 or EN 10149 should be 
obtained from EN 1993-1-1, EN 1993-1-3 and EN 1993-1-4. 

(3) Corrosion and abrasion allowances are given in section 4 of this Part 4.1. 

(4) It should be assumed that the properties of steel in tension are the same as those in compression. 

(5) For the steels covered by this Pali 4.1 of EN 1993, the design value of the modulus of elasticity 
should be taken as E = 210000 MPa and Poisson's ratio as v = 0,3. 

3.3 Stainless steels 

(1) The mechanical properties of stainless steels should be obtained from EN 1993-1-4. 

(2) Guidance for the selection of stainless steels in view of corrosion and abrasion actions of stored 
solids may be obtained from appropriate sources. 

(3) Where the design involves a buckling calculation, appropriate reduced properties should be 
used (see EN 1993-1-6). 

3.4 Special alloy steels 

(1) For non-standardised alloy steels, appropriate values of relevant mechanical properties should 
be defined. 

NOTE: The National Annex may give information on appropriate values. 
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(2) Guidance for the selection of non-standardised alloy steels with respect to the corrosion and 
abrasion actions of stored solids should be obtained from appropriate sources. 

Where the design involves a buckling calculation, appropriate reduced properties should be 
used (see EN 1993-1-6). 

3.5 Toughness requirements 

(I) The toughness requirements for the steels should be determined according to EN 1993-1 ]0. 
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4 Basis for structu ral analysis 

4.1 Ultimate limit states 

4.1.1 Basis 

(1) Steel structures and components should be so proportioned that the basic design requirements 
given in section 2 are satisfied. 

4.1.2 Required checks 

(l)P For every relevant limit state, the design shall satisfy the condition: 

Sd < Rei 
... (4.1) 

where Sand R represent any appropriate parameter. 

4.1.3 Fatigue and cyclic plasticity - low cycle fatigue 

(I) Parts of the structure subject to severe local bending should be checked against the fatigue and 
cyclic plasticity limit states using the procedures of EN 1993-1-6 and EN ] 993-] -7 as appropriate. 

(2) Silos in Consequence Class I need not be checked for fatigue or cyclic plasticity. 

4.1.4 Allowance for corrosion and abrasion 

(1) The effects of abrasion of the stored solid on the walls of the container over the life of the 
structure should be included in determining the effective thickness of the wall for analysis. 

(2) Where no specific information is available, the wall should be assumed to lose an amollnt I1fa of 

its thickness due to abrasion at all points on contact with moving solid. 

NOTE: The National Annex may choose the value of L1t[l' The value L1ta 2mm is recommended. 

(3) The effects of corrosion of the wall in contact with the stored solid over the life of the structure 
should be included in determining the effective thickness of the wall for analysis. 

(4) Specific values for corrosion and abrasion losses, appropriate to the intended use, should be 
agreed between the designer, the client and the relevant authority, taking account of the intended lise 
and the nature of the solids to be stored. 

NOTE 1: The National Annex may choose appropriate values for corrosion and abrasion losses for 
particular solids in frictional contact with defined silo wall materials, recognising the mode of solids 
1low defined in EN 1991-4. 

NOTE 2: To ensure that the design assumptions are met in service, appropriate inspection measures 
have to be instituted. 

4.1.5 Allowance for temperature effects 

(1) Where hot solids are stored in the silo, the effects of differential temperature between parts of 
the structure in contact with hot material and those that have cooled sho111d be inc1uded in determining 
the stress distribution in the wall. 
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4.2 Analysis of the structure of a shell silo 

4.2.1 Modelling of the structural shell 

(I) The modelling of the structural shell should follow the requirements of EN 1993-1-6. They 
may be deemed to be satisfied by the fo]]owing provisions. 

(2) The modell ing of the structural shell should include all stiffeners, large openings, and 
attachments. 

(3) The design should ensure that the assumed boundary conditions are satisfied. 

4.2.2 Methods of analysis 

4.2.2.1 General 

(1) The analysis of the silo shell should be calTied out according to the requirements of EN 1993-1-
6. 

(2) A higher class of analysis may always be used than that defined for the Consequence Class. 

4.2.2.2 Consequence Class 3 

(]) For silos in Consequence Class 3 (see 2.3), the internal forces and moments should be 
determined using a validated numerical analysis (finite element shell analysis) (as defined in EN 
1993-] -6). Plastic collapse strengths under primary stress states may be used in relation to the plastic 
limit state as defined in EN 1993-1-6. 

4.2.2.3 Consequence Class 2 

(1) For silos in Consequence Class 2 under conditions of axisymmetric actions and support, one of 
two alternative analyses may be used: 

a) Membrane theory may be used to determine the primary stresses. Bending theory elastic 
expressions may be used to describe all local bending effects. 

b) A validated numerical analysis may be used (e.g. finite element shell analysis) (as 
defined in EN 1993-1-6). 

(2) Where the design loading from stored solids cannot be treated as axisymmetric, a valldated 
numerical analysis should be used. 

(3) Notwithstanding paragraph (2), where the loading varies smoothly around the she11 causing 
global bending only (i.e. in the form of harmonic 1), membrane theory may be used to determine the 
primary stresses. 

(4) For analyses of actions due to wind loading and/or foundation settlement and/or smoothly 
varying patch loads (see EN 1991-4 for thin walled silos), semi-membrane theory or membrane theory 
may be used. 

(5) Where membrane theory is used to find the primary stresses in the shell: 

a) Discrete rings attached to an isotropic cylindrical silo shell under internal pressure may 
be deemed to have an effective area which includes a length of she1l above and below the 

ring of O.78Wr except where the ring is at a transition junction. 

b) The effect of local bending stresses at discontinuities in the shell surface and supports 
should be evaluated separately. 
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(6) Where an isotropic shell wall is discretely stiffened by vertical stiffeners, the stresses in the 
stiffeners and the shell wal1 may be calculated by treating the stiffeners as smeared on the shell wall, 

provided the spacing of the stiffeners is no wider than l1 vsJH. 
NOTE: The National Annex may choose Lhe value of 17 vs . The value 17 vs = 5 is recommended. 

(7) Where smeared stiffeners are used, the stress in the stiffener should be determined making 
proper allowance for compatibility between the stiffener and the wal1 and including the effect of the 
wal1 membrane stress in the orthogonal direction. 

(8) Where a ring girder is used above discrete supports, membrane theory may be Llsed to determine 
the primary stresses, but the requirements of 5.4 and 8.1.4 concerning the evaluation of additional 
non-axisymmetric primary stresses should be followed. 

(9) Where a ring girder is used above discrete supports, compatibility of the deformations between 
the ring and adjacent shell segments should be considered, see Figure 4.1. Particular attention should 
be paid to compatibility of the axial deformations, as the induced stresses penetrate far up the shell. 
Where such a ring girder is used, the eccentricity of the ring girder centroid and shear centre relative 
to the shell wall and the support centreline should be considered, see 8.1.4 and 8.2.3. 
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deformation 

Figure 4.1 : Axial deformation compatibility between ring girder and shell 

(l0) Where the silo is subject to any form of unsymmetrical bulk solids loading (patch loads, 
eccentric discharge, unsymmetrical filling etc.), the structural model should be designed to capture the 
membrane shear transmission within the silo wall and between the wall and rings. 

NOTE: The shear transmission between parls of the wa]] and rings has special importance in 
construction using bolts or other discrete connectors between the wall and hopper, between 
different strakes of the barrel). 

(11) Where a ring girder is used to redistribute silo wall forces into discrete supports, and where 
bolts or discrete connectors are used to join the structural elements, the shear transmlssion between 
the parts of the ring due to shell bending and ring girder bending phenomena should be determined. 

(12) Except where a rational analysis is used and there is clear evidence that the solid against the 
wall is not in motion during discharge, the stiffness of the bulk solid in resisting wall deformations or 
in increasing the buckling resistance of the structure should not be considered. 
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4.2.2.4 Consequence Class 1 

(1) For silos in Consequence Class I, membrane theory may be used to determine the primary 
stresses, with factors and simplified expressions to describe local bending effects and unsymmetrical 
actions. 

4.2.3 Geometric imperfections 

(I) Geometric imperfections in the shell should satisfy the limitations defined in EN 1993-1-6. 

(2) For silos in Consequence Classes 2 and 3, the geometric imperfections should be measured 
following construction to ensure that the assumed fabrication tolerance quality has been achieved. 

(3) Geometric imperfections in the shell need not be explicitly included in determining the internal 
forces and moments, except where a GNIA or GMNIA analysis is used, as defined in EN 1993- I -6. 

4.3 Analysis of the box structure of a rectangular silo 

4.3.1 Modelling of the structural box 

(1) The modelling of the structural box should follow the requirements of EN 1993-1-7, but they 
may be deemed to be satisfied by the following provisions. 

(2) The modelling of the structural box should include all stiffeners, large openings, and 
attachments. 

(3) The design should ensure that the assumed boundary conditions are satisfied. 

(4) The joints between segments of the box should satisfy the modelling assumptions for strength 
and stiffness. 

(5) Each panel of the box may be treated as an individual plate segment provided that both: 

a) the forces and moments introduced into each panel by its neighbours are included; 

b) the flexural stiffness of adjacent panels is included. 

(6) Where an isotropic plate wall panel is discretely stiffened with horizontal stiffeners, the stresses 
in the stiffeners and the box wall may be calculated by treating the stiffeners as smeared on the wall to 
produce an orthotropic plate, provided that the spacing of the stiffeners is no wider than l1s t. 

NOTE: The National Annex may choose the value of l1 s' The value Hs 40 is recommended. 

(7) Where smeared stiffeners are used, the stress in the stiffener should be determined making 
proper allowance for the eccentricity of the stiffener from the wall plate, and for the wa]] stress in the 
direction orthogonal to the axis of the stiffener. 

(8) The effective width of plate on each side of a stiffener should be taken as not greater than t, 

where t is the local plate thickness. 

NOTE: The National Annex may choose the value of new' The value new ISS is recommended. §] 

4.3.2 Geometric imperfections 

(1) Geometric imperfections in the box should satisfy the limitations defined in EN ] 993-] -7. 
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(2) Geometric imperfections in the box need not be explicitly included in determining the internal 
forces and moments. 

4.3.3 Methods of analysis 

(1) The internal forces in the plate segments of the box wall may be determined using either: 

a) static equilibrium for membrane forces and beam theory for bending; 

b) an analysis based on linear plate bending and stretching theory; 

c) an analysis based on nonlinear plate bending and stretching theory. 

(2) For silos in Consequence Class], method (a) in (1) may be used. 

Where the design loading condition is symmetric relative to each plate segment and the silo is 
in Consequence Class 2, method (a) in (I) may be used. 

(4) Where the design loading condition is not symmetric and the silo is in Consequence Class 2, 
either method (b) or method (c) in (I) should be used. 

(5) For silos in Consequence Class 3 (see 2.2), the internal forces and moments should be 
determined using either method (b) or method (c) in (1) (as defined in EN 1993-1-7). 

4.4 Equivalent orthotropic properties of corrugated sheeting 

(I) Where corrugated sheeting is used as part of the silo structure, the analysis may be carried out 
treating the sheeting as an equivalent uniform orthotropic wall. 

(2) The following properties may be used in a stress analysis and in a buckling analysis of the 
structure, provided that the corrugation profile has either an arc-and-tangent or a sinusoidal shape. 
Where other corrugation profiles are used, the corresponding properties should be calculated from 
first principles. 

x 

effective J11iddle surface 

( 
£/2 

) 

Figure 4.2: Corrugation profile and geometric parameters 

(3) The properties of the corrugated sheeting should be defined in terms of an x, y coordinate 
system in vvhich the y axis runs parallel to the corrugations (straight lines on the surface) whilst x 
runs normal to the corrugations (troughs and peaks). The corrugation should be defined in terms of 
the following parameters, irrespective of the actual corrugation profile, see figure 4.2: 
where: 

d 
t 
Rep 
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(4) All properties may be treated as one-dimensional, giving no Poisson effects between different 
directions. 

(5) The equivalent membrane properties (stretching stiffnesses) may be taken as: 

ex 

where: 

tx is 

ty is 

txy IS 

213 

E-, 
3d 2 

the equivalent 

corrugations; 
the equivalent 

corrugations; 

thickness 

thickness 

for smeared membrane forces 

for smeared membrane forces 

the equivalent thickness for smeared membrane shear forces. 

'" (4.2) 

... (4.3) 

... (4.4) 

normal to the 

paral1el to the 

(6) The equivalent bending properties (flexural stiffnesses) are defined in terms of the flexural 
rigidity for moments causing bending in that direction, and may be taken as: 

El x per unit width 
12(1 

... (4.5) 

Ely per unit width = 0,13 E til 2 ... (4.6) 

Dxy = G1xy per unit width ... (4.7) 

where: 
Ix IS the equivalent second moment of area per unit width for smeared bending 

normal to the corrugations; 
ly is the equivalent second moment of area per unit width for smeared bending 

parallel to the corrugations; 
lxy is the equivalent second moment of area per unit width for twisting. 

~ NOTE: The convention for bending moments in plates relates to the direction in which the plate 
becomes curved, so is contrary to the convention used for beams. Bending parallel to the corrugation 
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engages the bending stiffness of the corrugated profile and is the chief reason for using corrugated 
construction. 

~ Note deleted. 

(7) In circular silos, where the corrugations run circumferential1y, the directions x and y in the 
above expressions should be taken as the meridional ¢ and circumferential e directions 
respectively, see figure 1.2 (a). When the corrugations run meridional1y, the directions x and y in 
the above expressions should be taken as the circumferential e and meridional ¢ directions 
respectively. 

(8) The shearing properties should be taken as independent of the corrugation orientation. The 
value of G may be taken as E I {2(1+v)} = 80800 MPa. 

(9) In rectangular silos, where the corrugations run horizontally, the directions x and y in the 
above expressions should be taken as the local axial x and horizontal y directions respectively, see 
figure].3 (a). When the corrugations run vertically or meridional1y, the directions x and y in the 
above expressions should be interchanged on the real structure and taken as the horizontal Y and 
axial x directions respectively. 
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(I) Cylindrical steel silo walls should be so proportioned that the basic design requirements for the 
ultimate limit states given in section 2 are satisfied. 

(2) The safety assessment of the cylindrical shell should be conducted using the provisions of EN 
1993-1-6. 

5.1.2 Silo wall design 

(1) The cylindrical wall of the silo should be checked for the following phenomena under the limit 
states defined in EN 1993-1-6: 

- global stability and static equilibrium. 

LS I: plastic limit state 

- resistance to bursting or rupture or plastic mechanism collapse (excessive yielding) under 
internal pressures or other actions; 

- resistance of joints (connections). 

LS2: cyclic plastification 

- resistance to local yielding in bending; 

- local effects. 

LS3: buckling 

- resistance to buckling under axial compression; 

- resistance to buckling under external pressure (wind or vacuum); 

- resistance to buckling under shear from unsymmetrical actions; 

- resistance to buckling under shear near engaged columns; 

- resistance to local failure above supports; 

- resistance to local crippling near openings; 

- resistance to local buckling under unsymmetrical actions; 

LS4: fatigue 

- resistance to fatigue failure. 

(2) The shell wall should satisfy the provisions of EN 1993-1-6, except where 5.3 to 5.6 provide 
conditions that are deemed to satisfy the provisions of that standard. 

(3) For silos in Consequence Class 1, the cyclic plasticity and fatigue Ii mit states may be ignored. 

5.2 Distinctions between cylindrical shell forms 

(1) For a shell wall constructed from flat rolled steel sheet, termed 'isotropic' (see figure 5.1), the 
resistances should be determined as defined in 5.3.2. 

(2) For a shell wall constructed from corrugated steel sheets where the troughs run around the silo 
circumference, termed 'horizontally corrugated' (see figure 5.1), the resistances should be determined 
as defined in 5.3.4. For a shell wall with the troughs running up the meridian, termed 'vertically 
corrugated', the resistances should be determined as defined in 5.3.5. 
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(3) For a shell wall with stiffeners attached to the outside, termed 'externally stiffened' irrespective 
of the spacing of the stiffeners, the resistances should be determined as defined in 5.3.3. 

(4) For a shell wall with lap joints formed by connecting adjacent plates with overlapping sections, 
termed 'lap-jointed' (see figure 5.1), the resistances should be determined as defined in 5.3.2. 

'/-

Elevation 

Plan 

Isotropic, externally stiffened, lap-jointed and horizontally corrugated walls 

Figure 5.1: Illustrations of cylindrical shell forms 

5.3 Resistance of silo cylindrical walls 

5.3.1 General 

(]) The cylindrical shell should satisfy the provisions of EN 1993-1-6. These may be met using the 
fo]Jowing assessments of the design resistance. 

5.3.2 Isotropic welded or bolted walls 

5.3.2.1 General 

(1) The shell wall cross-section should be proportioned to resist failure by rupture or plastic 
collapse. 

(2) The joints should be proportioned to resist rupture on the net section using the ultimate tensile 
strength. 

(3) The eccentricity of lap joints should be included in the strength assessment for rupture, when 
relevant. 

(4) The shell wall should be proportioned to resist stability failure. 

5.3.2.2 Evaluation of design stress resultants 

(1) Under internal pressure, frictional traction and all relevant design loads, the design stress 
resultants should be determined at every point in the shell using the variation in internal pressure and 
wall frictional traction, as appropriate. 

36 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

NOTE 1: Each set of design stress resultants for stored solid loading of a silo should he hased on a 
single set of stored solid properties. 

NOTE 2: Where the design stress resultants are evaluated to verify adequate resistance to the 
plastic limit state, in general the stored solid should be chosen to maxi mise the internal 
pressure and the condition of discharge with patch loads in EN 1991-4 should be chosen. 

NOTE 3: Where the design stress resultants are being evaluated to verify adequate resistance to the 
buckling limit state under stored solid in general the stored material properties should he chosen 
to maximise the axial compression and the condition of discharge with patch loads in EN 1991-4 
should be chosen. However, where the internal pressure is heneficial in increasing the huckling 
resistance, only the filling pressures (for a consistent set or material properties) should he adopted in 
conjunction with the axial forces, since the beneficial pressures may fall to the filling values 
locally even though the axial compression derives from the discharge condition. 

(2) Where membrane theory is used to evaluate design stresses in the she1l wall, the resistance of 
the she]] should be adequate to withstand the highest pressure at every point. 

(3) Because highly localised pressures are found to induce sma]]er design membrane stress 
resultants than would be found using membrane theory, the provisions of EN 1993-1-6 for stress 
design, direct design or computer design may be used to achieve a more economical design solution. 

(4) Where a membrane theory analysis is used, the resulting two dimensional stress field of stress 
resultants l1x,Ed' l1S,Ed and may be evaluated using the equivalent design stress: 

... (5.1) 

(5) Where an elastic bending theory analysis (LA) is used, the resulting two dimensional stress 
field of primary stress resultants I1x,Ed' I1S,Ed' Ilx8.Ed ' l7l xS,Ed may be transformed into 

the fictitious stress components: 

() . = 
x.l:d + 

and the von Mises equivalent design stress: 

InB.l:·d 

(2/4 ' 

~,Ed = -0 ~.Ed + de.Ed - O'x.EdO'(J.Ed + 3t;(J.Ed 

... (5.2) 

... (5.3) 

... (5.4) 

NOTE: The above expressions (Ilyushin yield criterion) give a simpli fied conservative equivalent 
stress for design purposes. 

5.3.2.3 Plastic limit state 

(1) The design resistance in plates in terms of membrane stress resultants should be assessed as the 
equivalent stress resistance for both welded and bolted construction given by: 

... (5.5) 
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(2) The design resistance at lap joints in welded construction i e•Rd should be assessed by the 

fictitious strength criterion: 

= ... (5.6) 

where.i is the joint efficiency factor. 

EIl) (3) The joint efficiency of lap joint welded details with fun continuous fj1Jet welds should be taken 
as j = .k The single welded lap joint should not be used if more than 20% of the value of O'e.EcI in 
expression 5.4 derives from bending moments. 

NOTE: The National Annex may choose the value ofk The recommended values of.h are given in 

the table below for different joint configurations. ~ 

J . oint e f1' . IClenCY}i 0 f we Id d I e ap JOints 

Joint type Sketch Value Of)i 

Double welded .... )1 = 1,0 
lap 'IfIIIIII 

Single welded lap 

I 
... h = 0,35 

(4) In bolted construction the design resistance at net section failure at the joint should be assessed 
in terms of membrane stress resultants as follows: 

- for meridional resistance !lx.ReI = ill t / Y M2 ... (5.7) 

for circumferential resistance l1e.Rd ill t /y 1\12 ... (5.8) 

- for shear resistance nx8.Rd 0.57 iy t / Y MO '" (5.9) 

(5) The design of bolted connections should be carried out in accordance with EN 1993-1-8 or EN 
1993-1-3. The effect of fastener holes should be taken into account according to EN 1993-1-1 using 
the appropriate requirements for tension or compression or shear as appropriate. 

(6) The resistance to local loads from attachments should be dealt with as detailed in 5.4.6. 

(7) At every point in the structure the design stresses should satisfy the condition: 

... (5.10) 

(8) At every joint in the structure the design stress resultants should satisfy the relevant conditions 
amongst: 

llx.Ed ~ nx.Rd ... (5.1 ]) 

38 



5.3.2.4 Buckling under axial compression 

BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

... (5.1 

... (5.13) 

(1) Under axial compression, the design resistance against buckling should be determined at every 
point in the shell using the prescribed fabrication tolerance quality of construction, the intensity of the 
guaranteed co-existent internal pressure, p and the circumferential uniformity of the compressive 
stress. The design should consider every point on the shell wall. In buckling calculations, 
compressive membrane forces should be treated as positive to avoid the widespread use of negative 
numbers. 

(2) The prescribed fabrication tolerance quality of construction should be assessed as set out in 
table 5.1. 

T bl 5 1 F b . r a e a rlcatlon to erance qua Ity c asses 

Fabrication tolerance Quality Reliability class restrictions 
quali ty of construction parameter, Q 

Nonna] 16 Compulsory when the silo is 
designed to Consequence Class 1 

rules 
High 25 
Excellent 40 Only permitted when the silo is 

designed to Consequence Class 3 
rules 

NOTE: The tolerance requirements for the Fabrication Tolerance Consequence Quality Classes are 
set out in EN 1993-1-6 and EN 1090. 

(3) The representative imperfection amplitude "Wok should be taken as: 

... (5.14) 

(4) The unpressurised elastic imperfection reduction factor ao should be found as: 

0,62 ao = ---------:-:-:- 15) 

1 + 1,91lj/ 

where the stress non-uniformity parameter If/ is unity in the case of circumferential1y uniform 
compression, but is given in paragraph (8) for non-uniform compression. 

(5) Where the silo is internally pressurised, the elastic imperfection reduction factor a should be 
taken as the smaller of the two following values: ~)e and ~)P' determined according to the local 

value of internal pressure p. For silos designed to Consequence Class 1 rules, the elastic 
imperfection factor a should not be taken as greater than a= ao' 
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(6) The elastic pressurised imperfection reduction factor ape should be based on the smallest local 

internal pressure (a value that can be guaranteed to be present) at the location of the point being 
assessed, and coexistent with the axial compression: 

with: 

where: 

~p, I 
_. 0,3 j: p\+ 

... (5.16) 

... (5.17) 
{ar.H.cr 

Ps IS 

O"x.Rcr is 

the minimum reliable design value of local internal pressure (see EN 1991-4)~ 

the elastic critical buckling stress (see expression 5.28). 

(7) The p1astic pressurised imperfection reduction factor app shou1d be based on the 1argest local 

internal pressure at the location of the point being assessed, and coexistent with the axial 
compression: 

... (5. J 8) 

with: 

... (5.19) 

s ... (5.20) 

... (5.21) 

where: 
is the largest design value of the local internal pressure EN 1991-4). 

(8) Where the axial compression stress is non-uniform around the circumference, the effect should 
be represented by the stress non-uniformity parameter lj/, which should be determined from the linear 
elastic stress distribution of acting axial compressive stress distribution. The axial compressive 
membrane stress distribution around the circumference at the chosen level should be transformed as 

shown in figure 5.2. The design value of axial compressive membrane stress O"x,Ed at the 1110st highly 

stressed point at this axial coordinate is denoted as O"xo.Ed' 

40 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

The value of axial compressive membrane stress at a second point, at the same axial 
coordinate, but separated from the first point by the circumferential distance 

y = r~8 =4{H ... (5.22) 

should be taken as (Jxl,Ed' 

(9) Where the stress ratio 

s ... (5.23) 

lies in the range 0,3 < s < 1,0, the above location for the second point is satisfactory. Where the value 
of s lies outside this range, an alternative value of r~() should be chosen so that the value of s is 
found to be approximately sO,S. The following calculation should then proceed with a matched 
pair of values of sand 118. 

O'xo,Ed 

f) 

Figure 5.2: Representation of local distribution of axial membrane stress 
resultant around the circumference 

(10) The equivalent harmonic j of the stress distribution should be obtained as: 

j ~ 0, 25~ . arccos ... (5.24) 

and the stress non-uniformity parameter If should be determined as: 

I-b} 
If/ = I 

1 +b2J 
... (5.25) 

with: 
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b, =0,5 fI V-; 

b-, = _(1_-,--
- 'l'l) 

... (5.26) 

... (5.27) 

where Ifi) is the value of stress non-uniformity parameter under globaJ bending conditions, 

NOTE: The National Annex may choose the value of ¥lb' The value ¥lb = 0,40 is recommended. 

(II) The equivalent harmonic j at which imperfections cause no reduction below the uniform 
compression critical buckling resistance may be taken as = lib,. Where it is found that j > the 

value ofj should be taken asj 

(12) Where a horizontal lap joint is used, causing eccentricity of the axial force in passing through 
the joint, the value of a given in paragraphs (4) to (7) above should be reduced to llL if the 

eccentricity of the middle surface of the plates to one another exceeds k\ t and the change in plate 

thickness at the joint is not more than k} t, where t is the thickness of the thinner p1ate at the joint. 

Where the eccentricity is smaller than this value, or the change in plate thickness is greater, no 
reduction need be made in the value of a. 

NOTE 1: The National Annex may choose the values of aL, k] and The values D1., = 0,7 a, 

k, 0,5 and k2 = 0,25 are recommended, where ais given by ao' il))e or app as appropriate. 

NOTE 2: The buckling strength is only reduced below the value that would otherwise apply if the 
lower course is not thick enough to restrain the formation of a weaker buckle when an imperfection 
occurs immediately above the lap joint. 

(1 The critical buckling stress of the isotropic waH should be calculated as: 

ax.Rcr 
E . t =0 605E~ 

~3(1_V2) r' r 
... (5.28) 

(14) The characteristic buckling stress should be found, using the appropriate value of a from 
paragraphs (4), (5), (6), (7) and (8) above as: 

O:x.Rk = Xx ... (5.29) 

NOTE: The special convention using O"Rk and O"Rd for characteristic and design buckling 

resistances follows that of prEN1993-1-6 for shell structures and differs from that detailed in 
EN J 993-1-1. 

(15) The buckling reduction factor Xx should be determined as a function of the relati ve slenderness 

of the shell AI' from: 

Xx = I when ... (5.30) 
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Xx :{2 when 

with: 

Ax ~ ax.Ncr 

~) 0,2 

~) ~ 
where a is chosen as the value of ~)' ape' app or a L as appropriate. 
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I) 

... (5.32) 

... (5.33) 

... (5.34) 

... (5.35) 

NOTE: The National Annex may choose the values of P and 17. The values p = 0,60 and T7 1,0 are 
recommended. 

(16) The design buckling membrane stress should be determined as: 

... (5.36) 

where YMI is given in 2.9.2. 

(17) At every point in the structure the design stress resultants should satisfy the condition: 

nx,Ed S t O:x,Rd ... (5.37) 

(18) Where the wall contains a lap joint satisfying the conditions defined in (12), the measurement 
of the maximum permissible measurable imperfection need not be taken across the lap joint itself. 

(19) The design of the shell against buckling under axial compression above a local support, near a 
bracket (e.g. to support a conveyor gantry), and near an opening should be undertaken as stipulated in 
5.6. 

5.3.2.5 Buckling under external pressure, internal partial vacuum and wind 

(l) The buckling assessment should be carried out using EN ) 993-1-6, but these may be met using 
the fonowing assessments of the design resistance. 

(2) The lower edge of the cylindrical shell should be effectively anchored to resist vertical 
displacements, see 5.4.7. 

(3) Under wind or partial vacuum, the silo wall should be broken into segments lying between 
stiffening rings or changes of plate thickness or boundary conditions. 
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(4) A buckling assessment should be carried out on each segment or potential group of segments 
where a buckle could form, including the thinnest segment and adding others progressively. The 
lowest design buckling pressure should be found from these alternative assessments. 

(5) The critical buckling external pressure for an isotropic wall should be found as: 

... (5.38) 

where: 
is the thickness of the thinnest part of the wal1; 

£ IS the height between stiffening rings or boundaries; 
Cb is the external pressure buckling coefficient; 

Cw is the wind pressure distribution coefficient. 

(6) The parameter Cb should be evaluated based on the condition at the upper edge according to 

table 5.2. 

Table 5.2 Values of external pressure buckling parameter Cb 
Upper edge Roof integrally Upper edge ring Upper edge not 
condition structurally satisfying satisfying 

connected to wall 5.3.2.5 (12)~(14) 5.3.2.5 (12)~(14) 
( continuous) 

Cb 1,0 1,0 0,6 

(7) Where the silo is in a close-spaced silo group, the wind pressure distribution coefficient 
(relating to the pressure at the windward generator of the silo) should be taken as Cw 1,0. 

(8) Where the silo is isolated and subject only to wind loading, the wind pressure distribution 
coefficient (relating to the pressure at the windward generator of the silo) should be taken as the 
greater of: 

... (5.39) 

1,0 ... (5.40) 

(9) Where the silo is isolated and a combination of wind loading and internal vacuum exist, the 
value of Cw should be determined as a linear combination of 1,0 and the calculated value given in 

(8), according to the proportions of the external pressure that arise from each source. 

(10) The design maximum external pressure (windward generator) under wind and/or partial vacuum 
should be assessed as: 

Pn,Rd an Pn,Rcru / Ji1 J '" (5.4l) 

where an is the elastic buckl1ng imperfection reduction factor and YMI is given in 2.9.2. 
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NOTE: The National Annex may choose the value of a;l' The value a;l = 0,5 is recommended, 

(11) The resistance check should satisfy the condition: 

Pn,Ed ~ Pn,Rd ... (5.42) 

where: 
Pn,EcI is the design value of the maximum external pressure under wind and/or partial 

vacuum. 

(12) For the upper of a cylinder to be treated as effectively restrained by a ring, the ring should 
satisfy both a strength and a stiffness requirement. Unless a more thorough assessment is made using 
numerical analysis, the design value of the circumferential (hoop) force and circumferential bending 
moment about a vertical axis in the ring should be taken as: 

Ne,Ed 

Me,Ed = 

with: 

Me,Edo = 

PnSI = 

where: 

Pn,Edu is 

Pn,Edw is 

PnSI is 

Me,Eela is 

Me,Edw 

I z is 

L is 
IS 

0,5 r L Pn,Ed ... (5.43) 

Me,Eda + Me,Edw ... (5.44) 

7 
0,0033 P nS1 r-L PnSI ) ... (5.45) 

PnSI - Pn,l:{/if 

." (5.46) 
PIISI - PI1 ,Edll 

", (5.47) 

the design value of the uniform component of the external pressure under wind 

and/or partial vacuum; 
the design value of the stagnation point pressure under wind; 

the reference pressure for ring bending moment evaluations; 

the design value of the bending moment associated with out -of-roundness; 

is the design value of the bending moment due to wind; 

the second moment of area of the ring for circumferential bending; 

the total height of the shell wall; 
the thickness of the thinnest strake. 

(13) Where the ring at the upper edge of a cylinder is made as a cold formed construction, the value 
of Nle,Eda should be increased by 15% above that given by expression 5.45. 
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(14) The flexural rigidity of a ring at the upper of the cylinder about its vertical axis 

(circumferential bending) should exceed the larger of: 

... (5.48) 

and 

El z.min ... (5.49) 

where Cw is the wind pressure distribution coefficient given in or (8). 

NOTE: The National Annex may choose the value of kl • The value k, 0,1 is recommended. 

5.3.2.6 Membrane shear 

(1) Where a major part of the silo wall is subjected to shear loading (as with eccentric fi11ing, 
earthquake loading etc.), the membrane shear buckling resistance should be taken as that for a shell in 
torsion at each horizontal level. The axial variation in shear may be taken into account in design. 

(2) The critical shear buckling stress of the isotropic wall should be calculated as: 

0,75E ... (5.50) 

where: 
is the thickness of the thinnest part of the wall; 

f is the height between stiffening rings or boundaries. 

(3) A stiffening ring which is required as the boundary for a shear buckling zone should have a 
flexural rigidity Elz about the axis for bending around the circumference not less than: 

Elz.mill ... (5.51) 

where the values of f! and t are taken as the same as those used in the most critical buckling mode in 
paragraph 

NOTE: The National Annex may choose the value of The value ks 0,10 is recommended. 

(4) Where the shear 1: varies linearly with height in the structure, the critical shear buckJing 
resistance at the point of highest shear may be increased to: 

t:x8.Rcr 1,4E ... (5.52) 

with fa determined from: 

... (5.53) 
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is the axial rate of change of shear with height averaged over the zone and 

is the peak value of shear stress. Where the length exceeds the height of the structure, this 

rule should not be used, but the shell should be treated as subject to uniform membrane shear set out 
in (2). 

(5) Where local shear stresses are induced by local supports and load-bearing axial stiffeners, the 
critical shear buckling resistance, assessed in terms of the local value of the shear transfer between the 
axial stiffener and the shell may be evaluated at the point of highest shear as: 

( J
Oj 

'fx8,Rcr = 1,4£ ~ 
10 

... (5.54) 

in whichta is found as: 

(5.55) @] 

where is the circumferential rate of change of shear with distance from the stiffener 

averaged over the zone, and 
AV,L,U,HOUA 

is the peak value of shear stress. 

(6) The design buckling stress should be determined as the lesser of: 

... (5.56) 

and 

-Z:x8,Rd 0,57 firM I ... (5.57) 

where: 

ar: is the elastic buckling imperfection reduction factor; 

rM I is the partial factor given in 2.9.2. 

NOTE: The National Annex may choose the value of i1r The value at = 0,80 is recommended. 

(7) At every point in the structure the design stress resultants should satisfy the condition: 

5.3.2.7 

f t:x8,Rd ... (5.58) 

Interactions between meridional compression, circumferential compression and 
membrane shear 

(1) Where the stress state in the silo wall contains significant components of more than one 
compressive membrane stress or shear stress, the provisions of EN 1993-1-6 should be followed. 

The requirements of this interaction may be ignored if all but one of the design stress 
components are less than 20% of the corresponding buckling design resistance. 

47 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

5.3.2.8 Fatigue, LS4 

(1) For silos in Consequence Class 3, the provisions of EN ] 993-1-6 should be followed. 

(2) For silos in Consequence Class 2, a fatigue check should be carried out if the design life of the 
structure involves more than Nr cycles of filling and discharge. 

NOTE: The National Annex may choose the value of Nr. The value Ny IO (JOO is recommended. 

5.3.2.9 Cyclic plasticity, LS2 

(]) For silos in Consequence Class 3, the provisions of EN 1993-1-6 should be followed. A check 
for failure under cyclic plasticity should be made at discontinuities, near local ring stiffeners and near 
attachments. 

(2) Silos in other Consequence Classes, this check may be omitted. 

5.3.3 Isotropic walls with vertical stiffeners 

5.3.3.1 General 

(I) Where an isotropic wall is stiffened by vertical (stringer) stiffeners, the effect of compatibility 
of the shortening of the wall due to internal pressure should be taken into account in assessing the 
vertical compressive stress in both the wall and the stiffeners. 

(2) The design stress resultants, resistances and checks should be carried out as in 5.3.2, but 
including the additional provisions set Ollt here. 

5.3.3.2 Plastic limit state 

(]) The resistance against rupture on a vertical seam should be determined as for an isotropic shell 
(5.3.2). 

(2) Where a structural connection detail includes the stiffener as part of the means of transmitting 
circumferential tensions, the effect of this tension on the stiffener should be taken into account in 
evalua6ng the force in the stiffener and its susceptibility to rupture under circumferential tension. 

5.3.3.3 Buckling under axial compression 

(I) The wall should be designed for the same axial compression buckling criteria as the unstiffened 

wall unless the stiffeners are at closer spacings than 2~, where t is the local thickness of the wall. 

(2) Where vertical stiffeners are placed at closer spacings than 2~, the buckling resistance of the 
complete wall should be assessed either by assuming that paragraph (l) above applies, or by using the 
global analysis procedures of EN 1993-1-6. 

(3) The axial compression buckling strength of the stiffeners themselves should be evaluated using 
the provisions of EN 1993-1-1 or EN 1993-]-3 (cold formed steel members) or EN 1993-1-5 as 
appropriate. 

(4) The eccentricity of the stiffener to the she]} wall should be taken into account. 

5.3.3.4 Buckling under external pressure, partial vacuum or wind 

(I) The wall should be designed for the same external pressure buckling criteria as the unstiffened 
waH unless a more rigorolls calculation is necessary. 
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(2) Where a more rigorous calculation is needed, the vertical stiffeners may be smeared to give an 
orthotropic wall, and the buckling stress assessment carried out lIsing the provisions of 5.3.4.5, with 
C<j) = Ce = Et and C<j)8 = 0,38 Et. 

5.3.3.5 Membrane shear 

(1) Where a major part of the silo wall is subjected to shear loading (as with eccentric fi lling, 
earthquake loading etc.), the membrane shear buckling resistance should be found as for an isotropic 
unstiffened wall (see but the calculated resistance may be increased if account is taken of the 

effect of the stiffeners. The equivalent length l of shell in shear may be taken as the lesser of the 
height between stiffening rings or boundaries and twice the horizontal separation of the vertical 
stiffeners, provided that each stiffener has a flexural rigidity Ely for bending in the vertical direction 

(about a circumferential axis) than: 

El y.min = ks E r" ~ ... (5.59) 

where the values of jl and t are taken as the same as those used in the most critical buckling mode. 

NOTE: The National Annex may choose the value of ks' The value ks 0,) 0 is recommended. 

(2) Where a discrete stiffener is abruptly terminated part way up the shell, the force in the stiffener 

should be taken to be uniformly redistributed into the shell over a length not kt -{N. 

NOTE: The National Annex may choose the value of k
t
• The value kt = is recommended. 

(3) Where the stiffeners are terminated as in (2), or llsed to introduce local forces into the shell, the 
assessed resistance for shear transmission between the stiffener and the shell should not exceed the 
value given in 5.3.2.6 for linearly varying shear. 

5.3.4 Horizontally corrugated walls 

5.3.4.1 General 

(1) All calculations should be carried out with thicknesses exclusive of and tolerances. 

(2) The minimum steel core thickness for the corrugated sheeting of the wall should meet the 
requirements of EN 1993-] -3. In bolted construction, the bolt size should not be less than M8. 

(3) Where the cylindrical wall is fabricated from corrugated sheeting with the corrugations running 
horizontal1y and vertical stiffeners are attached to the wall, the corrugated wall should be assumed to 
carry no vertical forces unless the wall is treated as an orthotropic shell, see 5.3.4.3.3. 

(4) Particular attention should be paid to ensure that the stiffeners are flexurally continuous with 
respect to bending in the meridional plane normal to the wall, because the flexural continuity of the 
stiffener is essential in developing resistance to buckling under wind or external pressure as well as 
when the stored solids tlow. 

(5) Where the wall is stiffened with vertical stiffeners, the fasteners between the sheeting and 
stiffeners should be proportioned to ensure that the distributed shear loading from stored solids 
(frictional traction) on each part of the wall sheeting is transferred into the stiffeners. The sheeting 
thickness should be chosen to ensure that local rupture at these is prevented, taki ng proper 
account of the reduced bearing strength of fasteners in corrugated sheeting. 
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(6) The design stress resultants, resistances and checks should be can'ied out as in 5,3.2, but 
including the additional provisions set out in (l) to (5) above. 

~ NOTE: More detailed information on the design of corrugated silos is available in the references 
given in Annex D.@il 

~ Note deleted @il 

Figure 5.3: Common arrangements for vertical stiffeners on horizontally 
corrugated shells 

5.3.4.2 Plastic limit state 

() Bolts for fastenings between panels should satisfy the requirements of EN 1993-1-8. 

(2) The joint detail between panels should comply with the provisions of EN 1993-1-3 for 
connections in tension or compression. 

(3) The spacing between fasteners around the circumference should not exceed 3° of the 
circumference. 

NOTE: A typical bolt arrangement detail for a panel is shown in fjgure 5.4. 
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Figure 5.4: Typical bolt arrangement for a panel of a corrugated silo 

(4) Where penetrations are made in the wall for hatches, doors, augers or other items, a thicker 
corrugated sheet should be Llsed locally to ensure that the local stress raisers associated with 
mismatches of stiffness do not lead to local rupture. 

5.3.4.3 Buckling under axial compression 

5.3.4.3.1 General 

(1) Under axial compression, the design resistance should be determined at every point in the shell 
using the prescribed fabrication tolerance quality of construction, the intensity of the guaranteed co
existent internal pressure p and the circumferential uniformity of the compressive stress. The design 
should consider every point on the shell wall. 

(2) If the horizontally corrugated wall is stiffened with velikal stiffeners, the buckling design of 
the wall should be carried out using one of two alternative methods: 

a) buckling of the equivalent orthotropic shel1 (following 5.3.4.3.3) if the horizontal 
distance between stiffeners satisfies 5.3.4.3.3 (2); 

b) buckling of the individual stiffeners (corrugated wall assumed to carry no axial force, but 
providing restraint to the stiffeners) and following 5.3.4.3.4 if the horizontal distance 
between stiffeners does not satisfy 5.3.4.3.3 (2). 

5.3.4.3.2 Unstiffened wall 

(1) If the corrugated shell has no vertical stiffeners, the characteristic value of local plastic buckling 
resistance should be determined as the greater of: 

t
2 t' 

o I' n =--' 
J,Rk 2d ... (5.60) 

and 

n"Rk ... (5.61) 

where: 
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t IS the sheet thickness: 
d IS the crest to trough amplitude; 
RIj> is the local curvature of the corrugation (see figure 4.2); 

r is the cylinder radius. 

The local plastic buckling resistance nx.Rk should be taken as independent of the value of internal 

pressure Pn' 

NOTE: The local plastic buckling resistance is the resistance to corrugation collapse or "roll-down". 

(2) The design value of the local plastic buckling resistance should be determined as: 

... (S.62) 

where: 
ax is the elastic buckling imperfection reduction factor; 

YMO ]s the partial factor given in 2.9.2. 

NOTE: The National Annex may choose the value of ax' The value ax = 0,80 is recommended. 

(3) At every point in the structure the design stress resultants should satisfy the condition: 

... (S.63) 

5.3.4.3.3 Stiffened wall treated as an orthotropic shell 

(l) If the wall is treated as an orthotropic shell (method (a) in S.3.4.3.1), the stiffnesses of the 
sheeting in different directions should be taken from 4.4. The resulting smeared stiffnesses should be 
taken to be uniformly distributed. The equivalent shell middle surface should be taken as the central 
axis from which the amplitude is measured (see Fig. 4.2). 

(2) The horizontal distance between stiffeners d s should not be more than ds,max given by: 

( 2 . JO

,25 

l
r D 

ktlx ~ 
y 

... (S.64) 

where: 
Dy is the flexural rigidity per unit width of the thinnest sheeting parallel to the 

corrugations; 
Cy is the stretching stiffness per unit width of the thinnest sheeting parallel to the 

corrugations; 
r is the cylinder radius. 

NOTE: The National Annex may choose the value of kdx ' The value kdx 7,4 is recommended. 
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(3) The critical buckling stress resultant I1x,Rcr per unit circumference of the orthotropic shell 

(method (a) in 5.3.4.3.]) should be evaluated at each appropriate level in the silo by minimising the 
following expression with respect to the critical circumferential wave number j and the buckling 
height lj: 

with: 

with: 

OJ 

where: 
L 

I 

As 

Is 

ds 

(s 
es 
Ar 

Ir 

dr 

I lr 

... (5.65) 

+ 

... (5.67) 

... (5.68) 

C25 = 

y- fj)j) / r2 
-\JL/~L/e 

is 

is 

is 

1S 

is 

IS 

is 

is 

is 

is 

the half wavelength of the potential buckle in the vertical direction; 

the cross-sectional area of a stringer stiffener; 

the second moment of area of a stringer stiffener about the circumferential axis 

(vertical bending); 
the separation between stringer stiffeners; 

the uniform torsion constant of a stringer stiffener; 

the outward eccentricity from the shell middle surface of a stringer stiffener; 

the cross-sectional area of a ring stiffener; 

the second moment of area of a ring stiffener about the vertical axis 

(circumferential bending); 
the separation between ring stiffeners; 

the uniform torsion constant of a ring stiffener; 

53 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

er 

C$ 
Ce 

C(;)8 

D$ 

D8 

D$e 
r 

is 

is 

is 

is 

is 

is 

is 

is 

the outward eccentricity from the shell middle surface of a ring stiffener; 

the sheeting stretching stiffness in the axial direction (see 4.4 (5) and (7»; 

the sheeting stretching stiffness in the circumferential direction (see 4.4 (5) and 

(7»; 
the sheeting stretching stiffness in membrane shear 4.4 (5) and (7»; 

the sheeting flexural rigidity in the axial direction (see 4.4 (6) and (7»; 

the sheeting flexural rigidity in the circumferential direction 4.4 (6) and 

(7»; 
the sheeting twisting flexural rigidity in twisting (see 4.4 (6) and (7»; 

the radius of the silo. 

NOTE 1: The above properties for the stiffeners CA, I, It etc.) relate to the stiffener section alone: no 

allowance can be made for an "effective" section including parts of the shell wall. 

NOTE 2: The lower boundary of the buckle can be taken at the point at which either the sheeting 
thickness changes or the stiffener cross-section changes: the buckling resistance at each such change 
needs to be checked independently. 

(5) The design buckling resistance nx.Rd for the orthotropic shell (method (a) in 5.3.4.3.1) should be 

determi ned as the lesser of: 

... (5.69) 

and 

... (5.70) @il 

where: 
IEJ)d 

s 

YMI 

is the distance between the stringer stiffeners; 

is the effective cross-sectional area of the stringer stiffener; @il 

is the elastic buckling imperfection reduction factor; 

IS the partial factor given in 2.9.2. 

NOTE: The National Annex may choose the value of ax' The value ax 0,80 is recommended. 

(6) At every point in the structure the design stress resultants should satisfy the condition: 

... (5.71) 

5.3.4.3.4 Stiffened wall treated as carrying axial compression only in the stiffeners 

(l) If the corrugated sheeting is assumed to carry no axial force (method (b) in 5.3.4.3.1), the 
sheeting may be assumed to restrain all buckling displacements of the stiffener in the plane of the 
wall, and the resistance to buckling should be calculated using one of the two following alternative 
methods: 

a) ignoring the supporting action of the sheeting in resisting buckling displacements normal 
to the wall; 

b) a)]owing for the stiffness of the sheeting in resisting buckling displacements normal to 
the wall. 
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(2) Using method (a) in (1), the resistance of an individual stiffener may be taken as the resistance 
to concentric compression on the stiffener. The design buckling resistance Nb,Rd should be obtained 

from: 

... (5.72) 

where: 
Aeff IS the effective cross-sectional area of the stiffener. 

The reduction factor X should be obtained from EN 1993-1-1 for tlexural bucking normal to the wall 
(about the circumferential axis) using buckling curve c irrespective of the section adopted 

(imperfection factor a= 0,49). The effective length of column used in determining the reduction 

factor X should be taken as the distance between adjacent ring stiffeners. 

(3) If the elastic restraint provided by the wall against buckling of the stiffener IS taken into 
account, both of the following conditions should be met: 

a) The section of wall deemed to provide restraint should be the length of wall as far as the 
adjacent stiffeners (see figure 5.5), with simply supported conditions at the two ends. 

b) No account should be taken of the possible stiffness of the stored bulk solid. 

(4) Unless more precise calculations are made, the critical buckling resistance Nb,RcI should be 

calculated assuming uniform compression on the cross-section at any level, as the lesser of the two 
expressions: 

where: 

Ely 

K 

Aeff 

N =2 JEI:K 
/),Rd '" (5.73) 

riff I 

N - Aefrf, 
h.Rd - ... (5.74) 

is 

is 

IS 

YMJ 

the flexural rigidity of the stiffener for bending out of the plane of the wall 

(Nmm2); 

the flexural stiffness of the sheeting (N/mm per mm of wall height) spanning 
between vertical stiffeners, as indicated in figure 5.5; 
the effective cross-sectional area of the stiffener. 

(5) The flexural stiffness of the wall plate K should be determined assuming that the sheeting 
spans between adjacent vertical stiffeners on either side with simply supported boundary conditions, 
see figure 5.5. The value of K may be estimated as: 

where: 

D\. 
K=k-' .\ d 3 

S 

Dy IS the flexural rigidity of the sheeting for circumferential bending; 

ds is the separation of the vertical stiffeners. 

... (5.75) 
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If the corrugation is an arc-and-tangent or sinusoidal profile, the value of Dy may be taken from 4.4 

(6). If other corrugation sections are adopted, the flexural rigidity for circumferential bending should 
be determined from first principles. 

NOTE: The National Annex may choose the value of ks ' The value k" = 6 is recommended. 

(6) At every point in the stiffener, the design forces should satisfy the condition: 

... (5.76) 

K - q/ L1 

Figure 5.5: Evaluation of restraint stiffness against stiffener column buckling 

5.3.4.4 Local, distortional and flexural torsional failure of stiffeners 

(I) The resistance of the stiffeners to local, distortional and flexural torsional buckling should be 
determined using EN 1993-1-3 (cold formed construction). 

5.3.4.5 Buckling under external pressure, partial vacuum or wind 

(1) The equivalent membrane and flexural properties of the sheeting should be found using 4.4. 

(2) The bending and stretching properties of the ring and stringer stiffeners, and the outward 
eccentricity of the centroid of each from the middle surface of the shell wa1l should be determined, 
together with the separation between the stiffeners ds' 

(3) The horizontal distance between stiffeners ds should not be more than ds,max given by: 

=k dB ... (5.77) 

where: 
Dy is the flexural rigidity per unit width of the thinnest sheeting parallel to the 

corrugations; 
Cy is the stretching stiffness per unit width of the thinnest sheeting parallel to the 

corrugations; 
r is the cylinder radius. 

NOTE: The National Annex may choose the value of The value kd9 7,4 is recommended. 

(4) The critical buckling stress for uniform external pressure Pn.Rcru should be evaluated by 

minimising the fonowing expression with respect to the critical circumferential wave number, j: 

I 
P - (A + 

II.Rem - ---:2 I A 
1] 5 

... (5.78) 
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... (5.79) 

... (5.80) 

... (5.81) 

(5) Where the stiffeners or sheeting change with height up the wall, several potential buckling 

lengths fi should be examined to determine which is the most critical, assuming always that the 

upper end of a buckle is at the top of the zone of thinnest sheeting. 

NOTE: If a zone of thicker sheeting is used above the zone that includes the thinnest sheeting, the 
upper end of the potential buckle could occur either at the top of the thinnest zone, or at the top of the 
wall. 

(6) Unless more precise calculations are made, the thickness assumed in the above calculation 
should be taken as the thickness of the thinnest sheeting throughout. 

(7) Where the silo has no roof and is potentially subject to wind buckling, the above calculated 
pressure should be reduced by the factor 0,6. 

(8) The design buckling stress for the wall should be determined using the procedure given in 
5.3.2.5, with Cb = Cw = 1,0 and taking a;1 0,5, but adopting the critical buckling pressure Pn,Rcru 

from (4) above. 

5.3.4.6 Membrane shear 

(1) The buckling resistance of the shell under membrane shear should be determined using the 
provisions of EN 1993-1-6. 
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5.3.5 Vertically corrugated walls with ring stiffeners 

5.3.5.1 General 

(1) If the cylindrical wall is fabricated corrugated sheeting with the corrugations running 
vertically, both of the following conditions should be met: 

a) The corrugated wall should be assumed to carry no horizontal forces. 

b) The corrugated should be assumed to span between attached Llsing the 
centre to centre separation between rings, and adopting the assumption of sheeting 
continuity. 

(2) The joints between sheeting sections should be designed to ensure that assumed flexural 
continuity is achieved. 

(3) The evaluation of the axial compression force in the wall arising from wall frictional tractions 
from the bulk solid should take account of the full circumference of the silo, allowing for the profile 
shape of the corrugation. 

(4) If the corrugated sheeting extends to a base boundary condition, the local flexure of the sheeting 
near the boundary should be considered, assuming a radially restrained boundary. 

(5) The design stress resultants, resistances and checks should be carried out as in 5.3.2, but 
including the additional provisions set out in 5.3.5.2 to 5.3.5.5. 

5.3.5.2 Plastic limit state 

(1) In checking the plastic limit state, the corrugated wall should be assumed to carry no 
ci rcumferential forces. 

(2) The spacing of ring stiffeners should be determined using a beam bending analysis of the 
corrugated profile, assuming that the wall is continuous over the rings and including the consequences 
of different radial displacements of ring stiffeners that have different sizes. The stresses arising from 
this bending should be added to those arising from axial compression when checking the buckling 
resistance under axial compression. 

NOTE: The vertical bending of the sheeting can be analysed treating it as a continuous beam 
over flexible supports at the ring locations. The stiffness of each support is then determined 

from the ring stiffness to radial loading. 

(3) The ring stiffeners designed to carry the horizontal load should be proportioned in accordance 
with EN 1993-1-1 and EN ] 993-1-3 as appropriate. 

5.3.5.3 Buckling under axial compression 

(J) The critical buckling stress for the wall should be determined using the provisions of EN 1993-
] -3 (cold formed construction), and treating the corrugated sheeting cross-section as a column acting 
between stiffening The effective length should be taken as not less than the separation of the 
centroids of adjacent rings. 

5.3.5.4 Buckling under external pressure, partial vacuum or wind 

(]) The design resistance under external pressure should be assessed in the same manner as for 
horizontally corrugated silos (see 5.3.4.5), but taking account of the changed orientation of the 
corrugations as noted in 4.4 (7). 
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5.3.5.5 Membrane shear 

(]) The design resistance under membrane shear should be assessed as for horizontally corrugated 
silos, see 5.3.4.6. 

5.4 Special support conditions for cylindrical walls 

5.4.1 Shell with bottom fully supported or resting on a grillage 

(I) Where the base of the cylindrical shell is fully supported, the forces and moments in the shell 
wall may be deemed to be only those induced under axisymmetric actions and patch loads as set out in 
EN ]991-4. 

(2) Where stiffened wall construction is Llsed, the vertical stiffeners should be fully supported by 
the base and connected to the base ring. 

5.4.2 Shell supported by a skirt 

(]) If the shell is supported on a skirt (see figure 5.6), the shell may be assumed to be uniformly 
supported provided that the skirt satisfies one of the two following conditions: 

a) The skirt is itself fully uniformly supported by the foundation; 

b) The thickness of the skirt is not less than 20% greater than the shell, and the ring girder 
design procedures given in section 8 are used to proportion the skirt and its adjoining 
flanges. 

(2) The skirt should be designed to carry the axial compression in the silo wall without the 
beneficial effect of internal pressure. 

5.4.3 Cylindrical shell wall with engaged columns 

(1) If the shell is supported on discrete columns that are engaged into the wall of the cylinder (see 
figure 5.6b), the effects of the discrete forces from these supports should be included in determining 
the internal forces in the shel1 for silos of Consequence Classes 2 and 3. 

(2) The length of the engagement of the column should be determined according to 5.4.6. 

(3) The length of the rib should be chosen taking account of the limit state of buckling in shear 
adjacent to the rib, see 5.3.2.6. 
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Skirt 
continuous 
around 
circumference 

a) shell supported on 
skirt 

b) cylindrical shell 
with engaged column 

c) column 
eccentrically engaged 

to skirt 

d) column beneath 
skirt or cylinder 

Figure 5.6: Different arrangements for support of silo with hopper 

5.4.4 Discretely supported cylindrical shell 

(]) If the she]] is supported on discrete columns or supports, the effects of the discrete forces from 
these supports should be included in determining the internal forces in the shell, except where the 
provisions of (2) and (3) permit them to be ignored. 

(2) If the shell is analysed using only the membrane theory of shells for axisymmetric loading, the 
following four criteria should all be satisfied: 

a) The radius-to-thickness ratio rlt should not be more than (rlf)mux' 

b) The eccentricity of the support beneath the shell wall should not be more than kl t. 

c) 'fhe cylindrical wall should be rigidly connected to a hopper that has a wall thickness not 
less than k2 f at the transition. 

d) The width of each support should be not less than k1 -{H- . 

NOTE: The National Annex may choose the values of (dt)mux. kJ' k2 and The values 

(rlt)max = 400, k I = 2,0, k2 ] ,0, k3 1,0 are recommended. 

IEJ) (3) If the shell is analysed using only the membrane theory of shells for axisymmetric loading, one 
of the following criteria should be met: @1] 

a) The upper edge shell boundary condition should be kept circular by structural connection 
to a roof. 

b) The upper shell boundary should be kept circular by using a top ring stiffener 
with a flexural rigidity Elz for bending in the plane of the circle greater than Elz,min 

given by: 

... (5.82) 

where t should be taken as the thickness of the thinnest part of the wall. 

NOTE: The National Annex may choose the value of ks' The value ks 0,10 is recommended. 
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c) The shell height L should not be less than Ls.mil1 ' which may be calculated as: 

L . =k r (~J. __ l_-
.1,111111 L t 11(11 2 -1) 

... (5.83) 

where 11 is the number of supports around the shell circumference. 

NOTE: The National Annex may choose the value of kL. The value kL = 4,0 is recommended. 

(4) If linear shell bending theory or a more precise analysis is used, the effects of locally high 
stresses above the supports should be included in the verification for the axial compression buckling 
limit state, as detailed in 5.3.2.4. 

(5) The support for the shell should be proportioned to satisfy the provisions of 5.4.5 or 5.4.6 as 
appropriate. 

5.4.5 Discretely supported silo with columns beneath the hopper 

(1) A silo should be deemed to be supported beneath its hopper if the vertical line above the 
centroid of the supporting member is more than t inside the middle surface of the cylindrical shell 
above it. 

(2) A silo supported beneath its hopper should satisfy the provisions of section 6 on hopper design. 

(3) A silo supported by columns beneath its hopper should be analysed using linear shell bending 
theory or a more precise analysis. The local bending effects of the supports and the meridional 
compression that develops in the upper part of the hopper should be included in the verification for 
both the plastic limit state and the buckling limit state, and these verifications should be carried out 
using EN 1993-1-6. 

5.4.6 Local support details and ribs for load introduction in cylindrical walls 

5.4.6.1 Local supports beneath the wall of a cylinder 

(1) A local support bracket beneath the wall of a cylinder should be proportioned to transmit the 
design force without localised irreversible deformation to the support or the shell wall. 

(2) The support should be proportioned to provide appropriate vertical, circumferential and 
meridional rotational restraint to the edge of the cylinder. 

NOTE: Some possible support details are shown in figure 5.7. 
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Figure 5.7: Typical details of supports 

(3) The length of engagement should be chosen taking account of the limit state of buckling of the 
shell in shear adjacent to the engaged column, see 5.3.2.6. 

(4) Where discrete SUpp0l1S are used without a ring girder, the stiffener above each support should 
be either: 

a) engaged into the shell as far as the eaves; 

b) engaged by a distance not less than Lmin, determined from: 

L"'i" =0,4r r '.:1._1 
-

\ t ) -1) 
... (5.84) 

where 11 is the number of supports around the she]] circumference. 

5.4.6.2 local ribs for load introduction into cylindrical walls 

(I) A rib for local load introduction into the wall of a cylinder should be proportioned to transmit 
the design force without localised irreversible deformation to the support or the shell walL 

(2) The engagement length of the rib should be chosen taking account of the limit state of buckling 
of the shell in shear adjacent to the rib, see 5.3.2.6. 

(3) The design of the rib should take account of the need for rotational restraint of the rib to prevent 
local radial deformations of the cylinder wall. Where necessary, stiffening rings should be used to 
prevent radial deformations. 

NOTE: Possible details for load introduction into the shell using local ribs are shown in figure 5.8. 

62 



Local rib without rings attached to 
cylindrical wall 

BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

Local rib with stiffening rings to resist 
radial displacements 

Figure 5.8: Typical details of loading rib attachments 

5.4.7 Anchorage at the base of a silo 

(1) The design of the anchorage should take account of the circumferential non-uniformity of the 
actual actions on the shell wall. Particular attention should be paid to the local high anchorage 
requirements needed to resist wind action. 

NOTE: Anchorage forces are usually underestimated if the silo is treated as a cantilever beam under 
global bending. 

(2) The separation between anchorages should not exceed the value derived from consideration of 
the base ling design, given in 8.5.3. 

(3) Unless a more thorough assessment is made using numerical analysis, the anchorage design 
should have a resistance adequate to sustain the local value of the uplifting force /lx.Ed per unit 

circumference: 

where: 

11 .. = 'J .. - C + m'"C 1-( 
L2 J [ .M '1 { 3 ( 

.1.I:d 111.1:£111 2r I ~ m 4 

Cl
1 
= 1 + 10,4(_'_~ J2 

mL 

r 
r \2 

([2 =1+7,8 -j 
\mL 

Pn,Edw is 
L is 

is 

the design value of the stagnation point pressure under wind; 

the total height of the cylindrical she]} wall; 
the mean thickness of the cylindrical shell wall; 

... (5.85) 

... (5.86) 

... (5.87) 

... (5.88) 
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II IS the second moment of area of the ring at the upper edge of the cylinder about its 

vel1ical axis (circumferential bending); 
Cn] are the harmonic coefficients of the wind pressure distribution around the 

circumference 
M is the highest harmonic in the wind pressure distribution. 

NOTE: The values for the harmonic coelTicienls of wind pressure Cm relevant to specific conditions 

may he chosen by the National Annex. The following a simple recommendation for Class 1 and 
2 silos: M 4, C1 C1 = +1,0, C3 = and C4 -0.15. For Class 3 the more 

precise distributions with M = 4 for isolated silos and M ) ° for grouped silos in Annex Care 
recommended. 

5.5 Detailing for openings in cylindrical walls 

5.5.1 General 

(I) Openings in the wall of the silo should be reinforced by vertical and horizontal stiffeners 
adjacent to the opening. If any material of the shell wall lies between the opening and the stiffener, it 
should be ignored in the calculation. 

5.5.2 Rectangular openings 

(]) The vertical reinforcement around a rectangular opening (see figure 5.9) should be dimensioned 
so that the cross-sectional area of the stiffeners is not less than the cross-sectional area of the waH that 
has been lost, but not more than twice this value. 

(2) The horizontal reinforcement should be dimensioned so that the cross-sectional area of the 
stiffeners is not less than the cross-sectional area of the wall that has been lost. 

(3) The flexural stiffness of the stiffeners orthogonal to the direction of the membrane stress 
resultant should be chosen so that the relative displacement 0 of the shell wall in the direction of the 
stress resultant on the centreline of the opening and resulting from the presence of the opening is not 

greater than b;nax' determined as: 

k ~t'd (/1 
r 

... (5.89) 

where d is the width of the opening normal to the direction of the stress resultant. 

NOTE: The National Annex may choose the value of kd I' The value kd I = 0,02 is recommended. 

(4) The vertical reinforcing stiffeners should extend not less than 2-v;t above and below the 
opening. 

(5) The she]] should be designed to resist local buckling of the wall adjacent to the termination of 
the stiffeners the provisions of 5.4.5 and 5.4.6 for local loads. 
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Figure 5.9: Typical stiffening arrangements for openings in silo walls 

5.6 Serviceability linlit states 

5.6.1 Basis 

(1) The serviceability limit states for steel silo cylindrical plated walls should be taken as: 
- deformations or deflections that adversely affect the effective use of the structure; 
- deformations, deflections, vibration or oscillation that causes damage to both structural and 

non-structural elements. 

(2) Deformations, deflections and vibrations should be limited to meet the above criteria. 

(3) Specific limiting values, appropriate to the intended use, should be agreed between the 
designer, the client and the relevant authority, taking account of the intended use and the nature of the 
solids to be stored. 

5.6.2 Deflections 

(1) The limiting value for global horizontal deflection should be taken as: 

... (5.90) 

where H is the height of the structure measured from the foundation to the roof. 

NOTE: The National Annex may choose the value of kd2 . The value = 0,02 is recommended. 

(2) The limiting value for local radial deflection (departure of cross-section from circular) under 
wind should be taken as the lesser of: 

... (5.91) 

W [,max = kd4 t ... (5.92) 

where t is the local thickness of the thinnest part of the shell wall. 

NOTE: The National Annex may choose the values of kd3 and kd4 . The values kd3 ~ 0,05 and 

kd4 = 20 are recommended. 
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6 Design of conical hoppers 

6.1 Basis 

6.1.1 General 

(I) Conical hoppers should be so proportioned that the basic design requirements for u1timate limit 
states given in section 2 are satisfied. 

(2) The safety assessment of the conical shell should be conducted using the provisions of EN 
1993-1-6. 

6.1.2 Hopper wall design 

(1) The conical wall of the hopper should be checked for: 
resistance to rupture under internal pressure and wall friction; 

- resistance to local yielding in bending at the transition; 

- resistance to fatigue failure; 

resistance of joints (connections); 
resistance to buckling under transverse loads from feeders and attachments; 

- local effects. 

(2) The shell wall should satisfy the provisions of EN 1993-1-6, except where 6.3 to 6.5 provide 
conditions that are deemed to satisfy the provisions of that standard. 

(3) The rules given in 6.3 to 6.5 may be used for hoppers with hopper half angles in the range 0° < 
P< 70°. 

(4) For hoppers in Consequence Class I, the cyclic plasticity and fatigue limit states may be 
ignored, provided that both the following two conditions are met: 

a) The design for the rupture at the transition junction should be carried out using an 

enhanced partial factor of X\10 = nv10g' 

b) No local meridional stiffeners or supports are attached to the hopper wall near the 
transition junction. 

NOTE: The National Annex may choose the value of YMOg' The value = 1,4 is recommended. 

6.2 Distinctions between hopper shell forms 

(1) A hopper wall constructed from flat rolled steel sheet should be termed 'isotropic'. 

(2) A hopper wall with stiffeners attached to the outside should be termed 'extemal1y stiffened' 

(3) A hopper with more than one discharge orifice should be termed 'multiple outlet' 

(4) A hopper which forms part of a silo supported on discrete column or bracket supports should be 
termed 'discretely supported', even though the discrete supp0l1S are not directly beneath the hopper. 
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(1) The conical hopper should satisfy the provisions of EN 1993-1-6. Alternatively, these may be 
deemed to be satisfied using the assessments of the design resistance given in 6.3. 

(2) Special attention should be paid to the possibility that different parts of the hopper can be 
critically loaded under the pressure patterns of either filling or discharge actions. 

(3) The stress resultants arising in the body of the hopper may generally be fOll nd using the 
membrane theory of shells. 

NOTE: Additional information relating to the pressure patterns which may occur and the membrane 
theory stress resu1tants in the hopper body is given in Annex B. 

z 

11<1> 

Figure 6.1: Hopper shell segment 

6.3.2 Isotropic unstiffened welded or bolted hoppers 

6.3.2.1 General 

(1) A conical hopper should be treated as a shell structure, recognising the coupling of meridional 
and circumferential actions in supporting loads. 
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6.3.2.2 Plastic mechanism or rupture in the hopper body 

(1) The design against rupture should recognise that the hopper can be subject to different patterns 
and changing patterns of pressures on the waH. Because failure by rupture can easily propagate and is 
generally not ductile, every point in the hopper should be able to resist the most severe design 
condition. 

(2) Welded or bolted joints running down the meridian within the conical hopper should be 
proportioned at each point to sustain the worst membrane forces arising from either the filling or the 
discharge pressure distribution. 

(3) Welded or bolted joints running around the hopper circumference should be proportioned to 
sustain the maximum total weight of solids that can be applied below that point. 

NOTE: This is generally defined by the filling pressure distribution: see EN 1991-4. 

6.3.2.3 Rupture at the transition junction 

(1) The circumferential joint between the hopper and the transition junction, see Figure 6.2, should 
be designed to carry the maximum total meridional load that the hopper can be required to support, 
allowing for possible unavoidable non-uniformities. 

Critical 

joint 
Critical 
joints 

a) in welded construction b) in bolted construction 

Figure 6.2: Hopper transition joint: potential for rupture 

(2) Where the only loading under consideration is gravity and now loading from the stored solid, 
the meridional force per unit circumference l1<jlh,Ed,s caused by the symmetrical pressures defined in 

EN 1991-4 that must be transmitted through the transition joint should be evaluated using global 
equilibriulll. The design value of the local meridional force per unit circumference 11 <jlh.Eci, aHowing 

for the possible non-uniformity of the loading, should then be obtained as 

where: 
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NOTE: Expressions for I1(Ph,Ed,s may be found in Annex B. The National Annex may choose the 

value of gasym' The value gasym 1\2 is recommended. 

(3) For silos in Consequence Class 2, an elastic bending analysis should be made of the hopper 
where other loads from discrete supports, feeders, attached members, non-uniform hopper pressures 
etc. are involved. This analysis should determine the maximum local value of the meridional force 
per unit circumference to be transmitted through the hopper to transition junction joint. 

(4) The design resistance of the hopper at the transition joint Ilq'>h,Rd should be taken as: 

IZl/lh,Rd ... (6.2) 

where .f~ is the tensile strength. 

NOTE: The National Annex may choose the value of kc The value kr 0,90 is recommended. 

6.3.2.4 Plastic mechanism at thickness changes or at the transition 

(l) The plastic mechanism resistance of the hopper should be evaluated in terms of the local value 
of meridional membrane stress resultant llq, at the upper edge of the cone or at a change of plate 

thickness. 

(2) The design resistance 1141,Rd should be determined from: 

where: 

r- 2'4~ rt . sin f3 
casp 

IS the local wall thickness; 

... (6.3) 

r is the radius at the top of the plastic mechanism (hopper top or change of plate 
thickness); 

f3 is the hopper half angle, see figure 6. 1 ; 
J-I is the wall friction coefficient for the hopper. 
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(3) At each critical point in the structure, the design stresses should satisfy the condition: 

flcp,Ed :::; l1<jJ,Rd ... (6.4) 

Figure 6.3: Plastic collapse of conical hopper 

6.3.2.5 Local flexure at the transition 

(I) To avoid cyclic plasticity and fatigue failures, the hopper should be designed to resist the severe 
local f1exure at the top of the hopper that arises from both compatibility and equilibrium effects. 

(2) This requirement may be ignored for silos of Consequence Class I. 

(3) In the absence of a finite element analysis of the structure, the value of the local bending stress 
at the top of the hopper should be assessed using the following procedure. 

(4) The effective radial force Fe.Ed and moment Me.Ed acting on the transition ring should be 

determined from: 

... (6.5) 

... (6.6) 

with: 

... (6.7) 

Fh 2 xh (0,85 - 0, IS f.1 cotj3) Pnh ... (6.8) 

... (6.9) 

~
.t 

x=039--h -
h ' cosfJ 

... (6.10) 

where (see figure 8.4): 
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the local wall thickness of the cylinder at the transition junction; 

the radius of the transition junction (top of the hopper); 

the hopper apex half angle; 

the wall friction coefficient for the hopper; 
the design value of the meridional membrane stress resultant at the top of the 

hopper; 
the local value of normal pressure on the hopper just below the transition; 

the local value of normal pressure on the cylinder just above the transition. 

(5) The local bending stress Ob<j)h,Ed at the top of the hopper should be determined from: 

with: 

where: 

6.3.2.6 

th 

tc 

(" 

Aep 

r 

... (6. I 1) 

... (6.1 

P O,78~' ... (6. I 3) 

a:, 

IS 

is 

is 

is 

IS 

+ 

the hopper local wall thickness; 

the local wall thickness of the cylinder at the transition junction; 

the local wall thickness of the skirt below the transition junction; 

... (6.14) 

... (6.15) 

... (6.16) 

... (6.17) 

the cross-sectional area of the ring at the transition junction (without any 

effective contributions from the adjacent shell segments); 
the radius of the transition junction (top of the hopper). 

Hoppers that are part of a silo resting on discrete supports 

(I) If the silo is suppOlied on discrete supports or columns, the relative stiffness of the transition 
ring girder, cylinder wall and hopper should be taken into account when assessing the non-uniformity 
of the meridional membrane stresses in the hopper. 

(2) This requirement may be ignored for silos of Consequence Class 1. 
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(3) The hopper should be designed to sustain the highest local value of meridional tension at the 
hopper top (adjacent to a support) according to 6.3.2.3 and 6.3.2.4. 

6.3.2.7 Buckling in hoppers 

(1) This criterion may be ignored for silos of Consequence Class 1. 

(2) The hopper should be assessed for its resistance to buck1ing failure as a consequence of 
horizontal actions from feeders or attached structures, or as a result of unsymmetrical vertical actions. 

(3) The design buckling resistance at the top of the hopper should be determined from: 

... (6.18) 

where: 

axil is the elastic buckling imperfection sensitivity factor; 

th is the hopper local wall thickness; 

r is the radius of the transition junction (top of the hopper). 

and YM I is given in 2.9.2, but 11¢.RcI should not be taken as greater than ll¢.Rd = thly / YM I' 

NOTE: The National Annex may choose the value of axil" The value axh == 0,10 is recommended. 

(4) The meridional force at the top of the hopper should satisfy the condition: 

... (6.19) 

6.4 Considerations for special hopper structures 

6.4.1 Supporting structures 

(I) The effect of discrete supports beneath the silo should be treated as set out in 5.4. The 
supporting structures themselves should be designed to EN 1993-1-1, with the boundary between the 
silo and supporting structure as defined in 1.1 (4). 

6.4.2 Column supported hopper 

(1) If the hopper body itself is supported on discrete supports or columns that do not reach the 
hopper top edge, the hopper structure should be analysed using the bending theory of shells, see EN 
1993-1-6. 

(2) Adequate provision should be made to distribute the support forces into the hopper. 

(3) The joints in the hopper should be designed for the highest local value of stress resultants to be 
transmitted through them. 

(4) The hopper should be assessed for resistance to buckling failure in zones where compressive 
membrane stresses develop, see EN 1993-1-6. 
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(1) If the axis of the hopper is not vertical, but inclined at an angle OJ to the vertical (Fig. 6.4), the 
increased meridional stresses on the steep side associated with this geometry should be evaluated, and 
appropriate provision made to provide an adequate local meridional resistance. 

6.4.4 Stiffened cones 

(1) The stringer stiffeners should be adequately anchored at the top of the hopper. 

(2) If the hopper cone is stiffened with meridional stiffeners, the effects of compatibi I ity between 
the wall plate and stringers should be included. The effect of the circumferential tension in the hopper 
wall should be included in the assessment of the forces in the stringer stiffeners and the hopper wall 
plate, as affected by the Poisson effect. 

(3) The hopper plate joints should be proportioned to resist the increased tension arising from 
compatibility. 

(4) The connection between the stringer and hopper plate should be proportioned for the interaction 
forces between them. 

Figure 6.4: Unsymmetrical hopper with engaged columns in cylinder 

6.4.5 Multi-segment cones 

(1) If a hopper cone is composed of several segments with different slopes, the appropriate bulk 
solids actions on each segment should be evaluated and included in the structural design. 

(2) The local circumferential tensions or compressions at changes in hopper slope should be 
evaluated, and adequate resistance provided to support them. 

(3) The potential for severe local wear at such changes in hopper slope should be included in the 
design. 

6.5 Serviceability lin,it states 

6.5.1 Basis 

(1) If serviceability criteria are deemed necessary, specific limiting values for hoppers should be 
agreed between the designer and the client. 
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6.5.2 Vibration 

(1) Provision should be made to ensure that the hopper is not subject to excessive vibration during 
operation. 
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7 Design of circular conical roof structures 

7.1 Basis 
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(1) The design of roof structures should take into consideration permanent transient, imposed, 
wind, snow, accidental and partial vacuum loads. 

(2) The design should also take account of the possibility of upward forces on the roof due to 
accidental overfil1ing or unexpected tluidisation of stored solids. 

7.2 Distinctions between roof structural forms 

7.2.1 Terminology 

(1) A conical she]] roof formed from rolled plates and without supporting beams or rings should be 
termed a 'shell roof' or an 'unsupported roof'. 

(2) A conical roof in which sheeting is supp0l1ed on beams or a gri11age should be termed a 
'framed roof' or a 'supported roof'. 

7.3 Resistance of circular conical silo roofs 

7.3.1 Shell or unsupported roofs 

0) Shell roofs should be designed according to the requirements of EN ] 993-1-6, but the fol1owing 
provisions may be deemed to satisfy them for conical roofs with a diameter not greater than 5m and a 
roof inclination to the horizontal ¢ not greater than 40°. 

(2) The calculated surface von Mises equivalent stresses due to combined bending and membrane 
action should everywhere be limited to the value: 

fe,Rd f~ IrMO ... (7.1) 

where 'YMO is obtained from 2.9.2. 

(3) The critical buckling external pressure Pn.Rer for an isotropic conical roof should be calculated 

as: 

= 2 65E(tCOS¢J2,43 . (tan Al)J.6 
PII,Rcr ' 'f/ r 

... (7.2) 

where: 
r ]s the outer radius of the roof; 

is the smallest shell plate thickness; 
¢ IS the slope of the cone to the horizontal. 

(4) The design buckling external pressure should be determined as: 

Pn,Rd = llj) Pn,Rer I rM I ... (7.3) 

in which rMI is obtained from 2.9.2. 

NOTE: The National Annex may choose the value of ap' The value ap = 0,20 is recommended. 
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(5) The design peak external pressure on the roof arising from the actions defined in 7.1 should 
satisfy the condition: 

Pn,EeI S Pn,ReI ... (7.4) 

7.3.2 Framed or supported roofs 

(J) Framed or supported roofs, where the roof sheeting is supported on beams or a should 
be designed according to the provisions of EN 1993-4-2 (Tanks). 

7.3.3 Eaves junction (roof to shell junction) 

(1) The roof to shell junction, and the ring stiffener at this junction should be designed according to 
the provisions of EN ] 993-4-2 (Tanks). 
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8 Design of transition junctions and supporting ring girders 

8.1 Basis 

8.1.1 General 

(J) A steel transition ring or ring girder should be so proportioned that the basic design 
requirements for the ultimate limit state in section 2 are satisfied. 

(2) The safety assessment of the ring should be carried out using the provisions of EN 1993-] 
except where the provisions of this Standard are deemed to satisfy them. 

(3) For silos in Consequence Class I, the cyclic plasticity and fatigue limit states may be ignored, 
provided that the following conditions are met. 

8.1.2 Ring design 

(I) The ring or ring girder should be checked for: 
- resistance to plastic limit under circumferential compression; 

resistance to buckling under circumferential compression; 
resistance to local yielding under tension or compression stresses; 
resistance to local failure above supports; 

- resistance to torsion; 

- resistance of joints (connections). 

(2) The ring girder should satisfy the provisions of EN 1993-1-6, except where 8.2 to 8.5 provide 
conditions that are deemed to satisfy the provisions of that standard. 

(3) For silos in Consequence Class I, the cyclic plasticity and fatigue limit states may be ignored. 

8.1.3 Terminology 

(1) A ring whose purpose is only to provide resistance to radial components of forces from the 
hopper should be termed a 'transition 

(2) A ring whose purpose is to provide redistribution of vertical forces between different 
components the cylinder wall and discrete supports), should be termed a 'ring girder'. 

(3) The point of intersection between the middle surface of the hopper plate and the middle surface 
of the cylindrical shell wall at the transition junction, termed the 'joint centre', should be used as the 
reference point in I i mit state verifications. 

(4) A silo with no identified ring at the transition (see figure 8. l) has an effective ring formed from 
adjacent sheIl segments and should be termed a 'natural ring'. 

(5) An annular plate placed at the transition junction should be termed an 'annular plate ring', see 
figure 8.1. 

(6) A hot roIled steel section, used as a ring stiffener at the transition should be termed a 'rolled 
section ring'. 

(7) A rolled steel section rolled around the silo circumference and used to support the she]] beneath 
the transition should be termed a 'rolled ring girder'. 
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(8) A "ection built lip from steel plates with cylindrical and annular plate forms should be termed a 
'fabricated ring girder', see figure 8.1. 

8.1.4 Modelling of the junction 

(I) In hand calculations, the junction should be represented by cylindrical and conical shell 
segments and annular plates only. 

(2) Where the silo is uniformly supported, the circumferential stresses in the annular plates of the 
junction may be assumed to be uniform in each plate. 

(3) Where the silo is supported on discrete supports or columns, the circumferential stresses in the 
junction plates should be taken to vary radially in each plate as a consequence of warping stresses. 

Natural ring with 
engaged column 

Annular plate ring with 
engaged column 

Triangular box with 
column engaged to 

skirt 

Figure 8.1 : Example ring forms 

8.1.5 Limitations on ring placement 

Triangular box with 
concentric column 

beneath skirt 

(]) 'The vertical eccentricity of any annular plate or ring from the transi60n joint centre should not 

be greater than 0,2 -vn, where t is the thickness of the cylinder plate, unless a shell bending 
calculation according to EN ] 993-1-6 is carried out to check the effect of the eccentricity. 

NOTE: This rule arises from the ineffectiveness of rings placed further than this from the junction, see 
figure 8.2. 

(2) The simplified rules in 8.2 apply only where this requirement is met. 

8.2 Analysis of the junction 

8.2.1 General 

(1) For silos in Consequence Class 1, the transItIOn junction may be analysed using simple 
expressions and loadings from adjacent shell segments derived from membrane theory. 

(2) Where a computer calculation of the transition junction is performed, it should satisfy the 
requirements of EN 1993-1-6. 

(3) Where a computer calculation is not used and the silo is uniformly supported, the analysis of 
the junction may be undertaken using 8.2.2. 

(4) Where a computer calculation is not used and the silo is supported on discrete supports or 
columns, the analysis of the junction should be undel1aken using 8.2.3. 
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=1 
j3 = 45° 

1.2 

Figure 8.2: Membrane stresses developed in a ring and adjacent shell when 
the ring is eccentric 

8.2.2 Uniformly supported transition junctions 

(l) The effective section of the transition junction should be evaluated as follows: the shell 
segments meeting at the joint centre should be separated into those above (Group A) and those below 
(Group B), see figure 8.3 (a). All annular plate segments at the level of the joint centre should be 
initially ignored. Where a vertical is attached to the annular plate at a different radial coordinate 
from the joint centre, it should be treated as a shell segment in the same manner as the others, see 

8.3. 

A 

a) Geometry 

Annular plate 

4J 
~'S 

This flange not effeclive li)r 

circumlerential cOll1pre~sion 

b) Effective ring beam for 
circumferential compression 

Figure 8.3: Effective section of the cylinder / hopper / ring 'transition 

(2) The equi valent thickness and legB of each group should be determined from: 
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... (8.1) 

... (8.2) 

(3) The ratio ex of the thinner to the thicker equivalent plate group should be determined from: 

... (8.3) 

with: 

... (8.4) 

... (8.5) 

(4) For the thinner of these two groups, the effective length of each shell segment should be 
determined from: 

#5
~t 

f~l = 0,778 -
cosfJ 

... (8.6) 

where J3 is the angle between the shell centreline and the silo axis (cone apex half angle) for that 
plate. The effective cross-sectional area of each shell segment should be determined from: 

... (8.7) 

For the thicker of these two groups, the effective length of each shell segment should be determined 
from: 

= 0,389 [1 + 3tT - 2a3l~ rt 
cosfJ 

... (8.8) 

For this group, the effective cross-sectional area of each shell segment should be determined from: 

'" (8.9) 
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(5) The effective cross-sectional area Acp of the annular plate joining into the junction at the joint 

centre should be determined from: 

where: 

htp 
A=------'---

I'P b 
1 +0,8-

r 

r IS the radius of the silo cylinder wall; 
b IS the radial width of the annular plate ring; 
tp IS the thickness of the annular plate ring. 

... (8.10) 

(6) The total effective area Act of the ring in developing circumferential compression should be 

determined from: 

all se!.!l11ents 

Act = Acp + L ACi 
i=1 

... (8.11) 

(7) Where the junction consists only of a cylinder, skirt and hopper (see figure 8.4), the total 
effective area of the ring Act may be alternatively found from: 

... (8.12) 

with: 

lj/ = 0,5 (1 + 3a2 - 2a3) ... (8.13) 

t a= c 

~t: + tJ; 
... (8.14) 

where: 
r is the radius of the silo cylinder wall; 

tc is the thickness of the cylinder; 

ts is the thickness of the skirt; 

th is the thickness of the hopper; 

Acp is the effective area of the annular plate ring. 
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r 

rCYlinder I 

Figure 8.4: Notation for simple annular plate transition junction 

(8) \Vhere sections of more complex geometry are used at the transition junction, only ring plate 
segments meeting the condition of 8.1.5 (1) should be deemed to be effective in the evaluation of the 
junction. 

(9) The design value of the effective circumferential compressive force Ne.Ed developed in the 

junction should be determined from: 

Ne,Ed = n(j>h.Ed r sin/3 P ne r ~e Pnh (cos/3 jJsinjJ) r ~h ... (8.15) 

where (see figure 8.5): 
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r is the radius of the silo cylinder wall; 
/3 is the half angle of the hopper (at the top); 

is 

is 

n¢h.Ed IS 

Pne is 

Pnh is 

jJ is 

the effective length of the cylinder segment above the transition (see (4)); 

the effective length of the hopper segment (see (4)); 

the design value of the meridional tension per unit circumference at the top of 

the hopper; 
the mean local pressure on the effective length of the cylinder segment; 

the mean pressure on the effective length of the hopper segment; 

the hopper wan friction coefficient. 



r 
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~.-~ noh determined here 

r - sinj3 

Figure 8.5: Local pressures and membrane stress resultant loadings on the 
transition ring 

(J 0) The maximum design compressive stress qlEl.Ed for the uniformly supported junction should be 

determined from: 

with: 

where: 

(J' ,= NO,Ed 
uO./:d . A 

17 eI 

b 
17 = 1 + 0, 

r 

Ne,Ed is the effective circumferential compressive force, see (9)~ 

Act is the total effective area of the ring, see (7); 

r is the radius of the silo cylinder wal1; 
b is the width of the annular plate. 

8.2.3 Transition junction ring girder 

... (8.16) 

... (8.17) 

(1) For silos in Consequence Class 3, a numerical analysis of the structure should be carried Ollt, 
that models all plate elements as shell segments, and does not assume prismatic beam action in any 
curved element. The analysis should take account of the finite width of the discrete supports. 

(2) For silos in other Consequence Classes, the bending moments and torques within the ring girder 
should be calculated, accounting for the eccentricities of loading and support from the ring girder 
centroid. 

(3) The total circumferential compressive thrust developed In the girder should be assumed 
invariant around the circumference and determined from: 

Ne,Ed = n<jlh,Ed rc sinf3 ... (8.18) 

where (see figure 8.5): 
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r..: is the radius of the silo cylinder waH; 

j3 is the half angl e of the hopper (at the top); 
~c is the effective length of the cylinder segment above the transition (see 8.2.2 (4»; 

is the effective length of the hopper segment 8.2.2 (4»; 

IS the design value of the meridional tension per unit circumference at the top of 

the hopper; 
Pne is the mean local pressure on the effective length of the cylinder segment; 

Pnh lS the mean pressure on the effective length of the hopper segment; 

Jt ]S the hopper wall friction coefficient. 

(4) The variation with circumferential coordinate e of the design bending moment Mr.Ed about the 

horizontal (radial) axis (sagging positive) and the design torsional moment 

should be taken as: 

in the ring girder 

~ Mr,Ecl = n y.Ed (r er) [erg es) 80 (sin8+ cot8o cosO) - rg + er] + nr,EcI exCr g - e r) ... 

(8.19a) @J] 

... (8.19b)@J] 

with: 

~ ... (8.20) @J] 

n xc. Ed + n q)h, Ed cos f3 ... (8.21 a) @J] 

~ n r .Ed = nOh,Ed sin f3 ... (8.21b) @J] 

where (see figure 8.6): 
8 IS the circumferential coordinate (in radians) measured from an ongm at one 

8
0 

.i 
rg 

er 

es 

ex 

I1xe ,Ed 

ncph,Ed 

is 

IS 

is 

is 

is 

IS 

IS 

IS 

support; 
the circumferential angle in radians subtended by the half span of the ring 

girder; 
the number of equally spaced discrete supports; 
the radius of the ring girder centroid; 

the radial eccentricity of the cylinder from the ring girder centroid (positive 

where the centroid is at a larger radius); 
the radial eccentricity of the support from the ring girder centroid (positive 

where the centroid is at a radius); 
the vertical eccentricity of the joint centre from the ring girder centroid 

(positive where the centroid lies below the joint centre). 
the design value of compressive membrane stress resultant at the base of the 

cylinder: 
the design value of tensile membrane stress resultant at the top of the hopper. 

(5) The peak values of the design bending moment about the radial axis that occur over the support 
Mrs,Ed and at midspan M 1l11 ,Ed should be determined from: 

'" (8.22) 
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~ Mrm,Ed = ny,Ed (r g - er) [(r g - eJ eo / sin~) - r g + er] 

... (8.23)@il 

(6) Where an open section ring girder is used, the torque should be assumed to be resisted entirely 
by warping, unless a more precise analysis is used. Where warping resists the torques, the peak 
design values of flange moment about a vertical axis in each flange should be taken as given by M rs .Ed 

at the support and M fm.Ed at midspan, obtained as follows: 

"t: r • ~ 0 r (r -e)[ rfij 
~ Mj;n.r"'d = n1',!:d " 'h (1~ - e\. )(1- eo /sln eo) +6 

where h is the vertical separation between the flanges of the ring girder. 

Axis 

Cylinder/cone 
transition junction 

~~----~,~F======= 
e x 

Ringbeam effective 
section centroid, G 

Figure 8.6: Eccentricities of vertical loads at a ring girder 

... (8.24)@il 

... (8.25) @il 

(7) The circumferential membrane stresses O"e.Ed that develop in each flange of the ring girder 

should be determined from the thrust Ne,Ed' radial axis moment Mr,Ed and warping flange moments 

Mf,Ed using engineering bending and warping theory and adopting the stress resultants defined in (3) 

to (6). 

(8) The largest value of the circumferential membrane stress O"e,Ed (whether tensile or 

compressive) that develops in either flange of the ring girder at any position around the circumference 

should be determined as G;11e,Ed' 

(9) The largest compressive value of the circumferential membrane stress O"e,Ed that develops in 

either flange of the ring girder at any position around the circumference should be determined as 

~e,Ed' 
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8.3 Structural resistances 

8.3.1 General 

(I) The transition junction should satisfy the provisions of EN 1993-1-6, but these may be met 
using the following assessments of the design resistance. 

8.3.2 Resistance to plastic limit state 

8.3.2.1 General 

(I) The design value of the resistance should be determined using the provisions of EN 1993-1-6. 
The following resistance assessments may be used instead as a simple safe approximation to those 
provisions. 

8.3.2.2 Resistance based on elastic evaluation 

(I) The design value of the resistance should be determined at the most highly stressed point in the 
junction. 

(2) The design value of the resistance of the plastic limit state should be determined using: 

... (8.26) 

8.3.2.3 Resistance based on plastic evaluation 

(I) The design value of the resistance should be determined in terms of the attainable tensile 
membrane stress resultant l1q'lh.Rd in the hopper at the junction. 

(2) The design value of the resistance at the plastic limit state l1$h,Rd should be determined using: 

I"j\f:\.. __ ]_{(A/I+t.(+(/\+Zo/lhJ. . Z (-fJ- " fJ)Z}~ 8') 
E:lJ ll~)/r,Rd -. . + Pnc III.. + Pnh cos JL SIn u/r ~ ... ( .~ 7) 

SIn fJ r YMO 

with: 

a= 

" 1 lj/= 0,7 + 0,6« - O,3a 

- for the cylinder 

for the skirt 

- for the conical hopper segment 

= 0,975Fc 

0,975 lj/Fts 

~t" toh = 0,975 lfI --
cosfJ 

where (see figure 8.5): 
r is the radius of the silo cylinder wal1; 

fc IS the thickness of the cylinder; 
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ts IS the thickness of the skirt; 

th IS the thickness of the hopper; 

Ap is the cross-sectional area of the ring: 

fJ IS the half angle of the hopper (at the top); 
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~c IS the plastic effective length of the cylinder segment above the transition; 

is the plastic effective length of the hopper segment; 

is the plastic effective length of the skirt segment below the transition; 

l1<1>h,Rd IS the meridional membrane resistance per unit circumference at the top of the 

hopper; 
is the mean local pressure on the effective length of the cylinder segment; 

Pnll is the mean pressure on the effective length of the hopper segment; 

J1 is the hopper wall friction coefficient. 

8.3.3 Resistance to in-plane buckling 

(l) The design value of the resistance should be determined using the provisions of EN 1993-1-6. 
The following resistance assessment may be used instead as a simple safe approximation to those 
provisions. 

(2) The design value of the resistance should be assessed using the point in the junction where the 
highest compressive circumferential membrane stress occurs. 

(3) The design value of the resistance against in-plane buckling o;p,Rd should be determined using: 

4£1 1 
--. 
A 2 elr~ rMI 

... (8.30) 

where: 
is the flexural rigidity of the ring effective cross-section figure 8.3) about its 

vertical axis; 
Act IS the effective cross-sectional area of the ring, given by 8.2.2; 

rg is the radius of the centroid of the ring effective cross-section. 

(4) The above resistance assessment and the associated verification against in-plane bucking of 8.4 

may be omitted when the cone half angle fJ is greater than fJlim' 

NOTE: The National Annex may choose the value of fJ1im. The value fJlil11 = 20° is rec()lllmended. 

8.3.4 Resistance to out-ot-plane buckling and local shell buckling near the junction 

8.3.4.1 General 

(1) The design value of the resistance should be determined using the provisions of EN 1993-] -6. 
The following resistance assessments may be used instead as a simple safe approximation to those 
provisions. 
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8.3.4.2 Local shell buckling near the junction 

(]) For junctions in which there is either no ring at the transition (simple cone to cylinder junction), 

or the transition is ring stiffened. the design value of the resistance q)P.Rd against shell buckling of the 

wa]] adjacent to the junction should be determined using: 

with: 

where: 

8.3.4.3 

r 

fJ 

Act 

r g 

r )
J,5 ( J 1 . 0.4 f Etf~ 

(J' =-·4,l(cos R) . -. .-' ~~ P A 
rHJ \r\ c/ 

r 

r 

cosJ3 

is 

is 
is 
is 

is 

for the cylindricaJ wall 

for the conical hopper wall 

the radius of the silo cylinder wall; 

the hopper apex half angle; 
the thickness of the relevant shell segment; 
the effective cross-sectional area of the ring, given by 8.2.2; 
the radius of the centroid of the ring effective cross-section. 

Annular plate transition junction 

... (8.31) 

(I) For junctions in which the ring at the transition is in the form of an annular plate, the design 

value of the resistance against out-of-plane buckling O"op.\.Rd should be determined using: 

r t J (J' = kE ~ 
op.Rd \ 17 

r~1 J 

... (8.32) 

with: 

k= ... (8.33) 
lit, + 1J.v 

~ k" 0,385 + 0,452 -
r 

... (8.34) 

b 
kc 1,154 + 0,56 ... (8.35) r 

17" 
0,43 + 0, I (_r_)' 

20b 
... (8.36) 
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r 

tc 

ts 

tb 

tp 

b 
kc 

ks 

YMI 
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'7c = 0,5 {( ~.' l tfl ... (8.37) 

is 
IS 

is 

IS 

IS 

IS 

is 

IS 

IS 

the radius of the silo cylinder waH; 
the thickness of the cylinder; 

the thickness of the skirt; 

the thickness of the hopper. 

the thickness of the annular plate ring; 

the width of the annular plate ring; 
the plate buckling coefficient for a ring with clamped inner edge; 

the plate buckling coefficient for a ring with simply supported inner edge; 

the partial factor, see 2.9.2. 

T section transition junction 

(1) The following assessment should be used where the transition junction ring consists of an 
annular plate of width bp with a symmetrically placed vertical stiffening of height br at its 

outer edge, forming a T section ring with the base of the T at the joint centre. 

(2) The design value of the resistance against out-of-plane buckling O"op.Rd of aT-section ring 

beam should be determined on the basis of the maximum compressive value of the circumferential 
membrane stress on the inner edge of the principal annular plate of the ring. The design value of the 
resistance should be determined from: 

with: 

17.~(js + 17c(jc 

1]\. + 17<, rM1 

'7, = 0,385 + [17;bJ 

r ( 15/2 
0,5ll :;,) + 

El r (0 2 + +2 
Al~ l' r Elr 

E 
(l +5p) 

64 

... (S.3S) 

... (S.39) 

... (8.40) 

... (S.41) 

... (8.42) 
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where: 
r 

tc 

ts 

th 

tp 

t1' 

bp 

I. + 1_ + AX2 
- I ,< ( 

bf p=-
bp 

is 
is 

is 

is 

IS 

IS 

is 

A 

the radius of the silo cylinder wall; 
the thickness of the cylinder; 

the thickness of the skirt; 

the thickness of the hopper. 

the thickness of the annular plate ring; 

the thickness of the outer vertical flange of the T section; 

the width of the annular plate ring; 

... (8A3) 

... (8A4) 

br 
A 

is 

is 

the height (flange width) of the outer vertical flange of the T section; 

the cross-sectional area of the T -section ring beam; 

Xc is the distance between the centroid of the T-section and its inner edge; 

II' 
Iz 
I[ 

n.11 

IS 

is 

is 

is 

the second moment of area of the T -section about its radial axis; 

the second moment of area of the T-section about its vertical axis; 

the uniform torsion constant for the T -section; 

the partial factor, see 2.9.2. 

8.4 Limit state verifications 

8.4.1 Uniformly supported transition junctions 

(I) Where the silo has been analysed using a computer analysis, the procedures of EN 1993-1-6 
should be used. Where the computer analysis does not include a buckling analysis, section 8.3 may be 
used to provide the buckling resistances for the limit state verification in EN 1993-1-6. 

(2) Where the silo is supported on a skirt extending to a uniform foundation (see 5A.2) and the 
calculations of 8.2 have been carried out, the transition junction may be deemed to be subject only to a 

uniform circumferential membrane stress cruEl. Ed as determined in 8.2.2 (10). The fonowing limit 

state verifications should then be carried out. 

(3) Where the plastic limit state is assessed using an elastic evaluation, the plastic limit state for the 
junction should be verified using: 

... (8A5) 

where: 

~le.Ed is the design value of the stress taken from 8.2.2 (10); 

f;),Rd is the design vallie of the plastic resistance taken from 8.3.2.2. 

(4) Where the plastic limit state is assessed using a plastic evaluation, the plastic limit state for the 
junction should be verified llsing: 

... (8A6) 

where: 
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nq)h,Ed is the design value of the meridional membrane stress resultant at the top of the 

hopper; 
n<j)h,Rd is the design value of the plastic resistance taken from 8.3.2.3. 

(5) The in-plane buckling limit state for the junction should be verified using: 

(JuS,Ed ~ Oip,Rd 

where: 

a: 8 is the design value of the stress taken from 8.2.2 (10); U ,Ed ' 

Oip,Rd IS the design value of the in-plane buckl1ng resistance taken from 8.3.3. 

(6) The limit state verification against in-plane buckling may be omitted if both of the following 
conditions are met: 

the cone half angle fJ is than fJ1im and there is a cylinder above the ring; 

where the cylinder has a height L less than Lmin = kL 1H ' the upper boundary of the cylinder is 

restrained against out-of-round displacements by a 

vertical axis (circumferential bending) greater than: 

with a flexural rigidity Elz about its 

where: 

... (8.48) 

IS the thickness of the thinnest strake in the cylinder. 

NOTE 1: The National Annex may choose the values of iJ1illl, kL and kR. The valucs iJ1ill1 = ) 0°, kL 

= ) 0 and kR = 0,04 are recommended. 

NOTE 2: The requirement that the top of the cylinder should be restrained to remain circular is only 
relevant for shott cylinders above the transition ring, since taller cylinders provide sufficient restraint 
against this mode of buckling without being themselves restrained to remain circular. 

(7) The out-of-plane buckling limit state for the junction should be verified using: 

... (8.49) 

where: 

(Ju8.Ed IS the design value of the stress taken from 8.2.2 (10); 

(Jop,Rd is the appropriate design value of the out-of-plane buckling resistance taken from 

8.3.4. 

8.4.2 Transition junction ring girder 

(1) Where the silo has been analysed using a computer analysis, the procedures of EN 1993-1-6 
should be used. Where the computer analysis does not include a buckling analysis, section 8.3 may be 
used to provide the buckling resistances for the limit state verification in EN 1993-1-6. 

(2) Where the silo is discretely supported, so that the transition junction acts as a ring girder with 
circumferential membrane stresses which vary across the section and around the circumference, this 
variation should be taken into account in the limit state verifications. Where the calculations of 8.2 
have been canied out, the following limit state verifications should be undertaken. 

(3) The plastic limit state for the junction should use the evaluated stress a;n8.Ed from 8.2.3 (8) and 

should be verified using: 
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where: 
~1l8.Ed 1S the design value of the stress taken from 8.2.3 (8); 

f~.Rd is the design value of the plastic resistance taken from 8.3.2.2. 

... (8.50) 

(4) Thein-plane buckling lin)it state for the junction should use the evaluated stress ~8.EcI from 

8.2.3 (9) and should be verified using: 

... (8.5 J) 

where: 
lJc8.Ed is the design value of the stress taken from 8.2.3 (9); 

o;p,Rd is the design value of the in-plane buckling resistance taken from 8.3.3. 

(5) The limit state verification against in-plane buckling may be omitted if both of the fo1lowing 
conditions are met: 

the cone half angle p is greater than Plilll and there is a cylinder above the ring; 

where the cylinder has a height L less than Lmin = kL -{H , the upper boundary of the cylinder is 

restrained against out-of-round displacements by a ring with a flexural rigidity Elz about its 

vertical ax is (circumferential bending) greater than: 

where: 

... (8.52) 

t is the thickness of the thinnest strake in the cylinder; 
L is the height of the shell wall above the ring. 

NOTE 1: The National Annex may choose the values of Aim' kL and kR. The values f31ill1 = 10°, 

= 10 and kR = 0,04 are recommended. 

NOTE 2: The requirement that the top of the cyl1nder should be restrained to remain circular is only 
relevant for short cylinders above the ring, since taller cylinders provide sufficient restraint against this 
mode of buckling without being themselves restrained to remain circular. 

(6) The out-of-plane buckling limit state for the junction should use the evaluated stress lJc8.Ed 

from 8.2.3 (9) and should be verified using: 

... (8.53) 

where: 
lJc8,Ed is the design value of the stress taken from 8.2.3 (9); 

lJop,Rd is the design value of the out-of-plane buckling resistance taken from 8.3.4. 

8.5 Considerations concerning support arrangements for the junction 

8.5.1 Skirt supported junctions 

(1) Where the silo is supported on a skirt extending to a uniform foundation (see 5.4.2), the 
transition junction may be deemed to carry only circumferential membrane stresses. 
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(2) The skirt should be checked for resistance to buckling under axial compression, including the 
effects of openings in the skirt. 

8.5.2 Column supported junctions and ring girders 

(1) Where the silo is supported on discrete supports or columns, and a transition ring girder is used 
to distribute column forces into the shell, the junction and ring girder should satisfy the conditions 
given in 8.2.3 and 8.4.2. 

(2) Where a transition ring girder is formed by bolting together an upper and lower half, each 
attached to a different shell segment, the bolts should be proportioned to resist transmission of the full 
design value of the circumferential force to be carried in the upper ring segment, taking proper 
account of bending actions in the ring. 

8.5.3 Base ring 

(1) A silo that is continuously supported on the ground should be provided with a base ring and 
anchorage details. 

(2) The circumferential spacing of anchorage bolts or other attachment points should not exceed 

4-{H, where t is the local thickness of the shell plate. 

(3) The base ring should have a flexural rigidity EIz about a vertical axis (to resist circumferential 

bending) greater than the minimum value EIz,min given by: 

EI z,min = k Ert
3 ... (8.54) 

where t should be taken as the thickness of the wall strake adjacent to the base ring. 

NOTE: The National Annex may choose the value of k. The value k = 0, lOis recommended. 

93 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

9 Design of rectangular and planar-sided silos 

9.1 Basis 

(I) A rectangular silo should be designed either as a stiffened box in which the structural action is 
predominantly bending, or as a thin membrane structure in which the action is predominantly 
membrane stresses developing after large deformations. 

(2) Where the box is designed for bending action, the joints should be designed to ensure that the 
connectivity assumed in the stress analysis is achieved in the execution. 

9.2 Classification of structural forms 

9.2.1 Unstiffened silos 

(I) A structure formed from flat steel plates without attached stiffeners should be termed an 
'unstiffened box'. 

(2) A structure stiffened only along joints between plates which are not coplanar should also be 
termed an 'unstiffened box', 

9.2.2 Stiffened silos 

(1) A structure formed from flat plates to which stiffeners are attached within the plate area should 
be termed a 'stiffened box', The stiffeners may be circumferential or vertical or orthogonal (two 
directional). 

detail 1 

section 

\'-/d t '12 '~~ e al __ _ 

Figure 9.1: Plan view of tied rectangular box silo 

9.2.3 Silos with ties 

(I) Silos with ties may be square or rectangular. 

lEi) NOTE: Some typical structural components for a 3-panel square (single cell) silo are shown in 
figures 9.1 and 9,2. @1] 
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D 
(DETAIL 2) 

(DETAIL 1) 

Figure 9.2: Typical details of tie connections 

9.3 Resistance of unstiffened vertical walls 

(1) The resistance of vertical walls should be evaluated in accordance with EN 1993-1-7. 
Alternatively, the provisions set out in 9.4 may be deemed to satisfy the provisions of that Standard. 

(2) The resistance of vertical walls should be evaluated considering both the membrane and plate 
bending actions. 

(3) The actions on the unstiffened plate may be divided into the following categories: 

- bending as a 2D plate from the stored material; 

stresses resu1ting from diaphragm action; 
- local bending action from the stored material and/or equipment. 

9.4 Resistance of silo walls composed of stiffened and corrugated plates 

9.4.1 General 

(1) The resistance of unstiffened parts of vertical walls should be evaluated in accordance with the 
provisions set out in 9.4. The resistance evaluation should consider both membrane and plate bending 
actions. 

(2) Horizontally corrugated plates should be designed for (see figure 9.3): @il 
general bending action from pressures due to the stored material; 

- stresses resulting from their diaphragm action; 

local bending action from the stored material and/or equipment. 

(3) Effective bending properties and bending resistance of the stiffened plates should be derived in 
accordance with the provisions for trapezoidal sheeting with intermediate stiffeners in EN 1993-1-3. 

(4) The design of the stiffeners should be made in accordance with member design given in 
ENI993-1-1 and EN1993-1-3, taking into account the compatibility of the stiffeners with the wall 
elements, the effect of the eccentricity of the sheeting in relation to the stiffener-axes, and the tlexura] 
continuities of wall elements and intersection horizontal and vertical stiffeners. Stresses normal to the 
longitudinal axis arising in stiffeners, which intersect structural1y continuous wall-elements, should be 
taken into account additionally in the member design. 

(5) The load transfer of vertica1 stiffeners to base boundary elements should be designed in 
accordance with the specific element and the given foundation resistance. 
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(6) Shear stiffness and resistance should be derived by testing or appropriate theoretical 
expressions. 

(7) Unless a more method is available, the shear buckling strength may be assessed using 
5.3.4.6 and treating the radius of the shell as infinite. 

(8) Where testing is used, the relevant shear stiffness may be taken as the secant value achieved at 
2/3 of the ultimate shear strength, see figure 9.4. 

(vertical section) 

Figure 9.3: Typical section on a vertical plane through the corrugated wall of 
rectangular silo 
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Figure 9.4: Shear response of corrugated wall 

9.4.2 General bending from direct action of the stored material 

(1) Bending should be considered where horizontal bending can arise resulting from horizontal 
pressure or from horizontal pressure combined with waH friction. 

(2) For bending from horizontal pressure alone, the calculation should be based on the effective 
properties as given by EN 1993-1-3. 

For bending arising from horizontal pressure combined with wall friction, the calculation may 
be based on the concept outlined in figure 9.5, where the wall section between Point A and Point B is 
considered as a cross-section in bending under the action of the combined pressure Pg. The stresses 

arising from the moment should be combined with those from the axial force arising from the stored 
material pressure on the adjacent perpendicular walls 9.4.3), 
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NOTE: This calculation is conventional and well established. However, it may he noted that the 
continuity of strain between adjacent wall sections is 

normal to the plane AB 

A 

a 

Figure 9.5: Bending resulting from combined horizontal pressure and friction 
(vertical section) 

diaphragn1 action 

wind action stored Inaterial pressures 

Figure 9.6: Membrane forces induced in walls by solids pressures or wind 
loading 

9.4.3 Membrane stresses from diaphragm action 

(1) The stresses result from pressure of stored material and/or wind on the perpendicular 
neighbouring walls, see figure 9.6. 

(2) As a simple rule, pressures from the stored material may be taken as only normal pressures 
(neglecting wall friction). 

(3) Direct and shear stresses from wind action may be determined using either hand calculations or 
a finite element calculation. 
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9.4.4 Local bending action from the stored material and/or equipment 

(I) The possibility of deleterious local bending effects in any structural element due to the local 
stored material pressure should be taken into account. 

NOTE: In the situation shown in figure 9.7, the sLructural check on the plate element CD may be 
critical. 

Combined pressure rg normal to the plane CD 

Figure 9.7: Possible local bending actions 

9.5 Silos with internal ties 

9.5.1 Forces in internal ties due to solids pressure on them 

(I) The force exerted by the stored bulk solid on the tie should be evaluated. 

(2) Unless more precise calculations are made, the force exerted by the solid qt per unit length of 

tie may be approximated by: 

with: 

where: 

Pv 

b 
Ct 

CS 

k L 

f3 
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IS 

is 
IS 

IS 

IS 

is 

L 

the vertical pressure withln the stored material at the tie level; 

the maximum horizontal width of the tie; 
the load magnification factor; 

the shape factor for the tie cross-section; 

the loading state factor; 

... (9.1) 

... (9.2) 

the tie location factol', that depends on the position of the tie within the silo cell 
(see figures 9.8 and 9.9). 



(3) The shape factor Cs should be taken as follows: 

for circular smooth sections: 

for round rough or square sections: 
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NOTE: The National Annex may choose the values of Csc and Css- The vulucs Csc 1,0 and 

= 1,2 are recommended. 

(4) The loading state factor kL should be taken as follows: 

for bulk solids filling: kL ku 

for bulk solids discharge: 

NOTE: The National Annex may choose the value of kL. Thc value ku 4,0 and kLe = 2,0 are 

recommended. 

/3=1 
I 

Figure 9.8: Evaluation of factor pfor internal ties 

9.5.2 Modelling of 'lies 

(l) Ties should be classified according to the principle means by which they support the loads. A 
tie should be classed as a cable if it has negligible bending stiffness. It should be classed as a rod if it 
has both axial stiffness and significant bending stiffness. The analysis of the tie should be appropriate 
to the structural response of the tie section. 

(2) Where the tie is a rod, account should be taken of bending moments in addition to the axial 
tension. 

(3) A geometrically non-linear calculation procedure should be used to determine the force N (and 
for rods, the moments M) in the tie. This analysis should take account of the real boundary 
conditions and the stiffness of the silo wall (Figure 9.10). 

(4) The design values of axial tension N and moment M should be taken as the values in the tie at 
the connection to the wall. 

~ (5) The initial sag of the tie should be agreed between the client, the designer and the fabricator. 
For cables (negligible flexural stiffness), the initial sag should not be greater than k sL where L is the 
length of the tie. @il 

NOTE 1: The Nalional Annex may choose the value of The value ks 0,0 I is recommcnded. 
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NOTE 2: In past practice, the sag has often been set at O,02L. The smaller value that is recommended 
here is needed to ohtain a relationship between pressures and induced forces that is close linear in the 
operati ng range. 

(6) The attachment details for ties should take account of both the vertical and the horizontal 
components of the tie tension at the point of attachment. 

2 panels 3 panels 4 panels 5 panels 

Figure 9.9: Corner ties for which f3 = 0,7 

N k k N 

Figure 9.10: Force development in a tie 

9.5.3 Load cases for tie attachments 

(I) The analysis of the tie should take account of: 
- actions from the stored material; 

forces transmitted to the ties due to deformations of the walls from other load cases. 

(2) Two load cases for the attachment forces and moments from a tie should be checked as fo11ows: 

a) load case I: the values of qt and N evaluated in 9.5.1 and 9.5.2. 

b) load case 2: an increased value of transverse load 1,2Qt and a reduced value of tie 

tension 0,7 N, where Q[ and N have been evaluated according to 9.5.] and 9.5.2. 

9.6 Strength of pyramidal hoppers 

(J) Pyramidal hoppers (Figure 9.12) should be treated as box structures, using the provisions of 
EN 1993-1-7. These may be deemed to be met by the provlsions of 9.3 and 9.4 for walls, together 
with the following approximate methods. 

(2) The bending moments and membrane forces may be determined using numerical methods, in 
accordance with EN 1993-]-6 and EN 1993-1-7. The bending moments in the trapezoidal plates of 
the hopper may alternatively be evaluated using the following approximate relationships. 

(3) An equllateral triangle ABE of area A should be drawn on the hopper plate ABeD, and the 
radius of the equivalent equal-area circle should be determined using: 
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... (9.3) 

a IS the horizontal length of the upper edge of the plate, see figure 9.11. 

a.sin(60 

E 

Figure 9.11: Simple model for bending of trapezoidal plates 

(4) The reference bending moment Mo should be determined using: 

where: 

3 2 
P r 16 . II i:'Cj 

0,026 Pn 

Pn is the mean normal pressure on the trapezoidal plate. 

... (9.4) 

(5) Where the trapezoidal plate has edges that may be treated as simply supported, the design value 
of bending moment may be taken as: 

... (9.5) 

(6) Where the trapezoidal plate has edges that may be treated as clamped, the bending moment at 
the plate centre Ms,Ed and the bending moment at the edge Me,Ed may be taken as: 

Ms,Ed 0,80 Mo ... (9.6) 

Me,Ed 0,53 Mo ... (9.7) 
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Figure 9.12: Unsymmetrical hopper with inclined ribs 

9.7 Vertical stiffeners on box walls 

(I) Vertical stiffeners on the walls of a box should be designed for: 

the permanent actions; 
the norma] pressures on the wall due to bulk solids; 

the friction forces 011 the wall; 

the variable actions from the roof; 

the axial forces arising from contributions from the diaphragm action in the walls. 

(2) The eccentricity of the friction forces from the plate and stiffener centrelines may be neglected. 

9.8 Serviceability limit states 

9.8.1 Basis 

(I) The serviceability limit states for rectangular silo walls should be taken as follows: 

deformations or deflections that adversely affect the effective use of the structure; 

- deformations, deflections, vibration or oscillation that causes damage to both structural and 
non-structural elements. 

(2) Deformations, deflections and vibrations should be limited to meet the above criteria. 

(3) Specific limiting values, appropriate to the intended use, should be between the 
designer, the client and the relevant authority, taking account of the intended use and the nature of the 
so] ids to be stored. 

9.8.2 Deflections 

(I) The limiting value for global lateral deflection should be taken as the lesser of: 

b;llaX = k I H ... (9.8) 

... (9.9) 

where: 

102 



BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

H is the height of the structure measured from the foundation to the roof; 
is the thickness of the thinnest plate in the wall. 

NOTE: The National Annex may choose the values of k) and k2. The values k I = 0,02 and k2 = 10 

are recommended. 

(2) The maximum deflection ~nax within any panel section relative to its edges should be limited 

to: 

... (9.l 0) 

where L is the shorter dimension of the rectangular plate. 

NOTE: The National Annex may choose the value of k3. The value k3 0,05 is recommended. 
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Annex A: [Informative] 
Simplified rules for circular silos in Consequence Class 1 

For circular silos with cylindrical walls in Consequence Class 1, this simplified treatment permits a 
design based only on the ultimate limit state and with a restricted number of load cases being 
addressed. 

A.1 Action combinations for Consequence Class 1 

The fol1owing simplified action combinations may be considered for silos in Consequence Class I: 

Filling 
- Discharge 

- Wind when empty 

Filling, combined with wind 

A simplified treatment of wind loading is permitted. 

A.2 Action effect assessment 

(I) When designing to the expressions given in this annex, the membrane stresses should be 
increased by the factor kM to account for local bending effects. 

NOTE: The National Anncx may choose the valuc of kM . Thc valuc kl\'l = 1,1 is rccornmcndcd. 

(2) When designing to the expressions given in this annex, the hopper and ring forces should be 
increased by the factor to account for unsymmetrical and ring bending effects. 

NOTE: Thc National Anncx may choose the value of kh. The value kh 1,2 is recommended. 

A.3 Ultimate limit state assessment 

A.3.1 General 

(I) The limited provisions given here permit a faster assessment of a design, but they are often 
more conservative than the more complete provisions of the standard. 

A.3.2 Isotropic welded or bolted cylindrical walls 

A.3.2.1 Plastic limit state 

(1) Under internal pressure and all relevant design loads, the design resistance should be 
determined at every point using the variation in internal pressure, as appropriate, and the local 
strength to resist it. 

(2) At every point in the structure the design membrane stress resultants llx,EcI and l1e.Ed (both 

taken as tension positive) should satisfy the condition: 

where: 

... (A. I) 

lZx.Ed is the vertical membrane stress resultant (force per unit width of she]] wall) 

derived by analysis from the design values of the actions (loads); 
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the circumferential membrane stress resultant (force per unit width of shell 

wall) derived by analysis from the design values of the actions (loads); 
the yield strength of the shell wall plate; 

the partial factor against the plastic limit state. 

(3) At every bolted joint in the structure the design stress resultants should satisfy the conditions 
against net section failure: 

- for meridional resistance ... (A.2) 

for circumferential resistance l1e.Ed S .f~ t / rv12 ... (A.3) 

where: 
fu is the ultimate strength of the shell wall plate; 

YM2 IS the partial factor against rupture (=1,25). 

(4) The design of connections should be carried out in accordance with EN 1993-1-8 or EN 1993-1-
3. The effect of fastener holes should be taken into account according to EN 1993-1 I the 
appropriate requirements for tension or compression or shear as appropriate. 

(5) The design resistance at lap joints in welded construction fe.ReI is given by the fictitious strength 

criterion: 

fe,ReI = If~ / YMO ... (AA) 

where j is the joint efficiency factor. 

(6) The joint efficiency of lap joint welded details with full continuous fil1et welds should be taken 

as j = .ii' 

~ NOTE: The National Annex may choose the value ofii. The recommended values Ofji are in the 

table below for different joint configurations. The single welded lap joint should not be used if more than 

20% in 5.4 derives from bending moments. 

J . t ff . oln e IClency Ji 0 f we Id d I e . . t ap JOin 5 

Joint type Sketch Value ofjj 

Double welded III.. jl = 1,0 
lap ~ 

Single welded lap ...... h = 0,35 
I 

A.3.2.2 Axial compression 

(I) Under axial compression, the design resistance should be determined at every point in the shell. 
The design should ignore the vertical variation of the axial compression, except where the provisions 
of EN 1993-1-6 make provision for this. In buckling calculations, compressive membrane forces 
should be treated as positive to avoid widespread use of negative numbers. 

~ (2) Where a horizontal lap joint is used, causing eccentricity of the axial force in through 

the joint, the value of a given below should be reduced to 70% of its previous value jf the 
eccentricity of the middle surface of the plates to one another exceeds t and the change in plate @.iI 
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thickness at the joint is not more than t14, where t is the thickness of the thinner plate at the joint. 
Where the eccentricity is smaller than this value, or the change in plate thickness is greater, no 

reduction need be made in the value of a. 

(3) The elastic imperfection reduction factor a should be found as: 

0,62 
a=------ ... (A.5) 

1+0,035 

where: 
r is the radius of the silo wall; 

is the thickness of the wall plate at the location being calculated. 

(4) The critical buckling stress O:x,Rcr at any point in the isotropic wall should be calculated as: 

Cix,Ncr 0,605E~ ... (A.6) 
r 

(5) The characteristic buckling stress should be found as: 

O"x,Rk = Xx fy .. , (A.7) 

in which: 

when ... (A.8) 

when ... (A.9) 

a 
when ... (A. to) 

with: 

JEr - - f2:5a -'-."- ;) =02and A = 25a ,/'U, p , 

Cix,Ne 

(6) At every point in the structure the design membrane stress resultant ( compression 

positive) shouJd satisfy the condition: 

nx,Ed S t O"x.Rk / YM 1 ... (A.)I) 

where rM J is given by 2.9.2. 

NOTE: The National Annex may choose the value of rMI' The value rMl 1,1 is recommended. 
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(7) The maximum permitted measurable imperfection, using the procedures of EN \993-1-6 and 
excluding measurements across lap joints, should be found as: 

Ll~t'oJ = 0,0375 ~ ... (A.12) 

(8) The design of the shell against buckling under axial compression above a local support, near a 
bracket (e.g. to support a conveyor gantry), and near an opening should be undertaken as stipulated in 
5.6. 

A.3.2.3 External pressure, internal partial vacuum and wind 

(l) For uniform partial internal vacuum (external pressure), where there is a structurally connected 
roof, the critical buckling external pressure PnRcli for the isotropic wall should be found as: 

[

r\ t 
PI1./(CIll = 0,92£ I J ... (A.13) 

where: 
r is the radius of the silo wall; 
t is the thickness of the thinnest part of the wall; 

t IS the height between stiffening rings or boundaries. 

(2) The design value of the maximum external pressure Pn.Ed acting on the structure under the 

combined actions of wind and partial vacuum should satisfy the condition: 

Pn.Ed ~ Qjl Pn.Rcru / YM 1 ... (A.14) 

NOTE: The National Annex may choose the values of an and YM I' The values an = and 

YM 1 = 1,1 are recommended. 

(3) If the upper edge of the cylinder is not connected to the roof, this si mple procedure should be 
replaced with that of 5.3. 

A.3.3 Conical welded hoppers 

(1) A simple design procedure may be used provided that both the following conditions are met: 

a) An enhanced partial factor is used for the hopper of YMO 

b) No local meridional stiffeners or supports are attached to the hopper wall near the 
transition junction. 

NOTE: The National Annex may choose the value of YMOg' The value YMOg = 1,4 is recommended. 

(2) Where the only loading under consideration is gravity and flow loading from the stored solid, 
the meridional force per unit circumference caused by the symmetrical pressures defined in 

EN 1991-4 that must be transmitted through the transition joint should be evaluated using global 
equilibrium, see Figure A.I. The design value of the local meridional force per unit circumference 

allowing for the possible non-uniformity of the loading, should then be obtained as 

l1<jJh.Ed = '\hh,Ed,s ... (A.15) 
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where: 
n$h,Ed,s is the design value of the meridional membrane force per unit circumference at 

the top of the hopper obtained assuming the hopper loads are entirely 
symmetrical; 

gasym is the unsymmetrical stress augmentation factor. 

NOTE: Expressions for 

value of The value 

Meridional 
tension 

may be found in Annex B. The National Annex may choose the 

1,2 is recommended. 

Pressure fro n1 

cylinder contents 

Figure A.1: Hopper global equilibrium 

(3) The design value of the meridional membrane tension at the hopper top ll$h,EcI should satisfy 

the condition: 

... (A.16) 

where: 
is the thickness of the hopper; 

f~, is the tensile strength; 

is the partial factor for rupture. 

NOTE: The National Annex may choose the value of k, .. The value kr 0,90 is recommended. 

The National Annex may also choose the value of YM2' The value YM2 1,25 is recommended. 

A.3.4 Transition junction 

(1) This simplified design method may be used on silos of Consequence Class 1 where the junction 
consists of a cylindrical and conical section, with or without an annular plate or similarly compact 
ring at the junction, see figure A.2. 
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Figure A.2: Notation for simple transition junction 

(2) The total effective area of the ring Aet should be found from: 

... (A.l7) 

where: 
r is the radius of the silo cylinder wall; 

tc is the thickness of the cylinder~ 

ts is the thickness of the skirt; 

th is the thickness of the hopper; 

P is the cone apex half angle of the hopper; 

Ap is the area of the ring at the junction. 

(3) The design value of the circumferential compressive force Ne,Ed developed in the junction 

should be determined from: 

Ne,Ed = l1<ph,Ed r sinp ... (A.I8) 

where: 
l1<ph,Ed 1S the design value of the meridional tension per unit circumference at the top of 

the hopper, see Figure A.1 and expression A.IS. 
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(4) The mean circumferential stress in the ring should satisfy the condition: 

Ne.f:'d ~ 
A"r YWQ 

where: 
fy is the lowest yield strength of the ring and shell materials; 

YMO is the partial factor for plasticity. 

... (A.19) 

NOTE: The National Annex may choose the value of YMO' The value IM:O = 1,0 is recommended. 

110 



Annex B: [Informative] 

BS EN 1993-4-1:2007 
EN 1993-4-1:2007 (E) 

Expressions for membrane stresses in conical hoppers 

The expressions given here permit membrane theory stress analyses to be undertaken for cases which 
are not obtainable in standard texts on shells or silo structures. Membrane theory expressions 
accurately predict the membrane stresses in the body of the hopper (i.e. at points not adjacent to the 
transition or support) provided that the applied loadings are according to patterns defined in EN 1991 
4. 

Coordinate system with origin for z at the apex 

Vertical height of hopper h and cone apex half f3 

B.1 Uniform pressure Po with wall friction PPo 

(
tan fJ '\ 

t cos fJ j ... (B. I) 

B.2 Linearly varying pressure from P1 at apex to P2 at transition with wall friction PP 

... (B.3) 

{ 
Z ( )} Z l( tan fJ J O'g = p, + P2 - PI --
h t cos fJ 

... (BA) 

... (B.5) 

For J.1 = 0, the maximum von Mises equivalent stress occurs in the body of the cone if P2 < 0,48 PI 

at the height: 

Z =0, h ... (B.6) 

B.3 "Radial stress field" with triangular switch stress at the transition 

P for ° < z < hI ... (B.7) 
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p 
h-111 

--",--,---~--,---_z) l( tan f3 J 
t(h - hi ) cos f3 

(J' =_1 _ p ( tan f3 + f1 ~ 
\1) 3th] cos f3 j 

for hi < Z < h ... (B.8) 

for 0 < Z < hi ... (B.9) 

for h1 < Z < h ... (B.IO) 

for 0 < z < h1 ... (B.I ]) 

... (B.12) 

in which PI is the pressure at a height hi above the apex and P2 is the pressure at the transition. 

8.4 General hopper theory pressures 
The pressure pattern may be defined in terms of the normal pressure p with accompanying wall 
frictional traction j.1P as: 

p = Fq ... (B.13) 

q A[l( Zj'_(~)II]+ql(~)/1 
n-l h h h 

... (B.14) 

with: 

17 = 2(Fj.1 cotp + F - 1) ... (B.15) 

F is the ratio of wall pressure p to vertical stress in the solid q and qt is the mean vertical stress in 

the solid at the transition: 
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(~ tan f3 + Jl J 
cosf3 

... (B.17) 
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Distribution of wind pressure around circular silo structures 

The distribution of wind pressures around a squat circular silo or ground-supported tank figure 
C.I) can be important to the assessment of anchorage requirements and wind buckling resistance. 
Values given in EN 1991-1-4 may not provide sufficient detail in certain cases. 

The pressure variation around an isolated silo may be defined in terms of the circumferential 
coordinate e with its origin at the windward generator (see figure C.2). 

The circumferential variation of the pressure distribution (positive inward) on an isolated closed roof 
silo (see figure C.2) is given by: 

Cp = -0,54 + 0,16(d/H) + {0,28 + 0,04(d/H)} cos8 + {I ,04 - 0,20(d/ H)} cos28 

+ {0,36 - 0,05(d/H)} cos38 {0,14 0,05(d/H)} cos48 ... (C. I) 

where de is the diameter of the silo and H its overall height (HIde is the aspect ratio for the complete 

structure and its supports) (see figure C.I), For silos with HIde less than 0.50, the values for HIde 

0.50 should be adopted. The pressure distribution should not be based on the cylinder height He' 

The circumferential variation of the pressure distribution (positive inward) on a closed roof silo in a 
group (see figure C.3) may be taken as: 

Cp = +0,20 + 0,60 cos8+ 0,27 cos28- 0,05 cos38- 0,13 cos48+ 0,13 cos68 

- 0,09 cos88+ 0,07 cosl08 

H 

Wind 

--------

I" 

_________ -+---.----:::11---

H 

Figure C1: Wind loaded silo 

2 

-I 

-2 

.. , (C.2) 

1 RO° 
8 

Figure C2: Wind pressure variation around half circumference in isolated silo 
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Wind 
--. 
--.--+r-----:::t--l 

2 

e 

-I 

-2 

Figure C3: Wind pressure variation around half circumference of silo in group 

Where the silo does not have a closed roof, the following additional uniform values of interna1 
underpressure coefficients LlCp should be added to the above, thus increasing the net stagnation 

inward pressure: 

a) additional inward pressure on open top silo: LlCp +0,6; 

b) additional inward pressure on a vented silo with a small opening: LlCp = +0,4. 

NOTE: LlCp is taken as positive inwards. For this case, the resultant of the external and 

internal pressure on the silo wall is close to zero on the leeward side of the silo. 
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Foreword 

This European Standard EN 1993-4-2, EUfocode 3: "Design of Steel Structures - Part 4-2: Tanks", 
has been prepared by Technical Committee CEN/TC250 «Structural Eurocodes », the Secretariat 
of which is held by BSI. CEN/TC2S0 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an 
identical text or by endorsement, at the latest by August 2007, and conflicting National Standards shall 
be withdrawn at latest by March 2010. 

This Eurocode supersedes ENV] 993-4-2: 1999. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, Germany, Greece, Hungary, Iceland, Ireland, Italy, 
Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, 
Slovenia, Spain, Sweden, Switzerland and United Kingdom. 

Background of the Eurocode progrmnlne 

In 1 the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonisation of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonised 
technical rules for the design of construction works which, in a first would serve as an 
alternative to the national rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of 
Member conducted the development of the Eurocodes programme, which led to the first 
generation of European codes in the] 980' s. 

]n 1 the Commission and the Member States of the ED and EFTA decided, on the basis of an 
agreement l

) between the Commission and CEN, to transfer the preparation and the publication of the 
Eurocodes to the CEN through a series of Mandates, in order to provide them with a future status of 
European Standard (EN). This links de facto the Eurocodes with the provisions of all the Council's 
Directives and/or Commission's Decisions dealing with European standards (e.g. the Council 
Directive 89/106/EEC on construction products - CPD - and Council Directives 93/37/EEC, 
92/50/EEC and 89/440/EEC on public works and services and equivalent EFTA Directives initiated in 
pursuit of up the internal market). 

The Structural Eurocode programme comprises the following standards generally consisting of a 
number of Parts: 

ENI990 
ENJ991 
ENJ992 

Eurocode 0: Basis of structural design 
Eurocode 1: Actions on structures 
Eurocode 2: Design of concrete structures 

I) 
Agreement between the Commission of the European Communities and the European Committee for Standardisation 

(CEN) concerning the work on EUROCODES for the of building and civil engineering works 

(BCICEN/03/89). 
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ENl993 
ENl994 
ENl995 
ENl996 
ENl997 
EN1998 
EN1999 

Eurocode 3: Design of steel structures 
Eurocode 4: Design of composite steel and concrete structures 
Eurocode 5: Design of timber structures 
Eurocode 6: Design of masonry structures 
Eurocode 7: Geotechnical design 
Eurocode 8: Design of structures for earthquake resistance 
Eurocode 9: Design of aluminium structures 

Eurocode standards recognise the responsibility of regulatory authorities in each Member State and 
have safeguarded their right to determine values related to regulatory safety matters at national level 
where these continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the EU and EFTA recognise that EUROCODES serve as reference documents 
for the following purposes: 

• as a means to prove compliance of building and civil engineering works with the essential 
requirements of Council Directive 89/ I particularly Essential Requirement N° 1 -
Mechanical resistance and stability - and Essential Requirement N°2 Safety in case of fire; 

• as a basis for specifying contracts for construction works and related engineering services; 

• as a framework for drawing up harmonised technical specifications for construction products 
(ENs and 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship 
with the Interpretative Documents2

) referred to in Article 12 of the CPO, although they are of a 
different nature from harmonised product standards3

). Therefore, technical aspects arising from the 
Eurocodes work need to be adequately considered by CEN Technical Committees and/or EOT A 
Working Groups working on product standards with a view to achieving full compatibility of these 
technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of 
whole structures and component products of both a traditional and an innovative nature. Unusual 
forms of construction or design conditions are not specifical1y covered and additional expert 
consideration will be required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode 
(including any annexes), as published by CEN, which may be preceded by a National title page and 
National foreword, and may be followed by a National Annex. 

2) 

3} 

AC(;Orcling to Art. 3.3 of the CPD. the essential .·<,,· ..... ·"""" .• Hc (ERs) shall be concrete form in 

documents for the creation of the necessary links between the essential requirements and the mandates for 

harmonised ENs and ETAGs/ETAs. 

to Art. 12 of the CPO the interpretative documents shall . 

a) concrete form to the essential by harmonising the and the technical bases and indicating 
classes or levels for each requirement where necessary: 

b) indicate methods of correlating these classes or levels of requirement with the technical e.g. methods of 
calculation and of proof, technical rules for project design. eLC. : 

c) serve as a reference for the establishment of harmonised standards and guidelines for European technical approvals. 

The Eurocodes, de facto, playa similar role in the field of the ER I and a part of ER 2. 
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The National Annex may only contain information on those parameters which are left open in the 
Eurocode for national choice, known as Nationally Determined Parameters, to be used for the design 
of buildings and civil engineering works to be constructed in the country concerned, i.e. : 

• values and/or classes where alternatives are given in the Eurocode, 
• values to be used where a symbol only is given in the Eurocode, 

• country specific data (geographical, climatic, etc), snow map, 

• the procedure to be Llsed where alternative procedures are given in the Eurocode. 
It may also contain: 

• decisions on the application of informative annexes, 
• references to non-contradictory complementary information to assist the user to apply the 

Ellrocode. 

Links between Eurocodes and harnlonised technical specifications (ENs and ETAs) for products 

There is a need for consistency between the harmonised technical specifications for construction 
products and the technical rules for works4

). Furthermore, all the information accompanying the CE 
Marking of the construction products which refer to Eurocodes should clearly mention which 
Nationally Determined Parameters have been taken into account. 

Additional information specific to EN1993·4·2 

EN 1993-4-2 gives design guidance for the structural design of tanks. 

EN 1993-4-2 gives design rules that supplement the generic rules in the many parts of EN 1993-1. 

EN 1993-4-2 is intended for clients, designers, contractors and relevant authorities. 

EN 1993-4-2 is intended to be used in conjunction with EN 1990, with EN 1991-4, with the other 
Parts of EN 1991, with EN 1993-1-6 and EN 1993-4-1, with the other Parts of EN 1993, with 
EN 1992 and with the other Parts of EN 1994 to EN 1999 relevant to the design of tanks. Matters that 
are already covered in those documents are not repeated. 

Numerical values for partial factors and other reliability parameters are recommended as basic values 
that provide an acceptable level of reliability. They have been selected assuming that an appropriate 
level of workmanship and quality management applies. 

Safety factors for 'product type' tanks (factory production) can be specified by the appropriate 
authorities. When applied to 'product type' tanks, the factors in 2.9 are for guidance purposes only. 
They are provided to show the likely levels needed to achieve consistent reliability with other designs. 

National Annex for EN1993-4-2 

This standard gives alternative procedures, values and recommendations for classes with notes 
indicating where national choices may have to be made. Therefore the National Standard 
implementing EN 1993-4-2 should have a National Annex containing all Nationally Determined 
Parameters to be used for the design of buildings and civil engineering works to be constructed in the 
relevant country. 

National choice is allowed in EN 1993-4-2 through: 

4) 

2.2 (I) 
2.2 (3) 

see An.J.3 and Arl.12 of the CPO, as well as clauses 4.2, 4.3. J, 4.3.2 and 5.2 of ID I. 
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1 General 

1.1 Scope 

(I) Part 4.2 of Eurocode 3 provides principles and application rules for the structural of 
vertical cylindrical ~ and rectangular above ground steel tanks for the storage of liquid 
products with the following characteristics 

a) characteri stic internal pressures above the liquid level not less than I OOmbar and not more 
than 500mbar J) ; 

b) design metal temperature in the range of -50oe to +300oe. For tanks constructed using 

austenitic stainless steels, the design metal temperature may be in the range of -165°e to 
+300oe. For fatigue loaded tanks, the temperature should be limited to T < 150oe; 

c) maximum design liquid level not higher than the top of the 
tank @lI. 

cylindrical and rectangular 

(2) This Part 4.2 IS concerned only with the requirements for resistance and stability of steel tanks. 
Other design requirements are covered by EN 14015 for ambient temperature tanks and by EN 14620 
for cryogenic tanks, and by EN 1090 for fabrication and erection considerations. These other 
requirements include foundations and settlement, fabrication, erection and functional 
performance, and details like man-holes, flanges, and filling devices. 

(3) Provisions concerning the special requirements of seismic design are provided in EN 1998-4 
(Eurocode 8 Part 4 "Design of structures for earthquake resistance: Silos, tanks and pipel1nes"), which 
complements the provisions of Eurocode 3 specifically for this purpose. 

The design of a supporting structure for a tank is dealt with in EN ] 993-1-1. 

(5) The design of an aluminium roof structure on a steel tank is dealt with in EN 1999-1-5. 

(6) Foundations in reinforced concrete for steel tanks are dealt with in EN 1992 and EN 1997. 

(7) Numerical values of the specific actions on steel tanks to be taken into account in the design are 
given in EN 1991-4 "Actions on Silos and Tanks". Additional provisions for tank actions are given in 
annex A to this Part 4.2 of Eurocode 3. 

(8) This Part 4.2 does not cover: 

floating roofs and floating covers; 

resistance to fire (refer to EN 1993-] -2). 

(9) The circular planform tanks covered by this standard are restricted to axisymmetric structures, 
though they can be subject to unsymmetrical actions, and can be unsymmetrically supported. 

1.2 Normative references 

This European Standard incorporates, by dated and undated provisions from other 
standards. These normative references are cited at the appropriate places in the text and the 
publications are listed hereafter. For dated references, subsequent amendments to, or revisions of, any 
of these publications apply to the European Standard only when incorporated in it by amendment or 
revision. For undated references the latest edition of the publication referred to applies. 

I) All pressures are ill mbar gauge UIlIe ... " otherwise specified 
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EN 1090-2 Execution of steel and alllminium structures Technical requiremellts for steel 
structures 

EN 1990 

EN 1991 

Eurocode: Basis (~f strllctural design; 

Eurocode 1: Actiolls 011 structures; 

Part 1.1: Actions on Structllres Densities, se(f\veight and imposed loadsfor buildings; 

Part 1.2: Actiolls on strllctures - Actiow·; 011 structllres expos'ed to fire; 

Part 1.3: Actions 011 structures - Snow loads; 

Part].4: Actions on strllctllres - Wind loads; 

Part 4: Actions 011 silos and tanks; 

EN ] 992 Eurocode 2 : Design of concrete structllres ; 

EN 1993 Ellrocode 3: Desigrt (~fsteel strllctllres; 

Part 1.]: General rule.)' and rllles for buildings; 

Part 1.3: General rules - Sllpplementary rules for coldformed members and sheeting; 

Part 1.4: General rules Sllpplement([1), rules for stainless steels; 

Part 1.6: General rules - Sllpplementary rules for the strength and stability (~l shell 
structures; 

Part 1.7: GeneraL rules - Supplementar.v rilles for pLanar plated structures loaded 
transversely; 

Part 1.10: Material toughness and through thickness properties; 

Part 4. I: Silos; 

EN 1997 Eurocode 7: Geotechnical design; 

EN 1998 Eurocode 8: Design (~fSlrllctliresfor earthquake resistance; 

Part 4: Silos, tanks and pipelines; 

EN 1999 Eurocode 9: Design of aLuminillm strllctures; 

Part 1.5: Shell structures; 

EN 10025 [gj) Hot rolled prodllcts ql structllral steeLs @11; 

Flat products made (if steel for pressure plll]JOSeS; 

Stainless steels 

EN 10028 

EN 10088 

EN 10149 Specification for hot-rolled flat products made of high yield strength steel.)' for 

coldforming. 

Part 1: General delivery conditions 

Part 2: Delivery conditions for thennomec/wl1ically rolled steeLs 

Part 3: Delivery condilionsfor normaliz.ed or nonnaliz.ed rolled steels 

EN 13084 Freestanding industriaL chimneys 

Part 7: Prodllct specificalion (~l cylindrical steeL fabrications for lise in singLe 'vvall 
steel chimneys and steel liners 

EN 14015 Spec{fication for the de5;ign and I1Wlll{lactllre of site built, vertical, cylindrical, 
flat bottomed, above ground, }velded, metallic tanks for the storage (~lliqltids at 
ambient temperatures 
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EN 14620 

ISO 1000 

ISO 3898 

ISO 8930 

Design and lJwlll~facture site bililt, vertical, cylindrical, flat-bottomed steel 
tanks for the storage (d' rejh'gerated, liquefied gases with operating 
temperatures betlveen -5°C and -165°C; 

Sf Units: 

Basesfor design q/strllctllres - Notation - General symbols: 

General principles on reliability for structures - List (d'equivalent terms. 

1.3 Assumptions 

(]) In addition to the general assumptions of EN 1990 the following assumption applies: 

- fabrication and erection complies with EN 1090, EN 140] 5 and 14620 as appropriate 

1.4 Distinction between principles and application rules 

(1) See 1.4 in EN ] 990. 

1.5 Terms and definitions 

(]) The terms that are defined in ].5 in EN 1990 for common use in the Structural Eurocodes and 
the definitions given in ISO 8930 apply to this Part 4.2 of EN 1993, unless otherwise stated, but for 
the purposes of this Part 4.2 the fol1owlng supplementary definitions are given: 

1.5.1 shell. A structure formed from a curved thin plate. This term also has a special meaning for 
tanks: see IR1) 1.5.9 

1.5.2 axisYlTIlTIetric shel1. A shell structure whose geometry is defined by rotation of a meridional 
line aboLlt a central axis. 

1.5.3 box. A structure formed from an assembly of flat plates into a three-dimensional enclosed 
form. For the purposes of this standard, the box has dimensions that are generally comparable in all 
directions. 

1.5.4 meridional direction. The tangent to the tank wall at any point in a plane that passes through 
the axis of the tank. It varies according to the structural element being considered. 

1.5.5 circumferential direction. The horizontal tangent to the tank wall at any point. It varies 
arollnd the tank, lies in the horizontal plane and is tangential to the tank wall inespective of whether 
the tank is circular or rectangular in plan. 

1.5.6 middle surface. This term is used to refer to both the stress-free middle surface when a shell is 
in pure bending and the middle plane of a flat plate that forms part of a box. 

1.5.7 separation of stiffeners. The centre to centre distance between the longitudinal axes of two 
adjacent parallel stiffeners. 

Supplementary to Part 1 of EN 1993 (and Part 4 of EN 1991), for the purposes of this Pml 4.2, the 
following terminology applies: 
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1.5.8 tank. A tank is a vessel for storing liquid products. In this standard it is assumed to be 
prismatic with a vertical axis (with the exception of the tank bottom and roof parts). 

1.5.9 shell. The shell is the cylindrical wall of the tank of circular planform. Although this usage is 
slightly confusing when it is compared to the definition given in 1.5.1 @l], it is so widely used 
with the two meanings that both have been retained here. Where any confusion can arise, the alternative 
term "cylindricaJ wall" is used. 

1.5.10 tank wall. The metal plate elements forming the vertical walls, roof or a hopper bottom are 
referred to as the tank wall. This term is not restricted to the vertical "valls. 

1.5.11 course. The cylindrical wall of the tank is formed making horizontal joints between a series 
of short cylindrical sections~ each of which is formed by making vertical joints between individual 
curved plates. A short cylinder without horizontal joints is termed a course. 

1.5.12 hopper. A hopper is a converging section towards the bottom of a tank. It is used to channel 
fluids towards a gravity discharge outlet (usually when they contain suspended solids). 

1.5.13 junction. A junction is the point at which any two or more shell segments or flat plate 
elements meet. It can include a stiffener or not: the point of attachment of a ring stiffener to the shell 
or box may be treated as a junction. 

1.5.14 transition junction. The transition junction is the junction between the vertical wall and a 
hopper. The junction can be at the base of the vertical wall or part way down it. 

1.5.15 shell-roof junction. The shell-roof junction is the junction between the vertical wall and the 
roof. It is sometimes referred to as the eaves junction, though this usage is more common for solids 
storages. 

1.5.16 stringer stiffener. A stringer stiffener is a local stiffening member that follows the meridian 
of a shell, representing a generator of the shell of revolution. It is provided to increase the stabil ity, or 
to assist with the introduction of local loads or to carry axial loads. It is not intended to provide a 
primary load carrying capacity for bending due to transverse loads. 

1.5.17 rib. A rib is a local member that provides a primary load carrying path for loads causing 
bending down the meridian of a shell or flat plate, representing a generator of the shell of revolution 
or a vertical stiffener on a box. It is used to distribute transverse loads on the structure by bending 
action. 

1.5.18 ring stiffener. A ring stiffener is a local stiffening member that passes around the 
circumference of the structure at a given point on the meridian. It is assumed to have no stiffness in 
the meridional plane of the structure. It is provided to increase the stability or to introduce local 
loads, not as a primary load-carrying element. In a shell of revolution it is circular, but in rectangular 
structures is takes the rectangular form of the plan section. 

1.5.19 base ring. A base ring is a structural member that passes around the circumference of the 
structure at the base and is required to ensure that the assumed boundary conditions are achieved in 
practice. 

1.5.20 ring girder or ring beam. A ring girder or ring beam is a circumferential stiffener which has 
bending stiffness and strength both in the plane of the circular section of a shell or the plan section of 
a rectangular structure and also normal to that plane. It is a primary load-carrying element, lIsed to 

distribute local loads into the she]] or box structure. 
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1.5.21 continuously supported. A continuoLisly Suppol1ed tank is one in which all positions around 
the circumference are supported in an identical manner. rv1inor departures from this condition (e.g. a 
small opening) need not affect the apphcability of the definition. 

1.5.22 discrete support. A discrete support is a ~ situation in which a tank is supported using 
a local bracket or column, giving a limited number of narrow supports around the tank circumference. 

1.5.23 catch basin. An external tank structure to contain fluid that may escape by leakage or 
accident from the primary tank. This type of structure is used where the primary tank contains toxic 
or dangerous tluids. 

1.6 Symbols used in Part 4.2 of Eurocode 3 

The symbols used are based on ISO 3898: 1987. 

1.6.1 Roman upper case letters 

A area of cross-section 
A I, A2 area of top, bottom flange of roof centre ring 
D diameter of tank 
E Young's modulus 
H height of part of shell wa]] to liquid surface: maximum design liquid height 
Ho height of the tank shell 
I second moment of area of cross-section 
K coefficient for buckling design 
L height of shell segment or stiffener shear length 
M bending moment in structural member 
N axial force in structural member 
Nr 
p 

R 
T 
W 

minimum nurnber of load cycles relevant for fatigue 
vertical load 011 roof rafter 
radius of curvature of shell which is not cylindrical 
temperature 
elastic section modulus; weight 

1.6.2 Roman lower case letters 

a side length of a rectangular opening in the shell 
b side length of a rectangular opening in the shell; width of a plate element in a cross-section 
cp coefficient for wind pressure loading 
d diameter of manhole or nozzle 
e distance of outer fibre of beam to beam axis 
fy design yield strength of steel 

fu ultimate strength of steel 

h rise of roof (height of apex of a dome roof above the plane of its junction to the tank shel1) 
height of each course in tank shell 

j joint efficiency factor; stress concentration factor; count of she]] wall courses 
I height of shell over which a buckle may form 
111 bending moment per unit width 
11 membrane stress resuHant 

number of rafters in circular tank roof 
p distributed loading (not necessarily normal to wall) 
Pn pressure normal to tank wall (outward) 

r radius of middle surface of cylindrical wall of tank 
wall thickness 
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w minimum width of base ring annular plate 
x radial coordinate for a tank roof 
y local vertical coordinate for a tank roof: replacement factor used in design of reinforced 

opemngs 
z global axial coordinate 

coordinate along the vertical axis of an axisymmetric tank (shell of revolution) 

1.6.3 Greek letters 

a slope of roof 
fJ inclination of tank bottom to vertical; = re/n where n is the number of rafters 

IF partial factor for actions 

1M partial factor for resistance 

5 deflection 
~ change in a variable 

v Poisson's ratio 

() circumferential coordinate around shell 
(J' direct stress 

1: shear stress 

1.6.4 Subscripts 

E value of stress or displacement (arising from design actions) 
F at half span; action 
a annular 
d design value 
f fatigue 

inside; inward directed; counting variable 
k roof centre ring 
k characteristic value 
m mean value 
mIll minimum allowed value 
n nominal; normal to the waH 
o outside; outward directed 
p pressure 
r radial; ring 
R resi stance 
s at support 
s shell wall 
x meridional; radial; axial 
y circumferential; transverse; yield 
o reference value 
I upper 
2 lower 

e circumferential (shells of revolution) 

1.7 Sign conventions 

1.7.1 Conventions for global tank structure axis system for circular tanks 

(l) The sign convention given here is for the complete tank structure, and recognises that the tank 
is not a structural member. Care with coordinate systems is required to ensure that local coordinates 
associated with members attached to the shell wall and loadings given in local coordinate directions 
but defined by a global coordinate are not confused. 
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In general, the convention for the global tank structure axis system is in cylindrical coordinates 
(see figure J. 1) as follows: 

Coordi nate system 

Coordinate along the central axis of a shell of revolution 

Radial coordinate 

Circu mferential coordinate 

(3) The convention for positive directions is: 

r 

(} 

Outward direction positive (internal pressure positive, outward displacements positive) 

Tensile stresses positive (except in buckling equations where compression is positive) 

(4) The convention for distributed actions on the tank wall surface is: 

Pressure normal to she11 ~ (outward pressure positive) @j] Pn 

z 

p 

s 

c 

T 

r 

p= pole; M= shell meridian; C= Instantaneous 0= roof; $= shell; B= bottom; T= transition 
centre of meridional curvature 
a) 3D sketch ~ with global @j] b) coordinates and loading: vertical 

axisymmetric shell coordinate system section 
Figure 1.1 : Coordinate systems for a circular tank 

1.7.2 Conventions for global tank structure axis system for rectangular tanks 

(I) The sign convention given here is for the complete tank structure, and recognises that the tank 
is not a structural member. Care with coordinate systems is required to ensure that local coordinates 
associated with members attached to the box wan and loadings given in local coordinate directions 
but defined by a global coordinate are not confused. 

(2) In general, the convention for the global tank structure axis system is in Cartesian coordinates 
x, )" z, where the vertical direction is taken as z figure 1.2). 

(3) The convention for positive directions is: 

14 
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(4) The convention for distributed actions on the tank wall surface is: 

Pressure normal to box (outward positive) p 

w 

.r 

B= box meridian 0= roof; W= wall; B= bottom 
a) 3D sketch IEJ) with global @11 

coordinate system 
b) coordinates and loading: vertical 

section 

Figure 1.2: Coordinate systems for a rectangular tank 

1.7.3 Conventions for structural element axes in both circular and rectangular tanks 

(I) The convention for structural elements attached to the tank wall (see figures 1.3 and 1.4) is 
different for meridional and circumferential members. 

(2) The convention for meridional straight structural elements (see figure 1.3a) attached to the tank 
wall (for both a shell and a box) is: 

Meridional coordinate for cylinder, hopper and roof attachment x 

Strong bending axis (parallel to flanges) 

Weak bending axis (perpendicular to flanges) 

y 
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a) stiffener and axes of bending 

s 

B 

1-/= I VVI, v= ;:)11t;;1I, U=UVllVIII 

b) local axes in different segments 

Figure 1.3: Local coordinate systems for meridional stiffeners on a shell or 
box 

D 

B 

0= roof; S= shell; B= bottom 

a) stiffener and axes of bending b) local axes in different segments 

Figure 1.4: Local coordinate systems for circumferential stiffeners on a shell 
or box 
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(3) The convention for circumferential curved structural elements (see figure l.4a) attached to a 
shell wall is: 

Circumferential coordinate axis (curved) 

Radial axis 

Vertical axis 

() 

r 

(4) The convention for circumferential straight structural elements attached to a box is: 

Circumferential axis x 

Horizontal axis y 

Vertical axis 

1.7.4 Conventions for stress resultants for circular tanks and rectangular tanks 

(I) The convention used for subscripts indicating membrane forces is: 
"The subscript derives from the direction in which direct stress is induced by the force" for direct 
stress resultants. For membrane shears and twisting moments, the SIgn convention is shown in 
Figure) .5. 

Membrane stress resultants, see figure 1.5: 

meridional membrane stress resultant 

n8 circumferential membrane stress resultant in shells 

ny circumferential membrane stress resultant in rectangular boxes 

l1xy or l1x8 membrane shear stress resultant 

Membrane stresses: 

~nx meridional membrane stress 

~n8 circumferential membrane stress in shells 

~11Y circumferential membrane stress in rectangular boxes 

or ~nx8 membrane shear stress 

The convention used for subscripts indicating moments is: 
"The subscript derives from the direction in which direct stress is induced by the moment". For 
twisting moments, the sign convention is shown in 1.5. 

NOTE: This plate and shell convention is at variance with beam and column conventions Llsed in 
Eurocode 3: Parts 1.1 and] .3. Care needs to be exercised when using them in conjunction with these 
provisions. 

Bending stress resultants, see figure 1.5: 

meridional bending moment per unit width 

circumferential bending moment per unit width in shel1s 

circumferential bending moment per unit width in rectangular boxes @J] 

In xy or 771 x8 twisting shear moment per unit width 

Bending stresses: 

Obx meridional bending stress 
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OJ)8 circumferential bending stress in shells 

(}by circumferential bending stress in rectangular boxes 

Tbxyor Tbx8 twisting shear stress 

Inner and outer surface stresses: 

(l,;ix' (}"ox meridional inner, outer surface stress 

(}"i8' (l,;oEl circumferential inner, outer surface stress in she11s 

(}"iy' (l,;oy circumferential inner, outer surface stress in rectangular boxes 

T"ixy' inner, outer surface shear stress in rectangular boxes 

11 
X 

III 
xy 

a) Membrane stress resultants b) Bending stress resultants 

Figure 1.5: Stress resultants in the tank wall (shells and boxes) 

1.8 Units 

(l)P S.L units shall be used in accordance with ISO 1000. 

(2) For calculations, the following consistent units are recommended: 

dimensions m mm 

unit weight kN/m3 N/mm3 

forces and loads kN N 

line forces and line loads kN/m N/mm 

pressures and area distributed actions kPa MPa 

unit mass kg/m3 kg/mm3 

acceleration km/s2 m/s2 

membrane stress resultants kN/m N/mm 

bending stress resultants kNm/m Nmm/mm 

stresses and elastic moduli kPa MPa (=N/mm2) 
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( I)P A tank shall be constructed and maintained to meet the requirements of section 2 of 
EN 1990 as supplemented by the following. 

(2) Special consideration should be given to situations during erection. 

2.2 Reliability differentiation 

(1) For re1iability differentiation see EN 1990. 

NOTE: The National Annex may define consequence classes for tasks as a function of the location, type 
of infill and loading, the structural type, size and type of operation. 

(2) Different levels of should @j] be used in the of tanks, depending on the 
consequence class chosen, that also includes the structural arrangement and the susceptibility to 

different failure modes. 

(3) In this Pmt, three consequence classes are used with requirements which produce designs with 
essentially equal risk in the design assessment and considering the expense and procedures necessary 
to reduce the risk of failure for different structures: consequence classes 1, 2 and 3. 

NOTE: The National Annex may provide information on the consequence classes. The rollowing 
classification is recommended. 

Consequence Class 3: Tanks storing Jiquids or liquefied gases with toxic or explosive potential 
and large size tanks with flammable or water-polluting liquids in urban areas. Emergency 
loadings should be taken into account for these structures where necessary, see annex A.2. J 4. 

Consequence Class 2: Medium size tanks with flammable or water-polluting liquids in urban 
areas. 

Consequence Class 1: Agricultural tanks or tanks containing water 

(4)P The choice of the relevant Consequence Class shall be agreed between the designer, the client 
and the relevant authority. 

2.3 Limit states 

(1) The limit states defined in EN 1993-1-6 should be adopted for this Part. 

2.4 Actions and environmental effects 

(l)P The general requirements set out in section 4 of EN 1990 shal1 be satisfied. 

(2) Because the information wind loads on liquid induced loads, internal pressure loads, thermally 
induced loads, loads resulting from pipes valves and other items connected to the tank , loads 
resulting from uneven settlement and emergency loadings set down in EN 1991 is not complete special 
information is given in annex A 

2.5 Material properties 

(1) The general requirements for material properties given in EN 1993-1 1 should be followed. 
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(2) The :-;pecific properties of materials for tanks given in section 3 of this Part should be used. 

2.6 Geometrical data 

(I) The general information on geometrical data provided in EN 1990 may be used. 

(2) The additional information specific to she]) structures provided in EN 1993-1-6 may be used. 

(3) The plate thicknesses given in 4.1.2 should be used in calculations. 

2.7 Modelling of the tank for determining action effects 

(I)P The general requirements of EN 1990 shall be followed. 

(2) The specific requirements for structural analysis in relation to serviceability set out in 5.5, 7.5 
and 9.4 should be used for the relevant structural segments. 

(3) The specific requirements for structural analysis in relation to ultimate limit states set Ollt in 
7.3 and 9.3 (and in more detail in EN 1993-1-6) should be applied. 

2.8 Design assisted by testing 

(I) The general requirements set out in Annex 0 of EN 1990 should be followed. 

2.9 Action effects for limit state verifications 

2.9.1 General 

(I) The general requirements of EN 1990 should be satisfied. 

2.9.2 Partial factors for ultimate limit states 

2.9.2.1 Partial factors for actions on tanks 

(I)P For persistent and transient design situations, the partial factors Yr' shall be used. 

NOTE: The National Annex may provide val ues for the ~ partial factors @j] rF Table 2.1 gives 

the recommended values for IF. 

(2)P For accidental design situations, the partial factors rF for the variable actions shall be used. 

This also applies to the liquid loading of catch basins. 

NOTE: The National Annex may provide values for the ~ partial factors @j] rF. Table 2.1 gives 

the rccommended valucs for IF 

(3)P Partial factors for 'product type' tanks (factory production) shall be specified. 

NOTE: The National Annex may provide values for the partial factors IF. Table 2.1 gives the 

recornlllcnded values for IF 
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Table 2.1: Recommended values for the partial factors for actions on tanks for 
persistent and transient design situations and for accidental design situation 

design situation I iquid type recommended recommended 

val ues for X, ill values for Yr: in 

case of variable case of 
actions from permanent 

liquids 
I 

actions 

toxic, explosive or I 

1,40 1,35 
liquid induced loads during operation dangerous liquids 

I 

tlammable liquids 1,30 1,35 

other liquids 1,20 1,35 

liquid induced loads during test all liquids 1,00 1,35 

accidental actions all liquids 1,00 

2.9.2.2 Partial factors for resistances 

(1) Where structural properties are determined by testing, the requirements and procedures of 
EN 1990 should be adopted. 

(2) Fatigue verifications should satisfy section 9 of EN 1993-1-6. 

(3)P The partial factors YMi shall be specified according to Table 2.2. 

Table 2.2: Partial factors for resistance 

Resistance to failure mode Relevant 
y 

Resistance of welded or bolted shell wall to plastic limit ~10 
state, cross-sectional resistance 

Resistance of shell wall to stability n,11 

Resistance of welded or bolted shell wall to rupture KV12 

Resistance of shell wall to cyclic plasticity YM4 

Resistance of welded or bolted connections or joints XVIS 

Resistance of shell wa]] to fatigue !;'V16 

NOTE: Partial factors n.'li for tanks may be defined in the National Annex. It''Nalues of n.'1,)' further Information 

may be found in EN 1993-1-8. For values of }f,!16, further information may be found in EN 1993-1-9. The 
following numerical values are recommended for tanks: 
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2.9.3 Serviceability limit states 

(1) Where simplified compliance rules are given in the relevant provisions dealing with 
serviceability limit states, detailed calculations using combinations of actions need not be carried out. 

(2) For all serviceability limit states the values of /1v1ser should be specified. 

NOTE: The National Annex may provide information on the value for the partial factor for serviceability 

]1.,hcl' nhel I is recommended. 

2.10 Combinations of actions 

(l)P The general requirements of EN 1990 shall be followed. 

(2) Tmposed loads and snow loads need not be considered to act simultaneously. 

Reduced wind actions, based on a short exposure period, may be used when wind is in 
combination with the actions of the hydrostatic test. 

(4) Seismic actions need not be considered to act during test conditions. 

(5) Emergency actions need not be considered to act during test conditions. The combination rules 
for accidental actions given in EN 1990 should be applied to emergency situations. 

2.11 Durability 

(J) The general requirements set out in EN 1990 should be followed. 
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3.1 General 
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(]) All steels used for tanks should be suitable for welding to permit later modifications 'vvhen 
necessary. 

(2) All steels used for tanks of circular planform should be suitable for cold forming into curved 
sheets or curved members. 

(3) The material properties given in this section should be treated as nominal values to be adopted 
as characteristic values in design calculations. 

(4) Other material properties are given in the relevant Reference Standards defined in EN 1993-]-
1. 

(5) Where the tank may be filled with hot liquids, the values of the material properties should be 
appropriately reduced to values corresponding to the maximum temperatures to be encountered. 

(6) The material characteristics at elevated temperature (T > ] oooe for structural steels and T> 
500 e for stainless steels) should be obtained from EN ] 3084-7. 

3.2 Structural steels 

(I) The methods for design by calculation given in this Part 4.2 of EN 1993 may be for 
structural steels as defined in EN 1993-1 1, which conform with parts 2 to 6 of EN ] 0025. The 
methods may also be used for steels included in EN 1993-1-3. 

(2) The mechanical properties of structural steels according to EN 10025 or EN 10]49 @1] 

should be taken from EN 1993-1 1 or EN 1993-1-3. 

3.3 Steels for pressure purposes 

(]) The methods for by calculation given in this Part 4.2 of EN 1993 may be used for steels 
for pressure purposes conforming with EN 10028 provided that: 

the yield strength is in the range covered by EN 1993-1-1; 

- the ultimate strain is not less than the minimum value for steels according to EN 1993-1-1 
which have the same specified yield strength; 

- the ratio is not less than 1,10. 

(2) The mechanical properties of steels for pressure purposes should be taken according to 
EN 10028. 

Where the design involves a stability calculation, appropriate reduced properties should be 
used, see EN 1993-1-6 section 3.1. 

NOTE: Further information may be given in the National Annex. 

3.4 Stainless steels 

(1) The mechanical properties of stainless steels according to EN 10088 should be obtained from 
EN 1993-1-4. 
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(2) Guidance for the selection of stainless steels in view of corrosion actions may be obtained from 
appropriate sources. 

(3) Where the design involves a buckling calculation, appropriate reduced properties should be 
used, see EN 1993-1-6. 

3.5 Toughness requirements 

3.5.1 General 

(1) The toughness requirements should be determined for the minimum design metal temperature 
according to EN 1993-1-10. 

(2) The minimum design metal temperature MDMT should be determined according to 3.S.2. 
MDMT may be used in place of Ted' in EN 1993-1-10. 

3.5.2 Minimum design metal temperature 

(I) The minimum design metal temperature MDMT should be the lowest of the minimum 
temperature of the contents or those classified in table 3.1. 

(2) The lowest one day mean ambient temperature LODMAT should be taken as the lowest 
recorded temperature averaged over any 24 hour period. Where insufficiently complete records are 
available, this average temperature may be taken as the mean of the maximum and minimum 
temperatures or an equivalent value. 

T bl 31 M" . d MDMTb d LODMAT a e . Inlmum eSlgn meta temperature ase on . 
Lowest one day mean ambient temperature Minimum design metal temperature 

LODNIAT MDMT 

1 0 years data 30 years data 

lODe s LODMAT LODMAT+soe LODMAT +looe 

-2soe s LODMAT s -looe LODMAT LODMAT+soe 

LODMAT s -2soe LODMAT-soe LODMAT 
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4 Basis for structu ral analysis 

4.1 Ultimate limit states 

4.1.1 Basis 

(I) Steel structures and components should be so proportioned that the basic design requirements 
given in section 2 are satisfied. 

4.1.2 Plate thickness to be used in resistance calculations 

(I) In calculations to determine the resistance, the design value of thickness for a plate is the 
nominal thickness specified in EN 10025, EN 10028 EN 10149 or EN 10088 reduced 
by the maximum value of minus tolerance and a value of corrosion allowance specified in 4.1.3. 

4.1.3 Effects of corrosion 

(1) The effects of corrosion sholl Id be taken into account. 

(2) The corrosion depends upon the stored liquid, the type of steel, the heat treatment and the 
measures taken to protect the construction against corrosion. 

(3) The value of an allowance should be specified if necessary. 

4.1.4 Fatigue 

(I)P With frequent load cycles the structure shall be checked against the fatigue limit state. 

(2) The design against low cycle fatigue may be carried out according to EN ] 993-1-6. 

(3) If variable actions will be applied with more than Nt cycles during the design life of the 
structure the design should be checked against fatigue (LS4) according to section 9 of EN 1993-1-6. 

NOTE: The National Annex may provide the value for the number Nt of cycles. The value N, 10000 is 
recommended. 

4.1.5 Allowance for temperature effects 

(1) The effects of differential temperature between parts of the structure should be included in 
determining the stress distribution depending upon the ultimate limit state considered. 

4.2 Analysis of the circular shell structure of a tank 

4.2.1 Modelling of the structural shell 

(I) The modelling of the structural shell should follow the requirements of EN 1993-1-6, but these 
may be deemed to be satisfied by the following provisions. 

(2) The modelling of the structural shell should include all stiffeners, openings and attachments. 

(3) The design should ensure that the assumed boundary conditions are satisfied. 
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4.2.2 Methods of analysis 

4.2.2.1 General 

(I) The analysis of the tank she)] should be carried out according to the requirements of 
EN 1993-1-6. 

(2) A higher class of analysis may always be used than that defined for the selected Consequence 
Class. 

(3) Irrespective of the Consequence Class chosen, the simplified design described in Section 1 1 
may be used if the conditions listed there are met. 

4.2.2.2 Consequence Class 1 

(1) For tanks in Consequence Class 1, membrane theory may be used to determine the primary 
stresses, with factors and simplified expressions to describe local bending effects and unsymmetrical 
actions. 

4.2.2.3 Consequence Class 2 

(l) For tanks In Consequence Class 2 under axisymmetric actions and support, one of two 
alternative analyses should be used: 

a) Membrane theory may be used to determine the primary stresses, with bending theory 
elastic expressions to describe all local effects. 

b) A validated numerical analysis may be used (for instance, finite element shell analysis) as 
defined in EN 1993-1-6. 

Where the loading condition is not axisymmetric, a validated numerical analysis should be 
used, except under the conditions set out in (3) and (4) below. 

(3) Notwithstanding (2), where the loading varies smoothly around the shell causing global 
bending only (i.e. in the form of harmonic 1), membrane theory may be used to determine the primary 
stresses. 

(4) For analyses of actions due to wind loading and/or foundation settlement, semi-membrane 
theory or membrane theory may be used. 

NOTE: For information concerning membrane theory, see EN 1993-1-6. The semi-membrane theory 
describes the membrane behaviour in interaction with the circumferential bending stiffness. 

(5) Where membrane theory is used to analyse the shell, discrete rings attached to an isotropic 
cylindrical tank shell under internal pressure may be deemed to have an effective area which includes 

a length of shell above and below the ring of Q,78{H, except where the ring is at a junction. 

(6) Where the shell is discretely stiffened by vertical stiffeners, the stresses in the stiffeners and the 
shell wa]] may be ca1cu lated by treating the stiffeners as smeared on the shell wall, provided the 

spacing of the stiffeners is no wider than 5{H. 

(7) Where vertical stiffeners are smeared, the stress in the stiffener should be determined making 
proper allowance for compatibility between the stiffener and the waH and the wan stress in the 
orthogonal direction, according to 4.4. 

26 



BS EN 1993-4-2:2007 
EN 1993-4-2: 2007 (E) 

(8) If a ring girder is used above discrete supports, compatibility of the axial deformation between 
the ring and adjacent shell segments should be considered. Where such a ring girder is used, the 
eccentricity of the ring girder centroid and shear centre relative to the shell wall and the support 
centreline should be included. 

(9) Where a ring girder is treated as a prismatic section (free of distortion), the vertical web 
segment should have a plate slenderness not greater than bit = 20. 

(10) Where a ring girder is used to redistribute forces into discrete supports and bolts or discrete 
connectors are used to join the structural dements, the shear transmission between the ring parts due 
to shell and ring girder bending phenomena should be determined. 

4.2.2.4 Consequence Class 3 

(I) For tanks in Consequence Class 3, the internal forces and moments should be determined using 
a validated analysis (for instance, finite element shell analysis) as defined in EN 1993-1-6. The 
plastic I1mit state (LS I) may be assessed using plastic collapse strengths under primary stress states as 
defined in EN 1993-1-6. 

4.2.3 Geometric imperfections 

(I) Geometric imperfections in the shell should satisfy the limitations defined in EN 1993-1-6. 

(2) For tanks in Consequence Classes 2 and 3, the geometric imperfections should be measured 
following construction to ensure that the assumed fabrication tolerance has been achieved. 

(3) Geometric imperfections in the shell need not be explicitly included in determl ni ng the internal 
forces and moments, except where a GNIA or GNINIA analysis is used, as defined in EN 1993-1-6. 

4.3 Analysis of the box structure of a rectangular tank 

4.3.1 Modelling of the structural box 

(1) The modelling of the structural box should follow the requirements of EN 1993-1-7, but they 
may be deemed to be satisfied by the following provisions. 

(2) The modelling of the structural box should include all stiffeners, openings and attachments. 

(3) The design should ensure that the assumed boundary conditions are satisfied. 

(4) The joints between segments of the box should satisfy the modelling assumptions for strength 
and stiffness. 

(5) Each panel of the box may be treated as an individual plate segment provided that both: 

a) the forces and moments introduced into each panel by its neighbours are included; 

b) the flexural stiffness of adjacent panels is included. 

(6) Where the wall panel is discretely stiffened by stiffeners, the stress in the stiffeners and in the 
wall may be calculated by treating the stiffeners as smeared on the box wall, provided that the spacing 
of the stiffeners is no wider than 11s t. 

NOTE: The National Annex may choose the value of liS' The value liS 40 is recommended. 
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(7) Where smeared stiffeners are used, the stress in the stiffener should be determined making 
proper allowance for eccentricity of the stiffener from the wall plate, and for the wall stress in the 
direction orthogonal to the axis of the stiffener. 

(8) The effective width of plate on each side of a stiffener should be taken as not greater than new t, 
where t is the local plate thickness. 

NOTE: The National Annex may choose the value of new. The value new 15£ ~ is recommended. 

4.3.2 Geometric imperfections 

(1) Geometric imperfections in the box should satisfy the limitations defined in EN 1993-1-7. 

(2) Geometric imperfections in the box need not be explicitly included in determining the internal 
forces and moments. 

4.3.3 Methods of analysis 

(I) The internal forces in the plate segments of the box wall may be determined using either: 

a) static equilibrium for membrane forces and beam theory for bending; 

b) an analysis based on linear plate bending and stretching theory; 

c) an analysis based on nonlinear plate bending and stretching theory. 

(2) For tanks in Consequence Class 1 method (a) in (1) may be used. 

(3) Where the design loading condition is symmetric relati ve to each plate ",,,,,'YrY\,ont and the tank is 
in Consequence Class 2, method (a) in (1) may be used. 

(4) Where the loading condition is not symmetric and the tank is in Consequence Class 2, either 
method (b) or method (c) in (1) should be used. 

(5) For tanks in Consequence Class 3, the internal forces and moments should be determined using 
either method (b) or method (c) in (I). 

4.4 Equivalent orthotropic properties of corrugated sheeting 

( 1) Where corrugated sheeting is used as part of the tank structure, the analysis may be carried out 
treating the sheeting as an equivalent orthotropic wall. 

(2) The orthotropic properties obtained from considering the load displacement behaviour of the 
corrugated section in the orthogonal directions may be used in a stress analysis and in a buckling 
analysis of the structure. The properties may be determined as described in 4.4 of EN 1993-4-1. 

28 



5 Design of cylindrical walls 

5.1 Basis 

5.1.1 General 
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(1) Cylindrical shell walls should be so proportioned that the basic design requirements for the 
ultimate limit state given in section 2 are satisfied. 

(2) The safety assessment of the cylindrical shell should be carried out using the provisions of 
EN ] 993-1-6. 

5.1.2 Wall design 

(1) The cylindrical she]] wa]] of the tank should be checked for the following phenomena under the 
limit states defined in EN 1993-1-6: 

- Global stability and static equilibrium 

- LS 1: plastic limit 

LS2: cyclic plasticity 

LS3: buckling 

LS4: fatigue 

(2) The cylindrical shell wall should satisfy the provisions of EN 1993-1-6, except where this 
standard provides alternatives that are deemed to satisfy the requirements of that standard. 

(3) For tanks in Consequence Class L the cyclic plasticity and fatigue limit states may be ignored. 

5.2 Distinction of cylindrical shell forms 

(1) A cylindrical shell wall constructed from flat rolled steel sheet is termed 'isotropic' 5.3.2 
of EN 1993-4-]). 

(2) A cylindrical shell wall constructed from corrugated steel sheets where the troughs pass around 
the circumference of the tank is termed 'horizontally corrugated' (see 5.3.4 of EN 1993-4-1) . 

(3) A cylindrical shell wall with stiffeners attached to the outside is termed 'externally stiffened' 
irrespective of the spacing of the stiffeners (see 5.3.3 of EN 1993-4- I). 

5.3 Resistance of the tank shell wall 

(1) The resistance of the cylindrical shell should be evaluated using the provisions of EN ] 993-1-6, 
except where the clauses of 5.4 contain provisions that are deemed to satisfy the provisions of that 
standard. 

(2) The joint efficiency of full penetration butt welds may be taken as unity provided that the 
requirements of EN 140 15 or EN 14620, as appropriate, are met. 

(3) For other types of connection the joint design should be in accordance with EN 1993-1-8. 
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5.4 Considerations for supports and openings 

5.4.1 Shell supported by a skirt 

(I) Where the cylindrical shell is supported by a skirt, this should satisfy the provisions of 
EN 1993-4-1. 

5.4.2 Cylindrical shell with engaged columns 

(1) Where the cylindrical shelJ is supported with engaged columns, this should satisfy the 
provisions of EN \993-4-1. 

5.4.3 Discretely supported cylindrical shell 

(I) Where the cylindrical shell is discretely supported by columns or other devices, the provisions 
of EN ] 993-4-] for this condition should be satisfied. 

5.4.4 Discretely supported tank with columns beneath the hopper 

(1) Tanks discretely supported with columns beneath the hopper should satisfy the provisions of 
EN 1993-4-1. 

5.4.5 Local support details and ribs for load introduction in cylindrical walls 

5.4.5.1 Local supports beneath the wall of a cylinder 

(]) Local supports beneath the wall of the cylinder shou ld satisfy the provisions of EN 1993-4-1. 

5.4.5.2 Local ribs for load introduction into cylindrical walls 

(1) Local ribs for load introduction into cylindrical walls should satisfy the provisions of EN 1993-
4-1. 

5.4.6 Openings in tank walls 

5.4.6.1 General 

(1) Where an opening in the cylindrical shell wall reduces the load carrying capacity or endangers 
the stability of the shell, the opening should be reinforced. 

(2) This reinforcement may be achieved by: 

- increasing the thickness of the shell plate; 

- adding a reinforcing plate; 

- the presence of a nozzle body. 

NOTE: The against the plastic limit state (LS I) generally governs in the region of high pressure 
loading (l1quid ane! internal) whereas stahility considerations (LS3) arc likely to control the in 
regions where the plate thickness is small due to low pressures (upper courses). 
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5.4.6.2 Shell nozzles of small size 

(I) Shell nozzles with outside diameter less than 80mm are classed as of small size. 

(2) Reinforcement may be omitted, provided that the thickness of the wall at the nozzle is not less 
than that given in table 5.1. 

T bl 51 M' . I b d h' k a e Inlmum nozz e o IY t Ie ness 

Outside diameter dn of Minimum nominal thickness t rel .n (111111 ) 

Manhole or nozzle (mm) Carbon steel Austenitic and austenitic-ferritic 
stainless steel 

d n :::;; 50 5,0 3,5 

50 < dn :::;; 75 5,5 5,0 

75 < d n :::;; 80 " 
6,0 

5.4.6.3 Design of shell man holes and shell nozzles of large size for LS1 

(I) Shell man holes and shell nozzles with outside diameter 
large size. 

than 80mm are classed as of 

(2) The design may be undertaken llsing either the area replacement method according to 
paragraphs (3) and (4), or alternatively by the method described in paragraph (5) and (6). 

(3) A reinforcement of cross-sectional area M should be provided in the vertical plane containing 
the centre of the opening, given by: 

0,75 d trd ... (5.1) 

where: 

d is the diameter of the hole cut in the shel1 plate~ 

tref is the thickness required by the design for LS I for the shell plate without opening. 

(4) The reinforcing area M may be provided by anyone or any combination of the following 
three methods: 

a) The provision of a nozzle or a manhole body. The portion of the body which can be 
considered as reinforcement is that lying within the shell plate thickness and within a 
distance of four times the body thickness from the shell plate surface unless the body 
thickness is reduced within this distance, when the limit is the point at which the 
reduction begins. 

b) The addition of a thickened shell insert plate or a reinforcing plate, the limit of 
reinforcement being such that 1,5d < d n < 2d, where d n is the effective diameter of 
reinforcement. A non-circular reinforcing plate may be llsed provided the minimum 
requirements are met 

c) The provision of a shell plate thicker than required by the design for LS I for the shell 
plate without an opening. The limit of reinforcement is the same as that described in (b). 

(5) As an alternative to the area replacement method specified in (3) and (4) the reinforcement may 
be achieved by introducing a nozzle body that protrudes on both sides of the shell plate by an amount 
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not less than 1,17 This method should not be used unless the nozzle body is more than 

lOOmm from the base ring plate. 

(6) The thickness of the nozzle body should be chosen such that the stress concentration factor j 
does not exceed 2,0. The stress concentration factor j should be obtained from figure 5.1 using the 
replacement factor y. The replacement factor y should be evaluated from: 

y = + 

where: 

is the shell plate thickness; 

til is the nozzle body thickness; 

rm IS the mean radius of the nozzle (nozzle middle surface); 

r is the external radius of the nozzle; 

rj IS the inside radius of the nozzle . 
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Figure 5.1: Stress concentration factor for barrel-type nozzle reinforcements 

5.4.6.4 Design for LS3 in the presence of shell openings 

(1) The effect of openings on the stability of shells may be neglected provided that the 
dimensionless opening size '7 is smal1er than '7max = 0,6, and '7 is given by; 

... (5.3) 

where: 

r IS the radius of the cylindrical shel1 near the opening; 
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is the thickness of the unstiffened shel1 wall near the opening; 

1'0 is the radius of the opening. 

(2) Where the opening is rectangular, the equivalent opening radius may be taken as: 

a+b 
1'0= --

4 
... (5.4) 

where: 

a is the horizontal side length of the opening; 

b is the vertical height of the opening. 

(3) Where the radius of the opening ro is less than one third of the radius r of the cylindrical 
shell, no reduction in the assessed buckling resistance need be made as a result of the opening, 
provided that the cross-sectional area taken away by the opening is smaller than the rei nforcement 
cross-sectional area M. The reinforcement can be provided according to 5.4.6.3 (4) or by means of 
stiffeners in the meridional direction. 

(4) If stiffeners in the meridiona'! direction are used to reinforce the opening, the cross-section of 
each stiffener should be reduced towards the ends to prevent the formation of buckles due to stress 
concentration in the shell plate near the stiffener ends. 

5.4.7 Anchorage of the tank 

(1) The anchorage should be principally attached to the cylindrical shell and not to the base ring 
plate alone. 

(2) The design should accommodate movements of the tank due to thermal changes and hydrostatic 
pressure to minimise stresses induced in the shell by these effects. 

(3) Where the tank is supported on a rigid anchorage, and is subject to horizontal loads (e.g. wind, 
impact) the anchorage forces should be calculated according to shell theory. 

NOTE: It should be noted that these forces may be locally much higher than those found using beam 
theory. See clause (3) of section 5.4.7 of EN 1993-4-1. 

(4) The design of the cy1indrical shell for local anchorage forces and bending moments resulting 
from the anchorage should meet the provisions of ~ 1993-4-1 @iI. 

5.5 Serviceability limit states 

5.5.1 Basis 

(1) The serviceability limit states for cylindrical plated walls should be taken as: 

deformations and deflections that adversely affect the effective use of the structure; 

deformations, deflections or vibrations that cause damage to non-structural elements. 

(2) Deformations, detlections and vibrations should be limited to meet the above criteria. 

(3) Specific limiting values, appropriate to the intended use, should be agreed between the 
designer, the client and the relevant authority, taking account of the intended use and the nature of the 
liquids to be stored. 
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6 Design of conical hoppers 

(I) The design of conical hoppers should satisfy the requirements of EN 1993-4-1. 

7 Design of circular roof structures 

7.1 Basis 

7.1.1 General 

(1) Steel tank roofs should be so proportioned that the basic design requirements for the ultimate 
Ii mit state given in section 2 are satisfied. 

The safety assessment of the spherical or conical shell should be can-ied out using the 
provisions of EN 1993-1-6. 

(3) The safety assessment of the roof supporting structure should be carried out using the 
provisions of EN 1993-1-1. 

7.1.2 Roof design 

(]) The roof should be checked for: 

resistance to buckling; 

resistance of the joints (connections); 

- resistance to rupture under internal pressure. 

(2) The roof plating should satisfy the provisions of EN 1993-1-6 except where 7.3 to 7.5 provide 
an alternative approach. 

7.2 Distinction of roof structural forms 

(1) The roof may either have a spherical, a conical, a torispherical or a toriconical shape. Where 
high internal pressures occur above the liquid surface, the shape should preferably be chosen as 
tori spherical or toriconic31. 

(2) A roof structure in one of the shapes described in (I) may either be unsupported or supported 
by structural members. 

(3) 'rhe roof supporting structure according to (2) may be supported by columns. 

(4) The roof supporting structure may be arranged below the roof plating or above the roof plating. 

(5) The roof plating may be: 

a) supported by the roof structure without connection; 

b) attached to the roof structure. 

(6) Where frangibility of the roof is required, type (a) should be used. 
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(7) Where the roof supporting structure is external, type (b) should be used. 

7.3 Resistance of circular roofs 

(1) The roof plating should satisfy the provisions of EN 1993-1-6 unless special provisions are 
given in 7.4. 

(2) The roof supporting structure should satisfy the provisions of EN 1993-1 I. 

(3) Torispherical and toriconical roofs should be designed to prevent buckling of the knuckle 
region under internal pressure. 

7.4 Considerations for individual structural forms 

7.4.1 Unsupported roof structure 

(1) Unsupported roofs should be of butt-welded or double welded lap construction. 

(2) In double welded lap construction, the reduction of resistance against buckling and the plastic 
limit state due to the joint eccentricities should be taken into account in the model for the analysis. 

7.4.2 Cone or dome roof with supporting structure 

7.4.2.1 Plate deSign 

(1) The roof plating may be designed using large deflection theory. 

(2) Where roof frangibility is required, roof plates shOll Id not be attached to the internal roof 
supporting structure. 

7.4.2.2 Design of the supporting structure 

(1) The roof supporting structure should satisfy the provisions of EN 1993-1 1. 

(2) If the roof plating is attached to the roof supporting structure an effective width of this plating 
may be taken as part of the supporting structure. This effective width may be taken as 16t unless a 
larger value is confirmed by an analysis. 

(3) With column supported roofs, special consideration should be given to the possibility of 
settlement of the foundations. 

7.4.3 Roof to shell junction (eaves junction) 

(I) The roof to cylinder junction (eaves junction) should be designed to carry the total downward 
vertical load from the roof (dead weight, snow, live load and internal negative pressure). 

(2) The roof to cylinder junction should satisfy the provisions of EN I ] -6. If the conditions set 
out in 11.1 (1) are satisfied, the simplified design method given in 1 ] .2.5 may be applied. 

(3) For frangible roof design the compression area A should satisfy the condition: 

... (7.1) 
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where: 

W IS the total weight of the shell and any framing (but not roof-plates) supported by the 
shell and roof; 

a is the angle between the roof and a horizontal plane at the roof to cylinder junction. 

7.5 Serviceability limit states 

(1) The serviceability limit states for tank roofs should be taken as f01l0ws: 

- deformations and deflections that adversely affect the effective use of the structure; 

deformations, deflections or vibrations that cause damage to non-structural elements. 

(2) Deformations, deflections and vibrations should be limited to meet the above criteria. 

(3) Specific limiting values, appropriate to the intended use, should be between the 
designer, the client and the relevant authority, taking account of the intended use and the nature of the 
liquids to be stored. 

8 Design of transition junctions at the bottom of the shell and 
supporting ring girders 

(]) The design of transition junctions at the bottom edge and supporting ring girders should satisfy 
the requirements of EN 1993-4-1. 
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(l) A rectangular tank should be designed either as stiffened box in which the structural action is 
predominantly bending, or as a thin membrane structure in which the action is predominantly 
membrane stresses developing after large deformations. 

(2) Where the box is designed for bending action, the joints should be designed to ensure that the 
connectivity assumed in the stress analysis is achieved in the execution. 

9.2 Distinction of structural forms 

9.2.1 Unstiffened tanks 

(1) A structure that is fabricated from flat steel plates without attached stiffeners should be treated 
as an 'unstiffened box'. 

(2) A structure that is stiffened only along joints between plates which are not coplanar should also 
be treated as an 'unstiffened box'. 

9.2.2 Stiffened tanks 

(1) A structure that is fabricated from flat plates to which stiffeners are attached within the plate 
area should be treated as a 'stiffened box'. The stiffeners may be circumferential or vertical or 
orthogonal. 

9.2.3 Tanks with ties 

(I) Tanks with ties may be square or rectangular. 

9.3 Resistance of vertical walls 

9.3.1 Design of individual unstiffened plates 

(1) Unstiffened plates should be designed for bending as a two-dimensional plate under the actions 
from the stored liquid, the pressure above the liquid, stresses resulting from diaphragm action, and 
10cal bending action from attachments or piping. 

9.3.2 Design of individual stiffened plates 

(l) Corrugated or trapezoidal sheeting that spans in the horizontal direction should be designed for 
global bending under the actions from the stored liquid, the pressure above the liquid, stresses 
resulting from diaphragm action, and local bending action from attachments or piping. 

(2) Effective bending properties and bending resistance of stiffened plates should be derived in 
accordance with EN ] 993-1-3. 

(3) The in-plane shear stiffness and shear resistance may be determined as analogous to that of the 
plane plate if the sheeting is continuously connected along all its boundaries to the adjacent members. 
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NOTE: I r the conneclion is on only parts of the vertical boundary (e.g. connection only in the troughs of 
the corrugalion or trapezoidal sheeting), the stresses can increase dramatically and the stiffness ean 
decrease dramatically. It is assumed that such constructions will not be used because of requirements of 

lE8) liquid lightness 

9.3.3 Global bending from direct action of the stored liquid and the pressure above the liquid 

(1) Horizontal bending resulting from the normal pressure on the wall should be considered. The 
loads should be supported by either one-way or two-way bending action. 

9.3.4 Membrane stresses from diaphragm action 

(I) The design should take account of membrane tension stresses that develop in the walls as a 
result of hydrostatic pressures on opposing walls normal to the wall being considered. 

(2) The design should also take account of membrane compression stresses that can develop as a 
result of wind acting on other walls that are orthogonal to the wall being considered. 

9.3.5 local bending action from attachments or piping 

(I) Local bending action from attachments or piping should be avoided as far as possible. 
However, if this is not possible, a check should be made on the local stresses and deformations near 
the attachment. 

9.4 Serviceability limit states 

(I) The serviceabi1ity limit states for walls of rectangular steel tanks should be taken as follows: 

- deformations or deflections which adversely affect the effective use of the structure 

deformations, deflections and vibrations which cause damage to non-structural elements. 

(2) Deformations, deflections and vibrations should be limited to meet the above criteria. 

(3) Specific limiting values, appropriate to the intended use, should be agreed between the 
designer, the client and the relevant authority, taking account of the intended use and the nature of the 
liquids to be stored. 

10 Requirements on fabrication, execution and erection with 
relation to design 

(I) The tank should be fabricated and erected according to EN ] 4015 or EN 14620 and executed 
according to EN 1090, as appropriate. 
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11 Simplified design 

11.1 General 

(1) The simplified analysis of this section may be applied where al1 the following conditions are 
satisfied: 

- the tank structure is of the form shown in figure I 1.1; 

- the only internal actions are liquid pressure and gas pressure above the liquid surface; 

- maximum design liquid level not higher than the top of the cylindrical shell; 

- the following loadings can all be neglected: thermally induced loads, seismic loadings, loads 
resulting from uneven settlement or connections and emergency loadings; 

- no course is constructed with a thickness less than that of the course above it, except for the 
zone adjacent to the eaves ring; 

the design value of the circumferential stress in the tank shell is less than 435 N/mm 2
; 

for a spherical roof, the radius of curvature is between 0,8 and 1,5 times the diameter of the 
tank; 

for a conical roof, the slope of the roof is between 1 in 5 and I in 3 if the roof is only supported 
from the she]] (no internal support); 

- the design gradient of the tank bottom is not greater than I: 100; 

- the bottom is fully supported or supported by closely spaced parallel girders; 

- the characteristic internal pressure is not below -8,5 mbar and not greater than 60 mbaI'; 

- the number of load cycles is such that there is no risk of fatigue failure. 

(2) The design yie1d stress throughout this chapter should be taken as: 

~"d = ~, I YMO (11.1 ) 

where: 

.I;, IS the characteristic yield strength of the steel: 

YMO according to section 2.9.2.2 
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~ 
I 

Figure 11.1: Tank structure with catch basin, where simplified tank design is 
applicable 

11.2 Fixed roof design 

11.2.1 Unstiffened roof shell butt welded or with double lap weld 

( I) Provided that the maximum local value of the distributed design load is used in (3) and (5) to 
represent the distributed pressure on the roof, possible non-uniformity of the distributed load need not 
be considered. 

Where a concentrated load is applied, a separate assessment should be made in accordance with 
section 7. 

(3) The strength of the roof under the design internal pressure Po.Ed should be verified using: 

- for spherical roofs 
21 

... (11.2) 

for conical roofs ... (l1.3) 

in which: 

Re = rlsina for a conical roof 

where: 

j is the joint efficiency factor; 

Po.Ed is the radial outward component of the uniformly distributed design load on the roof (i.e. 
the characteristic value multiplied by the partial factor according to section 2.9.2.1); 

r is the radius of the tank cylindrical shell wall; 

Re is the radius of curvature for the conical roof: 

Rs is the radius of curvature of the spherical roof; 

IS the roof plate thickness; 

a IS the slope of the conical roof to the horizonta1. 
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(5) The stability of a spherical roof under the design external pressure Pi.Ed should be verified 
using: 

... (11.4) 

in which: 

Ro = R~ 

where: 

Pi.Ed is the radial inward component of the uniformly distributed design load on the roof (i.e. 
the characteristic value multiplied by the partial factor according to section 2.9.2.1). 

(6) The stability of a conical roof under the design external pressure Pi.Ed should be verified 
according to the provisions of section 7.3 of EN I 993-4-1 ~ text deleted @iI. 

11.2.2 Self supporting roof with roof structure 

(1) The specified thickness of all roof plating should be not less than 3mm for stainless steels and 
not less than 5mm for other steels. 

(2) The roof structure should either be braced (see 11.2.4) or structurally connected to the roof 
plating. 

(3) The roof plates may be designed using large deflection theory. 

(4) The design of the roof supporting structure should satisfy the requirements of EN 1993-1-1. 

(5) Provided that the diameter of the tank is less than 60m and the distributed load does not deviate 
strongly from symmetry about the tank axis, the procedure described in (6) to (10) may be used for 
spherical roofs. 
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r 

A' 

x = ~r 
III 

0= roof profile; A= tank axis 

Figure 11.2: Tank spherical roof coordinates 

h 

(6) For spherical roofs under the action of distributed loads arising from imposed load, snow load, 
wind load, permanent load and pressure, the maximum vertical component should be taken as the 
design value Pv,Ed acting either upwards or downwards, with jJv,Ed taken as negative if it acts 
upwards. The total design vertical force per rafter should be taken as: 

... (11.5) 

in which: 

j3 = reIn 

where: 

11 is the number of rafters; 

r 1 s the radi us of the tank; 

Pv.Ed IS the maximum vertical component of the design distributed load (see annex A) 
including the dead weight of the supporting structure (downward positive); 

is the total design vertical force per rafter. 

(7) The normal force NEd and bending moment M Ed in each rafter for design according to EN 
1993-1-1 may be obtained from: 

0,375 r PEd 
h 

provided that the following conditions are met: 

p v. Eel ] ,2 kK 1m 2 
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... (11.9) 

17K 2 2 11K ... (11.10) 

Al 2 ... (11.11) 

2 ~ 
2/3 

... (11.12) 

in which: 

£ NEd ... (11.13) 

where: 

h is the rise of the tank roof, see figure 11 

x 1S the radial distance from the centreline of the tank, see figure 11 

y is the vertical height of the roof at coordinate x, see figure 11.2; 

17K 1S the flange width of the centre ring, see figure II 

hK is the vertical distance between the flanges of the centre ring, see figure 11.3; 

A I is the area of the top flange of the centre ring, see figure 11.3; 

A2 is the area of the bottom flange of the centre ring, see figure 11.3; 

Iy is the second moment of area of the rafter about the horizontal axis. 

(8) If the second moment of area of the rafter Iy varies along the length of the rafter due to 
the variable effective width of roof plates when they are connected to the rafters) the value of Iy at a 
distance 0,5r from the tank axis may be used in (7). 

(9) Provided that the conditions given in (7) are satisfied, the design of the centre ring may be 
verified by checking only its lower chord according to (10). 

(10) Provided that there are at least J 0 uniformly spaced rafters, the design value of the member 
force Nr,Ed and bending moment Mr.Ed for the central ring may be calculated using: 

in which: 

N 2 .Ed 

2/3 
... (11.14) 

... (11.15) 

... (1 1.16) 
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\vhere: 

is the design value of the force in the lower chord of the centre ring; 

NEd is the design value of the force in the rafter~ 

MEd is the design value of the bending moment in the rafter at its inner end; 

eo ]s the vertical eccentricity of the rafter neutral axis from the top flange of the centre ring, 
see figure 11 

rk is the radius of the neutral axis of the centre ring, see figure 1 1.3. 

) 
l 

! 

t 
i 
i 
i 
i 
i 
I 
I 
i @il 
i 
i 
I 
i 
i 

/1 i 
i 
i 
i 

i 
i 
i 
i 
; 
i 

I i 

~J n:~ 
'r\----------------------~~ 
! \ f 

p= profile section separating flanges; BA= beam axis; A= tank axis; NA= neutral axis of A1 and A2 for 
bending in the plane of the plates 

Figure 11.3: Roof centre ring 

11.2.3 Column supported roof 

(J) The specified thickness of all roof plating shou ld be not less than 3mm for stainless stee1s and 
not less than 5mm for other steels. 

(2) The roof plates may be designed using large deflection theory. 

(3) The design of the roof supporting structure should satisfy the requirements of EN 1993-1 1. 

11.2.4 Bracing 

(1) If the roof plates are not connected to the rafters, bracing should be used. 

(2) For roofs exceeding 15 m diameter. at least two bays of bracing should be provided (i.e. two 
pairs of adjacent rafters connected by truss members). The sets of braced bays should be spaced 
evenly around the tank circumference. 
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(3) For braced roofs with diameter between 15 m and 25 m, an additional circumferential ring 
should be provided. For braced roofs with diameter over 25 m, two additional circumferential rings 
should be provided. 

(4) The bracing should be designed for a stabilising force equal to 1 % of the sum of the normal 
forces in the stabilised members. 

11.2.5 Edge ring at the shell to roof junction (eaves junction) 

(1) The force in the effective ring (area where the roof is connected to the shell) should be 
verified using: 

NEd 
$ f~.d ... (11.17) 

in which: 

') 

p r-

2 tana 
... (11.1 

where: 

is the effective area of the edge ring indicated in figure 11.4~ 

a IS the slope of the roof to the horizontal at the junction~ 

pv,Ed IS the maximum vertical component of the design distributed load including the dead 
weight of the supporting structure (downward positive). 

(2) Where the separation between adjacent rafters at their points of connection to the edge 
does not exceed 3,25m, the stability of the edge ring need not be verified. 

(3) Where the design distributed load pv,Ed acts upwards, the bending moments in the ring 
may be ignored. 

(4) Where the separation between adjacent rafters at their points of connection to the ring 
does not exceed 3,25m, and the design distributed load pv.Ed acts downwards, the bending moments 
in the edge ring may be ignored. 

(5) Where the separation between adjacent rafters at their points of connection to the edge 
exceeds 3,25m, the bending moments in the edge ring about its vel1ical axis should be taken into 
account in addition to the normal force in the ring NEd. The bending moments in the ring (positive 
values inducing tensile stresses on the inside of the ring) should be evaluated using the following 
expressions. 
At the connection of the rafter: 

... (1 1.19) 

At half span between the rafters: 

r f3 ' ---] 
\ sin f3 ) 

(1 1.20) 

NOTE: Where Pv,Ed acts in the upward direction, it is taken as negative, causing a change or in all 
the normal forces and bending moments. 
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WI' = 0,6 ~~Rltr 

W('= (},6-·Ft 

r 

Figure 11.4: Edge ring at the shell to roof junction 

11.3 Shell design 

11.3.1 Shell plates 

r 

(I) The circumferential normal stress due to liquid loads and internal pressure should be verified in 
each shell course using: 

... (11.2]) 

where the value of Hrcd for the Jth course, denoted by Hred .j , is determined according to its 
relationship with the value for the course below it, which is the (j-l)th course: 

if Hr"d.j-l 
2:: ... (11.22) 

H rcd .j if ... (11.23) 

in which: 

/j,H = 0,30 metres 

where: 

P is the density of the contained liquid; 

g IS the acceleration due to gravity; 
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Hj is the vertical distance from the bottom of the jth course to the liquid level, 

PEel is the design value of the pressure above the liquid level (i.e. the characteristic value 
multiplied by the partial factor according to 2.9.2.1 ). 

11.3.2 Stiffening rings 

(I) Fixed roof tanks with roof structures may be considered to be adequately stiffened at the top of 
the shell by the roof structure. A primary ring need not be used. 

(2) Open top tanks should be provided with a primary ring which is located at or near the top of the 
uppermost course. 

(3) If the lower edge of the shell is effectively anchored to resist vertical displacements the primary 
stiffening ring may be designed by satisfying both the strength and the stiffness requirement given in 
clauses (12) to (14) of section 5.3.2.5 of EN 1993-4-]. 

(4) If the lower of the shell is not effectively anchored to resist vertical displacements the 
buckling assessment should be carried out using EN 1993-1-6. 

(5) When stiffening rings are located more than 600 mm below the top of the she]], the tank should 
be provided with a top curb angle with the following size: 

- 60x60x5 where the top shell course has a thickness less than 6 mm; 

80x80x6 where the top she]] course has a thickness of 6 mm or more. 

For either 
shell. 

section, the horizontal leg should be not further than 25 mm from the top edge of the 

(6) The requirement for a secondary ring to prevent local buckling of the shell should be 
investigated using the following procedure. The height over which buckling of the unstiffened shell 
can occur (measured from the top of the shell or the primary wind girder downwards) should be taken 
from: 

2.5 

HE = :Lh ... (I 1.24) 

where: 

h is the height of each course in turn below the edge ring or the primary wind girder; 

IS the thickness of each course in turn: 

tmin is the thickness of the thinnest course. 

(7) The height that may be taken to be stable without a secondary ring should be taken from: 

25 
0,46 rK ... (1 1.25) 

in which: 

K= 1 if the axial stress ax.Ed is tensile ... (11.26) 
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K if the axial stress is compressive .. (11.27) 

where PEu is the maximum design value of the inward component of the pressure on the shell wa]] 
(pressure on the outside, negative pressure on the inside) and (rlt) is taken at the same location as the 

design value ~x,Ed of the compressive axial membrane stress. 

NOTE: The above formulas can sometimes be very conservative in the case of very short 
The provisions of EN 1993-1-6 may be used to provide a more economic design. 

(8) The non-uniform distribution of pressure qw.EcI resulting from external wind loading on 

cylinders (see 11.5) may, for the purpose of tank buckling design, be substituted by an 
equivalent uniform external pressure: 

= k\V qw.ll1ax.Ed ... (11.28) 

where qw.lll:tx.Ed is the maximum wind pressure, and kw should be found as follows: 

... (11.29) 

with ell' according to clause (8) of section 5.3.2.5 of EN 1993-4-1. 

(9) The pressure PEd to be introduced into 11.25 follows from: 

PEd = ... (11.30) 

where qs.Ed is the internal suction caused by venting, internal partial vacuum or other phenomena. 

a) wind pressure 
distribution around shell 

circumference 

b) equivalent 
axisymmetric pressure 

distribution 

Figure 11.5: Transformation of typical wind external pressure load distribution 

(10) The procedure set out in (7) should not be used where the axial stress is compressive unless 
both of the following conditions are met: 

r ~ 200 ... (11.31) 
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... (11.32) 

is the height of the buckle. This is 
ring stiffeners whichever is less. 

by Hf,,' or the distance between the adjacent 

(1 ]) If HE s Hp, a secondary ring need not be used. 

(12) If HE > Hp, the height HE should be subdivided by stiffening rings equally spaced at 
separations HI' or less to prevent buckling of the shell waH. If more than one stiffening ring is 
necessary, the value of K may be calculated separately for each bay between stiffening rings, to give 
different distances Hp between stiffening rings according to (7). 

(13) If the thickness of the course to which a lower ring is attached is greater than the minimulll 
plate thickness tmin, an adjustment should be made as fol1ows. The distance H1ower.adj at which a lower 
ring should be placed below the edge ring or primary ring should be evaluated instead as using: 

2.5 

where: 

Hlower is the distance from the edge ring or the primary 
adjusted; 

.,. (11.33) 

to the secondary ring position to be 

Htlnin is the distance from the edge ring or the primary ring to the lower boundary of the shell 
courses with thickness tmin' 

(14) Secondary rings should not be located within 150mm of a circumferential tank seam. 

(15) Unless a more detailed assessment is carried out using EN 1993-1-6 secondary rings should 
satisfy the following stiffness requirement 

with 

2 

P j.Edr(a j+l +(1 j) 

2 

1,79 

H 

lnB next smaller integer to mn 

IR,j second moment of area of secondary ring j 

max I R.j maximum value of h.j for all secondary rings 

( 11.34) 

( 11 

(11.36) 
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H height of the primary ring or roof to shell junction above the bottom edge 

o.j distance from secondary ring} to the next secondary ring below or to the bottom edge 
if there is no secondary ring below 

OJ+I distance from secondary ring} to the next secondary ring above or to the primary ring 
or roof to shell junction if there is no secondary ring above 

tj mean value of the shell thickness along the distance OJ 

min(aj tj) minimum value of OJ tj along the height H 

r radius of the tank shell 

negative design pressure at the secondary ring) 

11.3.3 Openings 

(l) Openings and mountings should be designed according to 5.4.6. 

11.4 Bottom design 

(I) The design of the bottom plate should take corrosion into account. 

(2) Bottom plates should be lap welded or butt welded. For welding details see EN 14015 or 
EN 14620, as appropriate. 

(3) The specified thickness of the bottom plates should not be less than specified in table 11.1 
excluding corrosion al1owance. Larger values should be used if required to resist uplift due to the 
internal negative pressure, unless a minimum guaranteed residual liquid level is used to assist in 
resisting this uplift. 

T bl 111M' , a e . Inlmum nomina I b tt 0 I t thO k ompla e Ie ness 

Material Lap welded bottoms Butt welded bottoms 

Carbon steels 6mm 5 mm 

Stainless steels 5 mm 3mm 

(4) Bottom plates supported by parallel girders (elevated bottoms) may be designed as continuous 
beams according to smal1 deflection theory. If the deformation of the cross section of the supporting 
girders due to the lateral load is negligible (e.g. concrete beams, hollow sections, beams with heavy 
flanges), the span of the continuous beam representing the plate may be taken as the distance between 
adjacent edges of these supporting members, instead of the distance between the centre-lines of the 
supporting members. 

(5) Bottoms for tanks greater than 12,5m diameter should have a base ring (in the form of an 
annular plate) that satisfies the strength and toughness requirements on the shell course to which they 
are attached. This base ring should have a minimum nominal thickness ta excluding corrosion 
allowance obtained from: 

ta = tJ3 + 3mm but not less than 6mm ... (11.37) 

where t~ is the thickness of the attached shell course. 
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NOTE 1: This minimum thickness of bottom plate may lead to the formation of a plastic hinge in the 
annular plate, avoiding alternating plasticity in the weld detail at the bottom of the shell 'wall. However, it 
should be noted that this minimum plale thickness may also lead to uplin of the ouler or the annular 
plate, with consequent potential for corrosion. 

NOTE 2: Where axial forces develop in the tank shell, the annular plate must be designed to distribute 
these axial forces into the foundation. 

(6) The inner part of the base ring annular plate should not have an exposed width w less than the 
limiting value \Va, obtained from: 

f yt;; 

[
, ') J 112 

Wa = 1,5 -'
pgH 

but not less than 500mm (I 1.38) 

where: 

H IS the maximum design liquid height. 

w{/ is the minilllu1l1 exposed width (distance from the inner edge of the annular base plate to 
the inner edge of the shell plate). 

ta is the thickness of the annular plate, taking account of the corrosion allowance. 

p IS the density of the contained liquid. 

g is the acceleration due to gravity. 

(7) The radial seams connecting annular plates to each other should be full penetration butt welded. 
For welding detail s, see EN 14015 or EN 14620, as appropriate. 

(8) The distance from the outer edge of the shell plate to the outer of the bottom plates or base 
ring annular plate should not be less than 50mm. 

(9) The attachment of the lowest course of the shell plate to the annular plates or bottom sketch 
plates should be continuous fillet welds on both sides of the shell plate. 

(l0) The throat thickness for each fillet weld should be greater than or equal to the thickness of the 
annular plate or of the sketch plate, except that they should not exceed 10111111 and where the shell 
plate thickness is than the sketch plate or annular plate thickness, they should not exceed the 
appropriate value given in table 11.2. 

Table 11.2: Fillet weld throat thickness if shell plate is thinner than 
sketch plate or annu lar plate 

Shell plate thickness, t Fillet weld throat thickness 

t< 5 mm 2,0 111m 

t 5 mm 4,5 mm 

t> 5 mm 6,0 111m 

11.5 Anchorage design 

(1) Tank anchorage should be provided for fixed roof tanks. if any of the following conditions can 
cause the cylindrical shell wall and the bottom plate close to it to lift off its foundations: 
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a) Uplift of an empty tank due to internal design pressure counteracted by the effective 
corroded weight of roof, shell and permanent attachments; 

b) Uplift due to internal design pressure in combination with wind loading counteracted by 
the effective corroded weight of roof, shell and permanent attachments plus the effective 
weight of the product always present in the tank as agreed between the designer, the 
client and the relevant authority. 

c) Uplift of an empty tank due to wind loading counteracted by the effective corroded 
weight of roof, shell and permanent attachments; 

d) Uplift of an empty tank due to external liquid caused by flooding. In such cases it is 
necessary to consider the effects upon the tank bottom, tank shell etc. as well as the 
anchorage design. 

For this check, the uplift forces due to the wind load may be calculated using the assumption that the 
tank shell has a rigid cross section (beam theory). This assumption implies that local uplift can occur. 
In cases where no local uplift can be allowed, a more sophisticated analysis is required. 

(2) Anchorage points should be spaced evenly around the circumference of the tank, insofar as this 
is possible. 

(3) The design of the holding down bolts or straps should meet the requirements of EN ] 993-1-1. 
The minimum cross-sectional area for the holding down bolts or straps should be 500mm~. If 
corrosion is anticipated, a minimum corrosion allowance of I mm should be added. 

(4) The anchorage should be principally attached to the shell wall. It should not be attached to the 
bottom plate alone. 

(5) The design of the anchorage should accommodate movements of the tank due to thermal 
changes and hydrostatic pressure and minimise any stresses induced in the shell. 

(6) The design of the shell for local anchorage forces and bending moments resulting from the 
anchorage should meet the requirements of 5.4.6 and 5.4.7 of EN 1993-4-]. 

(7) No initial tension shOll Id be applied to the holding down bolt or strap, to ensure that it will 
become effective only if an uplift force develops in the shell of the tank. 

NOTE: If the holding down bolts or straps are not pretensioned, the maximum uplift forces in them under 
wind load will be reduced. so that the calculation described in (1) will be applicable. In addition, a 
reduction will occur in the stresses induced by restraint of radial movements due to thermal changes and 
hydrostatic pressure. 
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Annex A [normative] 

Actions on tanks 

A.1 General 

(1) The design should take account of the characteristic values of the actions listed in A.2.1 to 
A.2.14. 

(2) The partial factors on actions according to 2.9.2.1 and the action combination rules according to 
2.10 should be applied to these characteristic values. 

A.2 Actions 

A.2.1 Liquid induced loads 

(1) During operation, the load due to the contents should be the weight of the prodllct to be stored 
from maximwn design liquid level to empty. 

(2) During test, the load due to the contents should be the weight of the test 1I1edillmfrol11 maximum 
test liquid level to empty. 

A.2.2 Internal pressure loads 

(1) During operation, the internal pressure load should be the load due to the specified minimum 
and maximum values of the internal pressure. 

(2) During test, the internal pressure load should be the load due to the specified mi nimull1 and 
maximum values of the test internal pressure. 

A.2.3 Thermally induced loads 

(1) Stresses resulting from restraint of thermal expansion may be ignored if the number of load 
cycles due to thermal expansion is such that there is no risk of fatigue failure or cyclic plastic failure. 

A.2.4 Dead loads 

(1) The dead loads on the tank should be considered as those resulting from the weight of all 
component pat1s of the tank and all components permanently attached to the tank. 

(2) Numerical values should be taken from EN 1991 1-]. 

A.2.S Insulation loads 

(1) The insulation loads should be those resulting from the weight of the insulation. 

Numerical values should be taken from EN 1991-1-]. 

A.2.6 Distributed live load 

(I) The distributed live load should be taken from EN 1991 I I unless otherwise specified. 
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A.2.7 Concentrated live load 

(I) The concentrated live load should be taken from EN 1991 1 1 unless otherwise specified. 

A.2.8 Snow 

(l) The loads should be taken from EN 1991-1-3. 

A.2.9 Wind 

(I) The loads should be taken from EN 1991 1-4. 

(2) In addition, the fol1owing pressure coefficients may be used for circular cylindrical tanks, see 
figure A.I: 

a) internal pressure of open top tanks and open top catch basin: cp = -0,6. 

b) internal pressure of vented tanks with small openings: -0,4. 

c) where there is a catch basin, the external pressure on the tank shell may be assumed to 
reduce linearly with height. 

(3) Due to their temporary character, reduced wind loads may be used for erection situations 
according to EN ] 991-1-4. 

A.2.10 Suction due to inadequate venting 

(I) The loads should be taken from EN ] 991-1-4. 

A.2.11 Seismic loadings 

(I) The loads should be taken from EN 1998-4, which also sets out the requirements for seismic 
design. 

A.2.12 Loads resulting from connections 

(I) Loads resulting from pipes, valves and other items connected to the tank and loads resulting 
from settlement of independent item supports relative to the tank foundation should be taken into 
account. Pipework should be designed to minimise loadings applied to the tank. 

A.2.13 Loads resulting from uneven settlement 

(1) Settlement loads should be taken into account where uneven settlement can be expected during 
the lifetime of the tank. 

A.2.14 Emergency loadings 

(]) ]'he loads should be specified for the specific situation and can include loadings from events 
such as external blast, impact adjacent external fire, explosion, leakage of inner tank, roll over, 
overfill of inner tank. 
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Dr= Diameter of tank; Dc= Diameter of catch-basin; 
1) cp = 0,4 applies only for the vented tank; where no numerical values are given with cp @il 
they have to be obtained from EN 1991-1-4. 

Figure A.1: Pressure coefficients for wind loading on a circular cylindrical tank 
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Foreword 

BS EN 1993-4-3:2007 
EN 1993-4-3: 2007 (E) 

This European Standard EN 1993-4-3, "Eurocode 3: Design of steel structures - P31t 4.3: Pipelines", has 
been prepared by Technical Committee CEN/TC250 « Structural Eurocodes », the Secretariat of which is 
held by BSI. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an 

identical text or by endorsement, at the latest by August 2007, and conflicting National Standards shall be 

withdrawn at latest by March 2010. 

This document supersedes ENV 1993-4-3: 1999. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 

following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, Czech 

Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, 
Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, 
Slovenia, Spain, Sweden, Switzerland and United Kingdom. 

Background of the Eurocode programme 

In 1975, the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonisation of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonised 
technical rules for the design of construction works which, in a first stage, would serve as an alternative 
to the National rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of 
Member States, conducted the development of the Eurocodes programme, which led to the first 
generation of European codes in the 1980' s. 

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an 
agreement l ) between the Commission and CEN, to transfer the preparation and the publication of the 
Eurocodes to the CEN through a series of Mandates, in order to provide them with a future status of 
European Standard (EN). This links de facto the Eurocodes with the provisions of a11 the Council's 
Directives and/or Commission's Decisions dealing with European standards the Council Directive 
89/1 06/EEC on construction products - CPD and Council Directives 93/37/EEC, 92/50/EEC and 
89/440/EEC on public works and services and equivalent EFTA Directives initiated in pursuit of setting 
up the internal market). 

The Structural Eurocode programme comprises the following standards generally consisting of a 
number of Parts: 

EN 1990 Eurocode 0: Basis of structural design 
EN1991 Eurocode 1: Actions on structures 
EN1992 Eurocode 2: Design of concrete structures 
EN 1993 Eurocode 3: Design of steel structures 
EN 1994 Eurocode 4: Design of composite steel and concrete structures 

1) Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (BC/CEN/03/89). 
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EN 1995 Eurocode 5: Design of timber structures 
EN 1996 Eurocode 6: Design of masonry structures 
EN 1997 Eurocode 7: Geotechnical design 
EN 1998 Eurocode 8: Design of structures for earthquake resistance 
EN 1999 Eurocode 9: Design of aluminium structures 

Eurocode standards recognise the responsibility of regulatory authorities in each Member State and 
have safeguarded their right to determine values related to regulatory safety matters at national level 
where these conti nue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the ED and EFT A recognise that EUROCODES serve as reference documents 
for the fol1owing purposes: 

as a means to prove compliance of building and civil engineering works with the essential 
requirements of Council Directive 89/l 06/EEC, particularly Essential Requirement N° I 
Mechanical resistance and stability and Essential Requirement N°2 - Safety in case of fire; 
as a basis for specifying contracts for construction works and related engineering services; 
as a framework for drawing up harmonised technical specifications for construction products (ENs 
and ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship 
with the Interpretative Documents2) referred to in Article 12 of the CPD, although they are of a 
different nature from harmonised product standards3). Therefore, technical aspects arising from the 
Eurocodes work need to be adequately considered by CEN Technical Committees and/or EOTA 
Working Groups working on product standards with a view to achieving full compatibility of these 
techn ical specifications with the EUfocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of 
whole structures and component products of both a traditional and an innovative nature. Unusual forms 
of construction or design conditions are not specifically covered and additional expert consideration 
will be required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including 
any annexes), as published by CEN, which may be preceded by a National title page and National 
foreword, and may be followed by a National Annex. 

The National Annex may only contain information on those parameters which are left open in the 
Eurocode for national choice, known as Nationally Determined Parameters, to be used for the design of 
bui Idings and civil engineering works to be constructed in the country concerned, i.e. : 

2) According to Art. 3.3 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative 
documents for the creation of the necessary links between the essential requirements and the mandates for harmonised ENs and 
ETAGs/ETAs. 
3) According to Art. 12 of the CPO the interpretative documents shall : 

(a) give concrete form to the essential requirements by harmonising the terminology and the technical bases and 

(b) 

(c) 

indicating classes or levels for each requirement where necessary; 
indicate methods of correlating these classes or levels of requirement with the technical specifications, e.g. 
methods of calculation and of proof, technical rules for project design, etc. ; 
serve as a reference for the establishment of harmonised standards and guidelines for European technical 
approvals. 

The Eurocodes, de facto, playa similar role in the field of the ER 1 and a part of ER 2. 
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values and/or classes where alternatives are given in the Eurocode, 

values to be used where a symbol only is given in the Eurocode, 

- country specific data (geographical, climatic, etc), e.g. snow map, 

the procedure to be used where alternative procedures are given in the Eurocode, 

decisions on the application of informative annexes, 

references to non-contradictory complementary information to assist the user to apply the 
Eurocode. 

links between Eurocodes and harmonised technical specifications (ENs and ETAs) 

There is a need for consistency between the harmonised technical specifications for construction 
products and the technical rules for works4 ). Furthermore, all the information accompanying the CE 
Marking of the construction products which refer to Eurocodes shall clearly mention which Nationally 
Determined Parameters have been taken into account. 

Additional information specific to EN 1993-4-3 

EN 1993-4-3 gives design rules for the structural design of buried pipelines, 111 particular for the 
evaluation of the strength, stiffness and deformation capacity. 

The rules for local buckling in this part EN 1993-4-3 are in line with those in other pipeline standards. 
The design critical curvatures according to EN 1993-4-3 are larger than those that could be deduced 
from EN 1993-1-6. The main reasons are that the loading in buried pipelines is mainly deformation 
controlled and the consequences of local buckling are less severe than in structures where the loading is 
mainly load controlled. 

It is recognized that many standards exist for the design of pipelines covering many di fferent aspects. 
Examples are routing, pressure systems, corrosion protection, construction and welding, 
operation and maintenance. For aspects other than the structural of the pipeline itself, reference 
is made to the relevant European standards listed in 1.3. This is also the case for elements like valves, 
fittings, insulating couplings, tees and caps. 

Because up till now in EN 1991, no rules exist for actions (loads) on pipelines, reference is made to 
relevant EN standards on pipelines e.g. EN 1594 on gas transmission pipelines and EN 14161 on 
pipeline transportation systems for the petroleum and natural gas industries. 

National Annex for EN 1993-4-3 

This standard gives alternative procedures, values and recommendations for classes with notes 
indicating where national choices may have to be made. Therefore the National Standard implementing 
EN 1993-4-3 should have a National Annex containing all Nationally Determined Parameters to be 
used for the design of buildings and civil engineering works to be constructed in the relevant country. 

National choice is allowed in EN 1993-4-3 through paragraphs: 
2.3 (2) 

mi) 3.2 (1 )P, (2)P, (3), (4) @j] 
3.3 (2), (3), (4) 

3.4 (3) 

4.2 (1)P 

4) see Art.3.3 and Art.12 of the CPO, as well as clauses 4.2, 4.3.1, 4.3.2 and 5.2 of 10 1. 
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5.1.1 (2), (3), (4), (5), (6), (9), (10), (11), (12), (13) 
5.2.3 (2) 
5.2.4 (1) 
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1 General 

1.1 Scope 

(1) This Part 4-3 of EN 1993 provides principles and application rules for the structural design of 
cyhndrical steel pipelines for the transport of liquids or gases or mixtures of liquids and gases at 
ambient temperatures, which are not treated by other European standards covering particular 
applications. 

(2) Standards dealing with specific pipeline applications should be used for these purposes, notably 

- EN 805 : 2000 for water supply systems (drinking water); 

IE1) EN 1011, Recommendations for arc welding of steels; 

- EN 1090-2, Execution of steel structures and aluminium structures Technical 
requirements for steel structures; 

- EN 1295: 1997 for buried pipelines under various conditions of loading (waste water); 

- EN 1594: 2000 for gas supply systems for operating pressures over 16 bar; 

~ - EN 10208, Steel pipes for pipelines for combustible fluids (1993): 

Part I: Pipes of requirement class A; 
Part 2: Pipes of requirement class B; 

- EN 12007: 2000 for gas supply systems up to and including 16 bar; 

- EN 12732: 2000 for welding; 

IE1) - EN 13445, Unfired pressure vessels series; 

- EN 13941: 2003 for pre-insulated bonded pipe systems for district heating; 

EN 13480: 2002 for industrial pipelines; 

- EN 14161: 2004 for pipeJ ine transportation systems for the petroleum and natural gas industries. 

(3) Rules related to special requirements of seismic design are provided in EN 1998-4 (Eurocode 8: 
Part 4 "Design of structures for earthquake resistance: Silos, tanks and pipelines"), which complements 
the rules of Eurocode 3 specifically for this purpose. 

(4) This Standard is restricted to buried pipelines, corresponding to the scope of Eurocode 8 Part 4 
for pipelines. It is specifically intended for llse on: 

- Buried pipelines in settlement areas and in non-settlement areas; 

- Buried pipelines crossing dykes, traffic roads and railways and canals. 

(5) The design of pipelines involves many different aspects. Examples are routing, pressure safety 
systems, con-osion protection, construction and welding. operation and maintenance. For aspects other 
than the structural design of the pipeline itself, reference is made to the relevant European standards 
listed in 1.2. This is also the case for elements like valves, fittings, insulating couplings, tees and caps. 

(6) Pipelines usually comprise several associated facilities such as pumping stations, operation 
centres, maintenance stations, etc., each of them housing different sorts of mechanical and electrical 
equipment. Since these facilities have a considerable influence on the continued operation of the 
system, it is necessary to give them adequate consideration in the design process aimed at satisfying the 
overall reliability requirements. However, explicit treatment of these facilities, is not included within 
the scope of this Standard. 

(7) Although large diameter pipelines are within the scope of this Standard, the corresponding design 
criteria should not be used for apparently similar facilities like railway tunnels and large underground 
gas reservoirs. 
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(8) The provisions in this Standard are not necessarily complete for particular applications. Where 
this is the case, additional provisions to those applications should be adopted. 

This Standard specifies the requirements regarding material properties of plates and welds in 
terms of strength and ductility. For detailed guidelines and requirements about materials and welding, 
reference should be made to the relevant standards listed in ] .2. 

(10) The scope of this Standard is limited to steel grades with a specified minimum yield strength not 
exceedi ng 700 N/mm2

• 

1.2 Normative references 

This European Standard incorporates, by dated and undated reference, provisions from other standards. 
These normative references are cited at the appropriate places in the text and the publications are listed 
hereafter. For dated references, subsequent amendments to, or revisions of, any of these publications 
apply to the European Standard only when incorporated in it by amendment or revision. For undated 
references the latest edition of the publication referred to applies. 

~ Texts deleted@l] 

~ Texts deleted 
EN 1090-2 Execution qf steel structures and aluminium structures - Technical 

requirements for steel strllCtllres; 

~ Texts deleted @l] 
Part I: General reqllirements; 

EN 1594 Gas supply systems: Pipelines - Maximum Operating Pressure over 16 bar, 
Fllnctional reqllirements; 

EN 1990 
EN 1991 
EN 1993 

Basis of structllral 
Actions OIl .ytrllctllres; 
Eurocode 3: Design of steel :,'frllctures; 
General rllles and rule,':!j()}' buildings; Part 1.1: 

Part 1.3: 
Part 1.6: 
Part 1.7: 
Part] .8: 
Part 1.9: 
Part 1.10: 
Part 1.12: 
Part 4.1: 

SlipplemenullY rllles for cold formed l71embe rs and sheeting; 
Strength and stability of shell structures; 
Strength and stability of planar plated structllres transversely loaded; 
Design (<I'joints; 
Fatigue; 
Material toughness and through-thickness properties; 
Additional rlilesfor the extension (~lEN 1993 up to steel grades S 700; 
Silos; 

Part 4.2: Tanks; 
EN J 997 Eurocode 7: Geotechnical design; 
EN 1998 Eurocode 8: De,<:iign provisions for earthquake resi,)'tance structures; 

Part 4: Silos, tanks and pipelines; 
~ Texts deleted @l] 

Part 1: Pipes (<I' requirement class A; 
Part 2: Pipes of reqllirement class B; 

EG) Texts UCICI\:;1v1 

Part 1: General functional recOlmnendatiolls; 
Part 2: Spec~ficfllncliol1al recommendationsjbr polyethylene; 
Part 3: Spec~fic flfllctional recommendations for steel. 

EN 12732 Gas sllPply systems Welding steel pipe lvork -jimctiollal reqllirements;. 

Texts deleted @l] 

ISO ]000 Sf Units; 
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ISO 3183 

Part] : 
Part 2: 
Part 3: 

EN 14870 
Parts 1 

ISO 13623 
ISO 13847 

Part 1: 
Part 2: 
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Petrolellm and natural gas industries; Steel pipe for pipelines; Technical 
delivery conditions (J 996): 
Pipes of reqllirement class A; 
Pipes of requirements class B; 
Pipes of reqllirement class C; 

Indllction bends, jltting,)' and flanges for pipeline transportation systems 
Petrolellm and natural gas irzdu:·;tries; Pipeline trallsportation systems; 
Welding steel pipeline (2000); 
Field welding; 
Shop H'elding; 

NOTE 1: EN 1295 is intended for sanitation, and water supply: it is chiefly concerned with principles 
and equations are presented only in an annex. 

NOTE 2: EN 1594 is applicable to new pipelines with a maximum operating pressure (MOP) greater 
than ] 6 bar for the carriage of processed, non-toxic and non-corrosive natural gas according to ISO/DIS 
13686 in on land gas supply systems. It is prepared by WG 3 Gas Transmission of CEN/TC 234 Gas 
Supply. 

NOTE 3: For more references on gas supply, gas transmission, gas storage, etc .. see EN 1594. 

NOTE 4: EN 12007 was also prepared by CEN/TC 234. 

NOTE 5: EN 13941 is intended for district heating and was prepared by a joint WG of CEN/TC 107 
and CEN/TC 267. 

NOTE 6: Standard ISO 13623 is prepared SC2 "Pipeline transportation for the Petroleum and 
Natural Gas industries", of ISO/TC 67 "Materials, Equipment and Offshore Structures for Petroleum 
and Natural Gas Industries". 

1.3 Assumptions 

(1) The general assumptions of EN 1990 apply. 

1.4 Distinction between principles and application rules 

( 1) Reference is made to 1.4 of EN 1993-1-1. 

1.5 Definitions 

(1) The terms that are defined in EN 1991-1 for common use in the Structural Eurocodes apply to 
this Part 4-3 of EN 1993. 

(2) Unless otherwise stated, the definitions given in ISO 9830 also apply to this Part 4-3. 

(3) Supplementary to Part 1 of EN 1993, for the purposes of this Part 4-3, the following definitions 
apply: 

1.5.1 pressure: The gauge pressure of the gas or fluid inside the system, measured m static 
conditions. 

1.5.2 design pressure (DP): The pressure on which the design calculations are based. 

1.5.3 operating pressure (OP): The pressure, which occurs within a system under normal operating 
conditions. 
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1.5.4 maximum operating pressure (MOP): The maximum pressure at which a system can be 
operated continuously under normal conditions. 

NOTE: Normal conditions are: no fault in any device or stream. 

1.5.5 design tenlperature (DT): The temperature on which the design calculations are based. 

1.5.6 operating tenlperature (OT): The temperature, which occurs within a system under normal 
operating conditions. 

1.6 5.1. units 

(1)P S.L units sha]] be used in accordance with International Standard ISO 1000. 

(2) For calculations, the following consistent units are recommended: 
dimensions and thicknesses m 
unit weight kN/m 3 

forces and loads kN 
line forces and Ii ne loads 
pressures and area distributed actions 
unit mass 
acceleration 
membrane stress resultants 
bending stress resultants 
stresses and elastic moduli 

(4) Conversion factors 
1 mbar = 100 N/m2 

1.7 Symbols 

0.1 kPa 

kN/m 
kPa 
kg/m3 
km/s2 

kN/m 
kNm/m 
kPa 

mm 
N/mm3 

N 
N/mm 
MPa 
kg/mm"' 
m/s2 

N/mm 
Nmm/mm 
11Pa (=N/mm2) 

The symbols in EN 1990 and EN 1993-1 apply. Further symbols are given as follows: 

1.7.1 Roman upper case letters 
For the purposes of this Standard, the following symbols apply: 
A cross-sectional area of a pipe 
C curvature due to bending 
De external diameter 
D diameter of the mid-line of pipe wal1 
E modulus of elasticity 
F normal force in the pipe in longitudinal direction 
M bending moment in the pipeline conceived as a beam 
Mp plastic moment 
Ml torsional moment 
N effective normal force in a pipeline 
V shear force in the cross-section 

Q 
Qd 
Qi 
Qeq 

R 

earth pressure 
directly transmitted earth pressure 
indirectly transmitted earth pressure (support reaction) 
equivalent earth pressure to transform Qi to a quantity Qd that gives the same average shell wall 
moments in the circumferential direction as Qi 
radius of unstressed bend 
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1.7.2 Roman lower case letters 
a ovalisation parameter 
fy.d design value of yield strength 
f y.l1om nominal value of yield strength 

nominal value of ultimate tensile strength 
specified minimum yield strength 
maximum value of the yield strength 
specified minimum value for the ultimate tensile strength 
maximum value of the ultimate tensile strength 

171 shell wall moment per unit width 
lne shell wall moment per unit width at the end of the elastic region 
l71p fun plastic moment per unit width of shell wall 
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l71 x, my shell wall moment per unit width in longitudinal and circumferential direction 
respectively 

n shell wall normal force per unit width 
111' plastic normal force per unit width of shell wall 
PIx,l1y normal force per unit width of shell wall in longitudinal and circumferential direction 

respectively 
Pi internal pressure in the pipeline (positive outward) 
Pe external pressure on the pipeline (negative when acting inward) 
P effective pressure: P Pi PI' 
r radius of a pipe: r D/2 

pipe wall thickness 
tmin specified minimum wa11 thickness (nominal wall thickness minus the specified tolerance) 
tr, tb pipe wall thickness in the straight pipe and the bend respectively 

1.7.3 G reek letters 
a, /3, r loading angle and bearing for Qd and for Qi and QCl] respectively 
V Poisson's ratio 
IF partial factor for actions 
1M partial factor for material strength 
B circumferential coordinate around shell 
a direct stress 
r shear stress 

1.8 Terminology 

Supplementary to Part I of EN 1993 (and Part 4 of EN 1991), for the purposes of this Part 4.3, the 
following terminology applies: 

1.8.1 emergency: A situation which could affect the safe operation of the pipeline system and/or the 
safety of the surrounding area, requiring urgent action. 

1.8.2 incident: An unexpected occurrence, which could lead to an emergency situation. This 
includes a leakage of contents. 

1.8.3 inspection: The process of measuring, examining, testing. gauging or otherwise determining 
the status of items of the pipeline system or instal1ation and comparing it with the applicable 
requirements. 

1.8.4 installation tenlperature: The temperature ans1I1g from ambient or installation conditions 
during laying or during construction. 
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1.8.5 maintenance: The combination of all technical and associated administrative actions intended 
to keep an item in, or restore it to, a state 111 which it can perform its required function. 

1.8.6 pig: A device which is driven through a pipeline by the flow of fluid, for performing various 
internal activities (depending on pig type), such as separating fluids, cleaning or inspecting the pipeline. 

1.8.7 pipeline: A system of pipework with all associated equipment and stations up to the point of 
delivery. This pipework is mainly below ground but includes also above ground parts. 

1.8.8 pipeJine conlponents: The elements from which the pipeline is constructed. The following are 
distinct pipeline elements: 

- pipe (including cold-formed bends); 

- fittings (reducers, tees, factory-made elbows and bends, flanges, caps, welding stubs, mechanical 

joints etc.); 

- constructions, manufactured from the elements referred to above (manifolds, slug catchers, pig 

launching/receiving stations, metering and control runs etc.); 

ancil1aries (valves, expansion joints, insulation joints, pressure regulators, pumps, compressors 

etc.): 

- pressure vessels. 

1.8.9 pipeline operator: The private or public organization authorized to design, construct and/or 
operate and maintain the supply system. 

1.8.10 pipework: An assembly of pipes and fittings/ 

1.8.11 pressure control system: A combined system including pressure regulating, pressure safety and, 
where applicable, pressure recording and alarm systems. 
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2 Basis of design 

2.1 General 
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(l)P The design of pipelines shall be in accordance with the provisions in EN 1990 and EN 1991-1. 

(2) Actions should be taken from EN 1991 and EN 1997 (Geotechnical design). Becallse EN 1991 
and EN 1997 do not cover a11 actions that apply to pipelines, actions should also be taken from relevant 
reference standards, where appropriate. 

2.2 Fundamental requirements for pipelines 

NOTE: Because of their relevance for pipelines, the following requirements of EN 1991-1 are 
mentioned here. 

(l)P The pipeline shall be designed and constructed in sllch a way that: 

- With acceptable probability, it will remain fit for the use for which it is required, having due 
regard to its intended life and its cost; 

With appropriate degrees of reliability, it will sustain all actions and other influences likely to 
occur during the execution and use and have adequate durability in relation to maintenance costs; 

- It will not be damaged by events like explosions, impact or consequences of human errors, to an 
extend disproportionate to the original cause. 

(2)P The potential damage of pipelines shall be limited or avoided by appropriate choice of one or 
more of the following: 

- Avoiding, eliminating or reducing the hazards which the structure is to sustain. 

- Selecting a structural form that has low sensiti vity to the hazards considered. 

NOTE: Possibilities to avoid damage (e.g. by excavators and machines) are: increasing the 
wall thickness, increasing the soil cover, applying adequate signalling above ground, and applying 
concrete cover slabs. 

(3)P The above requirements shall be met by the choice of suitable materials, by appropriate design 
and detailing and by specifying control procedures for production, construction and use, as relevant for 
the particular pipeline. 

2.3 Reliability differentiation 

(1) Different levels of reliability may be adopted for different types of pipelines, depending on their 
possible economic and social consequences of their collapse. 

(2) The choice of minimum reliability should be agreed between the designer, the client and the 
relevant authority. 

NOTE: 
pipelines 

The National Annex may provide the minimum level of reliability for different types of 

(3) Reliability may be expressed in terms of factors for the design and/or quality levels for 
execution. The recommended values given in this Standard are intended for medium safety 
requirements. 

NOTE: For reliability differentiation, see EN 1998-4. Further guidance can be obtained from 
relevant standards listed in 1.2. 
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2.4 Methods of analysis 

(I)P The methods of analysis for the structural design of pipelines in this Standard shall be 
appropriate to the limit state being considered. 

2.5 Ultimate lin1it states 

(l)P The basic ultimate limit states shall be taken as: 

- Rupture of the pipe wall; 

- Collapse (flattening of the cross section); 

- Loss of static equilibrium or stability of the pipeline or any of its supports; 

of the contents, due to other causes than rupture of the pipe wall (e.g., due to 
insufficient tightness in the connections, or due to cOlTosion, leading to unacceptable 
environmental or safety risks). 

(2)P In addition other relevant limit states according to EN 1993 shall also be checked. 

NOTE: An example of another relevant ]il11it state may be bolt failure m case of llanged 

connections. 

(3) The basic ultimate limit states can be verified by performing the following limit state 
assessments. 

- LS1: Rupture: The limit state in which the tensile rupture of the pipe wall occurs. 

LS2: Plastic strain limitation: The limit state in which the limiting tensile strain for the pipe 
wall is exceeded (this limit strain is not a material property but a limitation dependent on the 
deformation capacity of the pipe wall with its welds). 

- LS3: Defonnation: The limit state for excessive deformation. This can take several forms (e.g. 
excessive ovality, local buckling, implosion or overall flexural buckling of the pipeline). 

NOTE: In these situations the strains may become excessive and uncontrollable, possibly leading to 

rupture of the pipe wall. 

- LS4: Fatigue: The limit state of fracture fonowing many cycles of loading. 

NOTE: Cyclic loading can be divided into two classes according to the limit state reached: low 
cycle fatigue and high cycle fatigue. 

LS5: Leakage: The limit state for leakage of the contents of the pipeline, due to causes other 
than rupture of the pipe wall (e.g. due to insufficient tightness in the connections! or due to 
corrosion! or third party activities, if such leakage leads to unacceptable consequences for the 
safety or health of persons andlor the environment). 

(4) In evaluating the limiting tensile strain due consideration should be taken of: 

14 

the presence of imperfections in the pipe material (parent material) and in the joints (welds); 
the different mechanical properties of the parent material and the weld zone. 



2.6 Serviceability limit states 
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(1) The relevant basic criteria for the serviceability limit states should be taken as: 

- LS6: Deformations, which adversely affect the effective use of the pipeline: ovalisation and 
deflection. 

- LS7: Vibrations, which cause discomfort or adversely affect the suppol1s or other parts of the 
pipeline. 

- LS8: Leakage of the contents, not leading to unacceptable environmental or safety risks. 

15 



85 EN 1993-4-3:2007 
EN 1993-4-3: 2007 (E) 

3 Properties of materials 

3.1 General 

(I)P Steels used for pipelines shall have adequate mechanical properties and be suitable for welding. 

(2) This Standard specifies the requirements for the material properties of plates and welds in terms 
of mechanical propel1ies only. For further and more detailed guidance and requirements about materials 
and welding, reference is made to relevant standards listed in 1.2. 

(3) The nominal values of material properties given in this Standard should be adopted as 
characteristic values in design calculations. 

3.2 Mechanical properties of pipeline steels 

(J)P The nominal value of the yield strength .t;',nolll and of the ultimate tensile strength fu.nom shall be 
taken as the specified minimum values and in the relevant standard listed in ].2. The 
values for the yield strengthlv.d and fOJ the ultimate tensile strength.t:Ld shall be taken as: 

= fy.nonl Yrvl (3.1 ) 

.t:l.d = fll,nom/YM (3.2) 

where '}M is the partial safety factor 

NOTE: The parlial faclor ]i.! is given in the National Annex. The value 1M 1,00 is recommended. 

(2)P The maximum values of the yield strength .t~.max and the ultimate tensile strength .t:UWIX shall be 
specified and shall not be more than 4fhigher than the specified minimum values offy,min and,ftunin. 

NOTE: The value 15,.f for the difference between these strength values may be determined in the 
National Annex. The value 15,.f = 50 MPa is recommended. 

(3) To ensure adequate ductility, the ratio of ultimate tensile strength to yield strength of 
the steel should not be less than.t:J.l11in(t~.l11in. 

NOTE: The numerical value yy for the ratio between these strength values may be given in the 
National Annex. The value j~,.l1lin!j;.min = I, I is recommended. 

(4) The ultimate strain ~ based on the elongation at failure on a gauge length of 5,65.jA;; where Ao 

is the original cross-sectional area, should not be less than ~I.min' 

NOTE: The value of Ell. min for the ultimate strain Ell may be in the National Annex. The value 

£"1,l11in'= 20 % is recommended. 

(5)P The material shall have sufficient fracture toughness to avoid brittle fracture at the lowest service 
temperature expected to occur within the intended life of the structure. Reference is made to EN 
1993 part 1.]0 and EN ]594. 

3.3 Mechanical properties of welds 

(1)P It shall be demonstrated that if yielding of the pipe wall occurs, the plastic strains occur in the 
plate material and not in the weld zone. 
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(2) It may be assumed that the above requirement is fulfilled if the nominal value of the yield 
strength of the deposited weld metal is at least x % higher than the specified maximum yield strength of 
the plate or pipe material. 

NOTE: The value x may be given in the National Annex. The value x I y;:t is recommended. 

(3) The ductility of the deposited weld metal including the effect of allowed weld discontinuities 
should be such that the weld zone can experience a strain of at least £0/0. 

NOTE: The value for the strain £ may be in the National Annex. The value £= 2(10 is 
recommended. 

(4) The ultimate strength of the deposited weld metal should be at least y % higher than the specified 
maximum ultimate strength of the plate or pipe material. 

NOTE: The value y may be given in the National Annex. The value y = 15 etc) is recommended. 

3.4 Toughness requirements of plate materials and welds 

(1) The requirements for ductility before fracture for the plate materials and welds defined in the 
preceding sections can be demonstrated by the application of adequate methods as defined in EN 1594. 

NOTE: Until there is a European standard on requirements for pipeline plate materials 
with weld zones and allowed discontinuities, BS 7910: 1999 "Guide on methods for assessing the 
acceptability of flaws in metallic structures. with amendments October 2000" British Standards 
Institution, or other national documents can be used. 

(2) The provisions of this standard apply only if the quality of the pipe material and welds fulfils the 
requirements in EN 1594 or EN 12732 as appropriate. 

(3) The limit plastic tensile strain CI.Rk (LS2) should be determined as: 

IEl) ... (3.3) @J] 

NOTE: The value z may he given in the National Annex. The value 0,5 (k; is recommended. 

3.5 Fasteners 

(1) Fasteners should comply with the provisions in EN 1993-1-8. 

3.6 Soil properties 

(1) Design values for soil properties (soil engineering parameters) should be obtained according to 
EN 1997 or other relevant reference standards. 
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4 Actions 

4.1 Actions to be considered 

(I) Basic guidance on actions and combinations of actions including accidental and seismic design 
situations is given in EN 1990 and EN 1991, EN 1997 and EN 1998. 

(2) The following actions should be considered, where appropriate: 

- Internal pressure; 

- External pressure; 

Self weight of the pipeline; 

- Self weight of the contents of the pipeline (the product to be transported and the possible 
presence of other materials e.g. water being used for hydrostatic testing or dust); 

Soil loads; 

Traffic loads; 

- Temperature variations; 

- Construction loads; 

Imposed deformation: due to differential settlements, mining subsidence and landslides; 

- Earthquake loads (reference should be made to Eurocode 8). 

(3) Characteristic values of the loads to be considered should be obtained from EN 1991-1 or other 
relevant reference standards as indicated in 1.1 and 1.2. 

4.2 Partial factors for actions 

(l)P Partial safety factors shall be based on the required reliability level according to 2.3. 

NOTE: The partial safety factors may be given in the National Annex. 

4.3 Load combinations for ultimate limit states 

(l) The following combinations of design actions for ultimate limit states should be considered: 

a) Internal pressure: The difference between the maximum internal pressure and the smallest 
external pressure. 

NOTE: This limit state is generally used first for the determination of the wall thickness. 

b) Internal pressure plus other relevant loads: The internal and external pressure conditions 
defined in (a). with the other relevant design loads added. 

NOTE: This limit state is generally used next to check critical strains. 

c) External pressure plus other relevant loads: The difference between the maximum external 
pressure and the smallest internal pressure, with the other relevant design loads added. 

NOTE: This limit state is generally used next to check ovalisation, critical strains, local buckling etc. 

d) Temporal variations in pressure plus other relevant design loads: This case is concerned 
with cyclic actions on the pipe. 

NOTE: This limit state is generally used last to check for t~ltiglle. 
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(1) The following combinations of design loads for serviceability limit states should be considered: 

e) Internal pressure plus other relevant loads: The difference between the maximum 
intelllal pressure and the smallest external pressure with the other relevant design loads. 

f) External pressure plus other relevant loads: The difference between the maximum 
external pressure and the smallest internal pressure, with the other relevant design loads 
added. 
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5 Analysis 

5.1 Structural models 

5.1.1 Simplified calculation method for ultimate limit state design 

NOTE: The simplified calculation method given helow is hased on the results of an extensive set of 
more precise calculations. 

(I) Provided that the conditions given in (2) to (13) are met, only the load combination (a) of 4.3 (1) 
need be taken into account (only internal pressure). 

(2) The load factors /f.:' should be taken as: 

If~ = for cross-country pipe lines 

')1:' /t2 for road, ditch, canal and natural watercourse crossings without flood defences. 

If: = for road, ditch, canal and natural watercourse crossings with flood defences. 

NOTE 1: @il The numerical values for IF may be given in the National Annex. The following values are 

recommended: IFI = 1,39; IF:? = 1,50; IF:' 1,82. 

l® NOTE 2: @il In many pipeline standards the allowahle stress = 72 % of yield stress: 

(1,39110,72). 

(3) Depending on the design yield strengthfy,d the ratio De I tmin should satisfy the following: 

for f~.d = 240 N/mm2 
De I tmill ~ val240 ... (5.1) 

for = 360 N/mm2 Del tmin ~ val360 ... (5.2) 

for 415 N/mm2 De I tmin ~ val415 ... (5.3) 

for = 480 N/mm2 D;:I tmill ~ val480 .. , (5,4) 

NOTE: The values for De I fmin may he given in the National Annex. The following values are 
recommended: val240 70; val360 = 80; val4] 5 = 92; val480 = 106. 

(4) The depth of cover over the top of the pipeline should not exceed Deover- This criterion is not 
applicable if it can be demonstrated that the effective load at the top of the pipe does not exceed Geft' .. 

NOTE: The values for Deover and G eff may he given in lhe National Annex. The following values are 
recommended: Dcovcr= 2,5 111 and G clf = 65 kN/m:? 

(5) The specified wall thickness used in the pipe should not be less than mm. 

NOTE: The value for may he given in the National Annex. The following value is 
recommended: 4,8 mm. 
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(6) The differential settlements from consolidation should not exceed ds mm. This differential 
settlement should increase gradually from zero to the maximum value and back to zero over a distance 

of at least 2 • t 111 as indicated in Figure 5.1. 

NOTE: The values for d, and r may be given in the National Annex. The values are 
recommended: ds = 100 mm and [ = 20 m. 

--- - .................. - ............ 
100 n~l ."",. __ ."",. ."",. ."",. -

----

I" {2: 20 m ( 2: 20 m "'1 

Figure 5.1 Limits on differential settlements with recommended values 

(7) The construction settlement should not exceed the values expected in normal pipeline 
construction practice, in which no special measures have been taken. 

(8) The pipeline should not cross potential fracture planes or areas of mining subsidence. 

(9) The pipeline section involved should not include bends with a radius smaller than x De. 

NOTE: The value for x may be given in the National Annex. 

The following value is recommended: x = 20. 

(10) The maximum difference between the installation temperature and the maximum or minimum 
service temperature of the pipeline, as applicable, should not exceed Toe. 

NOTE: The value for T may be given in the National Annex. Thc following value is recommended: 
T = 3SOe. 

(11) The overall temperature range should Jie between 
reference should be made to EN 1594. 

NOTE: The values for IE]) TI and T2 may be 
recommended: TI - 400e and T2 + 600 e 

T IDe and °e@il. In the case of frost heave, 

in the National Annex. The following values are 

(12) In the case where bends with a radius smaller than y De are used, the following criteria should be 
satisfied: 

For pipelines with diameters De not greater than D
1 

@iI and with horizontal bends, the 
maximum difference between IE]) the installation temperature and the maximum or minimum 
service temperature of the pipeline should not exceed To, 

For pipelines with De<1E]) D2@i1, the distance between horizontal bends should be greater than e. 
NOTE: The values for )" IE]) T3. D, and [ may be given in the National Annex. The following values 
are recommended: y = 20; T3 = 20°C; D, = 300 mm; D'2 @iI 450 111m and e 2,0 111. 
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(13) For crossings that are installed by means of boring or jacking, using building pits and where 
bends with a radius less than z De are applied in the building pit, the following criteria should be 
satisfied: 

in the wall thickness calculation of bends a load factor IF should be used for the crossing). 

for De < ~Dl @j] mm the bend should be located at the field side of the building pit. 

for straight pipes the Dcltmin ratio should satisfy: 

for j~.d 240 N/mm2 Del tmill ::; 

for 360 N/mm2 Dc I tmill ::; 

for jy.d = 415 N/mm2 I (mill ::; 

for 480 N/mm2 Deltmill ::; 

NOTE: The values for 2, IF. 
following values are recommended. z = 20: If: = 1 
val415 = 70: val480 = 81. 

val240 

va1360 

val415 

val480 

... (5.5) 

... (5.6) 

... (5.7) 

... (5.8) 

may be given in the National Annex. The 
D 2@l] = 450 mm; val240 = 57: va1360 61; 

5.1.2 Method of analysis if the conditions for the simplified calculation method are not met 

(1) Buried pipelines should be modelled as beams supported by a three-dimensional configuration. In 
the modelling the springs should represent the properties of the soil, as indicated in Figure 5.2: 

a 

F 

_---a 

----------~~--------~-~ 

-' _ .. ----"' ---

(a) lateral vertical earth spring 
(b) lateral horizontal earth spring 
(c) longitudinal frictional earth spring (also torsional frictional earth spring) 

Figure 5.2 Schematic view of a pipeline with "earth springs" 

(2) In the analysis, account should be taken of the non-linear character of the various earth springs. 

NOTE: In general, a finite element analysis is needed for this system. 

(2) The input data for the analysis should be the soil properties, the properties of the pipeline, the 
imposed settlements (displacements), and other actions. 
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(4) From the above three-dimensional beam analysis, the following values should be determined at 
every cross-section of the pipeline: 

bending moment and curvature; 

torsional moment and rotation; 

normal force and lengthening or shortening; 

shear force and shear deformation; 

- earth pressure and displacements; 

- earth friction and corresponding displacements. 

(5) More complete checks of the complete set of deformations may be made using a comprehensive 
elastic-plastic cross section analysis as set out in annex A. 

NOTE: Further and information on limit state design of buried pipelines can be obtained 
from either annex A; or Gresnigt. A.M. "Plastic of Buried Pipelines in Settlement Areas", 
HERON, Vol. 31, 1986; or other publications as in annex C. 

5.2 Ultimate limit state verification 

5.2.1 LS1: Rupture 

(1) The stresses resulting from the analysis should satisfy the von Mises yield criterion: 

... (5.9) 

5.2.2 LS2: Plastic strain limitation 

(I) The maximum tensile strain t;nax should not exceed the limit strain defined in Section 3.4. 

(2) It should be demonstrated that the pipe wall with weld zones and allowed discontinuities has the 
strain capacity (limit strain) required for the structural analysis. 

5.2.3 LS3: Deformation 

(1) To prevent snap-through buck] i ng of the cross-section, excessi ve cross-sectional distortion in the 
form of ovalisation should be limited. 

(2) The ovalisation parameter G, given by: 

4 
... (5.10) 

should be limited to the value G max given by: 

a max = X Dc ... (5. 1 I ) 

NOTE: The value for may be given in the National Annex. The following value is recommended: x = 
0,05. 
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(3) Local buckling should be assessed using the critical strain eCl"' To evaluate eCr> the ovalisation due 
to non-uniform earth pressure should first be evaluated using the parameter a, where a is half of the 
change in the diameter caused by earth pressure. The value of a should then be used to determine the 
local radius of curvature ro at the most compressed part of the circumference, see figure S.3. The 
pressure p should be taken as positive in the case of internal pressure and negative in the case of 
external pressure. 

(3) The critical value of the compressive strain ecr should be obtained from the following: 

0,2S~-0.002S+3000( pro J
2

ld 
ro Ef p 

r 
_(_I ::; 60 

for t ... (S.12) 

for 2:: 60 ... (S.13) 

in which: 

r 
... (S.14) r = 

o 1- 3a 
r 

(S) It should be shown that: 

... (S.lS) 

Dmax 

a 

a 

Figure 5.3 Radius '0 in an ovalised cross section 

(6) In pipelines under external pressure, the possible collapse (implosion) of the cross-section should 
be investigated, using the provisions of EN 1993-1-6. 

(7) Where there is potential for overall flexural buckling, the design should be assessed using the 
provisions of EN 1993-1-1. 
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(1) The design should satisfy EN 1993-1-9. 
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NOTE: Other relevant standards for fatigue loading may be referred to in the National Annex. 

5.2.5 LS5: Leakage 

(1) The consequences of possible leakage of the contents of the pipeline, due to causes other than 
rupture of the pipe wall (e.g. due to insufficient tightness in the connections, or due to corrosion or third 
party activities) should be taken il1to account in design. 

(2) Reference should be made to the relevant reference standards. 

5.3 Serviceability limit state verifications 

(1) The verification of the serviceability limit states LS6, LS7 and LS8 should satisfy the 
serviceability criteria concerning ovalisation, deflection, vibration and leakage. 

(2) Reference should be made to the relevant reference standards. 

(3) Criteria for each serviceability limit state in relation to pigging requirements) may be 
between the designer and the client. 

(4) Special limits on leakage may be agreed between the designer, the client and the relevant 
authority, depending on the design conditions (e.g. the nature of the pipeline and its contents and the 
environment). 

6 Structural design aspects of fabrication and erection 

(1) The requirements of the relevant application standards should be met. 

(2) For fabrication and erection the relevant clauses of EN! 090-2 apply. 
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Annex A: [informative] - Analysis of resistances, deformations, stresses and 

strains of buried pipelines 

A.1 Procedure and scope of analysis 

(1) The analysis procedure generally consists of the phases set out in (2) to (7) below. 

(2) Gathering design data. 
Depending on the nature and size of the pipeline transportation system, design data are required for the 
design and stress engineering processes. These data are defined in detail in relevant reference standards 

(3) Schematizotion an.d sectioning of pipeline for analysis. 
For the purpose of analysis, the pipeline, together with the loads acting on it, is schematized and 
divided into sections. 

(4) Detennination of the actions (Ind action combinations to be considered in the analysis and the 
associated partial factors. 
In principle, each section of the pipeline system should be investigated to determine the effects of the 
loads referred to in (1). The loads which are relevant to each pipeline section should be determined on 
this basis. The calculation is based on the design loads. Values of partial factors to be adopted should 
be taken from relevant reference standards. 

(5) Calculation offorces, moments and relative displacements. 
The pattern and magnitude of the forces and moments, and, where necessary, the deformation of the 
pipeline should be determined, not only as a function of the length of the completed pipeline system but 
also, where appropriate, as a function of time. This also applies to forces exerted by the pipeline on its 
environment (the soil, supports, fixed-point and casing structures, etc.). 

(6) Calculation of stresses, strains and deformation. 
The positive and negative values for stresses and strains which can occur in the walls of the elements of 
the pipeline system should be determined, where necessary including the range or amplitudes and 
frequencies of variations in these stresses and/or strains. 
Where increased stresses occur in pipeline elements (for examp]e at bends), these should be allowed for 
in the analysis. 
Insignificant stresses, deformations and ranges need not be included in the analysis 

(7) Assessment. 
The stresses, strains, deformations and other values obtained by application of the design loads should 
not exceed the limiting values. 

NOTE: Further information on the subjects in this annex and guidance for practical analysis can be 
obtained hom: A.M. Gresnigt "Plastic Design of Buried Pipelines in Settlement Areas", HERON, Vol. 
31. No.4, /986, and from other publications as given in annex C. 

A.2 Analysis for straight pipes 

A.2.1 De'finitions of key parameters 

Mean diameter 
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Ovalisation parameter 

Mean radius of a pipe 

Plastic moment of the pipe cross section 

Elastic moment of the pipe cross section 

Curvature at the elastic moment of the pipe cross section 

Shel1 wall moment per unit width at the end of the elastic region 

Ful1 plastic moment per unit width of shell wall 

Plastic normal force per unit width of shell wall 

where fy is to be taken as fy,d 
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a = (Drnax D min )/4 

r=D/2 

M p =4r 2t/y 

Me Jrr
2t/y 

Er 

me t
2

/ y /6 

lTlp = t
2

/ y /4 

l1p = t/y 

NOTE: For reasons of simplicity, the indexes in this annex are abbreviated by omitting the d,Rd and 
ESd notations. 

A.2.2 Interaction expressions 

(1) Figure A.l gives an indication of the influence of several other actions such as normal force, shear 
force, internal pressure and earth loading on the moment curvature diagram for a straight pipe. 

M 

(1 ) 

(2) 

c 

1) Without other actions 

2) With other actions such as 
normal force, shear force, 
internal pressure and earth 
loading, giving reduced 
values for the bending 
moments Mp and Me: (Mm and 

M e respectively) and a 

reduced value C;' for the 

curvature Ceo 

Figure A.1 Moment - curvature diagrams for a straight pipe 
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(2) Figure A.2 gives an indication of the possible moment curvature diagram for a straight pipe 
loaded with several other actions such as normal force, shear force, internal pressure, earth 
pressure. 

M 

1 t t t t t 
Qj 

formation curvature 

Figure A.2 Moment - curvature diagram for a straight pipe also indicating other actions 

(3) Figure A.3 gives the directly transmitted earth pressure Qd, the indirectly transmitted earth pressure 
(support reaction) Qi and the equivalent earth pressure Qcq to transform Qi to a quantity Qd that 

the same average shell wall moments in the circumferential direction as Qi. 

Figure A.3 Earth loads Qd, Q1 and Qeq acting on the pipeline cross section 

(4) The full plastic bending resistance M m of the pipe cross-section of a straight pipe loaded by an 
external axial force 1~' may be obtained from: 

... (A-I) 

.. . (A-2) 

where: 
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Mm is the maXimUlTI bending moment at full plasticity; 
Nm is the maximum effective normal force at full plasticity. 

(5) The resistance under pure bending is given by: 

M pdtr = Mpr 
(

V 
1 -+ 

Vpr At tpr 

in which: 

M PI' = g h M pLRd 

!? = + 
6 3 

2a 
h=l 

3 r 

(6) The resistance under pure axial compression is given by: 

N pdtr = 

in which: 
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... (A-3) 

... (A-4) 

.. . (A-S) 

... (A-6) 

... (A-7) 

... (A-8) 

(7) The factors modifying the fundamental strength in either bending or compression are: 

M tpr = g M tp 

2 ? 
M tp = r::: J[ r -t j 

-V 3 y 

Vpr 

2ffrtj 
y 

4 
=-rt 

13 

... (A-9) 

· .. (A-IO) 

... (A-II) 

· .. (A-12) 

... (A-I3) 

... (A-14) 

· .. (A-IS) 
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(8) The yield axial force l1y per unit width of shell wall is found as follows: 

l1yq 0,25 Qd + 0,125 Qi 

p r 

I1p = t /y 

(9) The yield moment 111.1 per unit width of plate is found as follows: 

111 yk 0,071 . Mill' C . 770 

-p r a 

111yq = 111yqd + 111yqi 

( . rJ 111yqi 0,25 Qj r 0,5 0,25 SID 2" 770 

a 
170 = 1+

r 

2 
Il1p = 0,25 t fy 

(10) The following expressions are of value: 

2-sin I 
Q. 2 

14 . a . f3 
-Sln- -Sln-

2 2 

2 
Me = J( r t fy 
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... (A-16) 

... (A-17) 

... (A-18) 

... (A-l9) 

· .. (A-20) 

... (A-21) 

· .. (A-22) 

... (A-23) 

... (A-24) 

... (A-25) 

... (A-26) 

· .. (A-27) 

... (A-28) 

... (A-29) 

· .. (A-30) 

· .. (A-31) 



A.2.3 Moment - curvature diagram 
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... (A-32) 

(1) The elastic part of the moment-curvature diagram, as in figure A.2, may be constructed with the 
following expressions. 

M =Elred·C ... (A-33) 

where 

Elred is the reduced (due to ovalisation) bending stiffness of the pipe: 

3 (. a'] EI red = E J[ r tIL 5 --;- ... (A-34) 

a / is the ovalisation at C = Ce 

(2) The elastic-plastic part of the moment-curvature diagram, as in figure A.2, may be constructed with 
the following expressions. 

where: 

M ==M m 0.5 (-!!-+cosoJ· '(1-1.5~) 
smO r 

C 2~ 
D 

e = arcsin(l/.u) with 0 < e -::; 1l /2 where.u 21 

M is the bending moment at curvature C; 
C is the curvature of the pipe; 
e is a parameter depending on the maximum bending strains in axial direction; 
8 is the maximum bending strain in axial direction 

... (A-35) 

... (A-36) 

... (A-37) 

... (A-38) 

... (A-39) 

NOTE: The elastic part of the moment-curvature diagram ends at O=. 1[12. The bending moment and 
curvature at this point are then given by (see also figure Aland A2): 

1l 
Me = Mm 

4 
... (A-40) 

... (A-41) 
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A.2.4 Calculation of the ovalisation 

(1) At curvatures lower than C, , the ovalisation and strains in axial and circumferential direction can 
be obtained by applying the theory of elasticity. 

(2) At curvatures larger than Ce"', the ovalisation and strains in axial and circumferential direction 
should be obtained taking into account the normality principle for deformations. 

NOTE: Guidance can be obtained fi'om: A.M. Gresnigt "Plastic Design of Buried PipeJines", 
HERON, Vol. 31, no.4, 1986, and from other publications as in Annex C. 

NOTE: In the next clauses an approximate method is given, see also NEN 3650. 

(3) The ovalisation a is mainly caused by soil pressure, but also bending contributes. The internal 
pressure reduces ovalisation Crerounding effect"). 

(4) The ovalisation a consists of an elastic part Gel and a plastic part apt. 

{/ = lie] + {/pl .. . (A-42) 

(S) The elastic part a!!! may be calculated as follows. 

+ 

where: 

aqd.cI is the ovalisation caused by direct earth pressure as is indicated in Figures A.2 and A.3. The 
earth pressure on top of the cross section equals the supporti ve earth pressure . 

. 1'3 3a 
= 0,5 k yd (l + . frr 

E1w I' 

... (A-43) 

is the ovalisation caused by indirect earth pressure as indicated in Figures A.2 and A.3, e.g. 
support reactions due to uneven settlements. 

a qi,el 

3a 
+-). 

r 
... (A-44) 

ac.el is the ovalisation caused by curvature. 

5 

= C2 I' (I + 3a . fi'r .. . (A-4S) 
r 

where: 

kyd is the deflection coefficient dependent on the loading pattern of the direct earth pressure, 
some values are given in table A.I. See also Figure A.2 

kyj is the dellection coefficient dependent on the loading pattern of the indirect soil load, some 
values are given in table A.I. See also Figure A.2 

frr is a refounding factor 
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PCI' + P 

Per is the theoretical value of the implosion pressure 

PCI' 
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... (A-46) 

... (A-47) 

is the bending stiffness of the pipe wall per unit length (Nmm2/mm) 

E1w =----
12(1-

... (A-48) 

C is the curvature 

... (A-49) 

(6) The equations for the ovalisation Gqd-el and may be applied until the maximum bending moment 
in the pipe wall in circumferential direction l11yq equals 11lp. The equation for ac-ci is valid for 
curvatures up to Ce • 

(7) If in the cross section both direct earth pressure and indirect earth pressure act~ the maximum 
bending moment follows from 

... (A-50) 

Table A.1 Deflection and moment coefficients for direct and indirect earth pressure 
(see also figure A.2) 

Deflection coefficient kYd and moment Deflection coefficient kyi and moment 
coefficient kmd for direct earth pressure coefficient kmi for indirect earth pressure 

I 
! 

a j3 
kyu kmd 

a r kyi krni (degrees) (degrees) (degrees) (degrees) 

180 0 0.116 0.294 0 0.074 0.239 
180 30 0.113 0.235 - 30 0.071 0.179 
180 60 0.105 0.189 - 60 0.064 0.134 
180 90 0.096 0.]57 - 90 0.055 0.102 
180 120 0.089 0.138 - 120 0.048 0.083 
180 150 0.085 0.128 150 0.043 0.073 
180 180 0.083 0.125 180 0.042 0.070 
0 0 0.149 0.318 
30 30 0.143 0.257 
60 60 0.122 0.207 
90 90 0.110 0.169 
120 120 0.096 0.143 
150 150 0.086 0.]29 

(8) The plastic part apl may be calculated as follows. 

. .. (A-51) 

where 
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aqd-pl is the plastic part of the ovalisation caused by direct soil load including rerounding. 

(lqi-pl is the plastic part of the ovalisation caused by indirect soil load including rerounding. 

ae-pl is the plastic part of the ovalisation caused by the applied curvature including rerounding. 

(9) In most cases the earth loads will be such that the resulting stresses are below the yield stress, so 
that (lqd-pl and (lqi-pl are zero. If not, then a plastic cross sectional calculation is needed to determine 
C1qd_pl and C1qi-pl' 

NOTE: Guidance can be obtained from: A.M. Gresnigt "Plastic Design of Buried Pipelines", 
HERON, Vol. 31, noA, 1986, NEN3650, and from other publications as given in Annex C. 

(10) For [lc-pl the following approximate equation may be applied. 

3 
r '" a c-pI "" -2 -. lj/ . (C - C e ) 
f 

· .. (A-52) 

where: 

(
0,5. c2 .J

2 

lj/=1- --
g 

· .. (A-53) 

NOTE: Because C2 and g are dependent on the curvature and the ovalisation, an iterative procedure will 
be needed. 

A.2.S Calculation of the strains 

(1) The maximum strain in longitudinal direction may be estimated from 

where: 

ex "" exc + exN 

C· r 

N 

AE 

A is the cross sectional area. 

... (A-54) 

... (A-55) 

... (A-56) 

(2) The maximum strain in circumferential direction may be estimated from the following 
approximate method 

+ ••• (A-57) 

(3) For the elastic part S £yield = fy IE): 

k t 
=e =+~·-·a + v-el -

~ k yd 

f p' r ·_·a+--
r2 E·f 

· .. (A-58) 

NOTE: The ovalisation at is called ayield' 
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(4) For the plastic part (ty_pl > tyield =jyIE): 

l 
,2 

_+ _a_. _ 
E y_ p1 -- i 

ayield) 

A.3 Analysis for bends 

p-r 
+-

E-t 

(1) Reference is made to relevant reference standards and to: 

BS EN 1993-4-3:2007 
EN 1993-4-3: 2007 (E) 

_ _.(A-59) 

- A.M. Gresnigt "Plastic Design of Buried Pipelines", HERON, VoL 31, no.4, 1986; 
- Other publications as given in Annex C. 
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Annex B: [informative] - Bibliography to National standards and design guides 

BS 8010 (1989-1993) Code of practice for pipelines. British Standards Institution. 
Part I: Pipelines on land: general. 
Part 2: Pipelines on land: design, construction and installation. 
Part 3: Pipelines subsea: design, construction and installation. 
Part 4: Pipelines on land and subsea: operation and maintenance. 

Gresnigt, A.M. (1986) "Plastic design of buried steel pipelines in settlement areas," HERON, Vol 31, 
no 4, Delft University of Technology. 

~ NEN 3650 (2003-2006) Requirements for pipeline systems 
PaIt 1: General (NEN 3650-1: 2003+A 1:2006) 
Part 2: Steel (NEN 3650-2: 2003+Al :2006) 

Issued by NEN (available in Dutch and in English language). @lI 
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BS 7910 (1999) "Guide on methods for assessing the acceptability of flaws in metallic structures, with 
amendments of October 2000", British Standards Institution. 

API-5L 
API-5LX 
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API-II05 

: Specification for Line Pipe. 
: Specification for high-test Line Pipe. 
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: Specification for Field Welding of Pipelines. 
: Recommended Practice on Construction of steel Pipelines. 
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Foreword 

This European Standard EN 1993-5, "Eurocode 3: Design of steel structures: Part 5 Piling", has been 
prepared by Technical Committee CEN/TC250 « Structural Eurocodes », the Secretariat of which is held by 
BSI. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by August 2007, and conflicting National Standards shall be withdrawn at 
latest by 1v1arch 20 I O. 

This Eurocode supersedes ENV 1993-5: 1998. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 

fol1owing countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, Czech 

Republic, Denmark, Estonia, Finland, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg,Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom .. 

Background to the Eurocode prograrrlme 

In 1975, the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonisation of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonised technical 
rules for the design of construction works which, in a first would serve as an alternative to the national 
rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980's. 

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an agreement l 

between the Commission and to transfer the preparation and the publication of the Eurocodes to the 
CEN through a series of Mandates, in order to provide them with a future status of European Standard (EN). 
This links de facto the Eurocodes with the provisions of all the Council's Directives and/or Commission's 
Decisions dealing with European standards (e.g. the Council Directive 89/1 06/EEC on construction products 
- CPD and Council Directives 93/37/EEC, 921S0lEEC and 89/440lEEC on public works and services and 
equiva1ent EFTA Directives initiated in pursuit of setting up the internal market). 

The Structural Eurocode programme compIises the following standards generally consisting of a number of 
Parts: 
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EN 1990 

EN 1991 

EN 1992 

EN 1993 

EN 1994 

EN 1995 

EN 1996 

EN 1997 

EN ]998 

EN 1999 

Eurocode: Basis of structural design 

Eurocode 1: Actions on structures 

Eurocode 2: Design of concrete structures 

Eurocode 3: Design of steel structures 

Eurocode 4: Design of composite steel and concrete structures 

Eurocode 5: Design of timber structures 

Eurocode 6: Design of masonry structures 

Eurocode 7: Geotechnical design 

Eurocode 8: Design of structures for earthquake resistance 

Eurocode 9: Design of aluminium structures 

Agreement between the Commission of the European Communities and the European Commillee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of and civil engineering works (BC/CENI03/89). 
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Eurocode standards recognise the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatory safety matters at national level vvhere these 
continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the EU and EFTA recognise that Eurocodes serve as reference documents for the 
following purposes: 

as a means to prove compliance of building and civil engineering works with the essential 
requirements of Council Directive 8911 06/EEC, particularly Essential Requirement N° I Mechanical 
resistance and stability and Essential Requirement N°2 Safety in case of fire; 
as a basis for specifying contracts for construction works and related engineering services; 
as a framework for drawing up harmonised technical specifications for construction products (ENs and 
ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they are of a different nature from 
harmonised product standard3

• Therefore, technical aspects aIising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product 
standards with a view to achieving a full compatibility of these technical specifications with the Eurocodes. 
The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or design conditions are not specifically covered and additional expert consideration will be 
required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and 
may be followed by a National Annex (informative). 

The National Annex (informative) may only contain information on those parameters which are left open in 
the Eurocode for national choice, known as Nationally Determined Parameters, to be used for the design of 
buildings and civil engineering works to be constructed in the country concerned, i.e.: 

values for partial factors and/or classes where alternatives are given in the Eurocode, 
values to be used where a symbol only is given in the Eurocode, 
geographical and climatic data specific to the Member State, e.g. snow map, 
the procedure to be used where alternative procedures are given in the Eurocode, 
references to non-contradictory complementary information to assist the user to apply the 
Eurocode. 

2 According to Art. 3.3 of the CPO, the essential requirements (ERs) shall be given concrete form in interpretative documents 
for the creation of the necessary links between the essential requirements and the mandates for hENs and ETAGs/ETAs. 

3 According to Art. 12 of the CPO the documents shall: 
(a) concrete form to the essential requirements by harmonising the terminology and the technical bases and 

indicating classes or levels for each requirement where necessary; 
(b) indicate methods of these classes or levels of requirement with the technical specifications, e.g. methods 

of calculation and of technical rules for project etc.: 
(c) serve as a reference for the establishment ofharmonised standards and guidelines for European technical approvals. 
The Eurocodes, de facto. playa similar role in the field of the ER 1 and a part of ER 2. 
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Links between Eurocodes and product harmonised technical specifications (ENs and ETAs) 

There is a need for consistency between the harmonised technical specifications for construction products 
and the technical rules for works4

• Furthermore, all the information accompanying the CEMarking of the 
construction products which refer to Eurocodes should cleady mention which Nationally Determined 
Parameters have been taken into account. 

Additional information specific to EN 1993 .. 5 

EN 1993-5 gives design rules for steel sheet piling and bearing piles to supplement the generic rules in 
EN 1993-1. 

EN 1993-5 is intended to be used with Eurocodes EN 1990 Basis of design, EN 1991 - Actions on 
structures and Part 1 of EN 1997 Geotechnical Design. 

Matters that are already covered in those documents are not repeated. 

EN 1993-5 is intended for use by 

committees drafting design related product, testing and execlltion standards, 
clients for the formu lation of their specific requirements) 
designers and constructors 
relevant authorities. 

Numerical values for partial factors and other parameters are recommended as basic values that provide an 
acceptable level of safety. They have been selected assuming that an appropriate level of workmanship and 
quality management applies. 

Annex A and Annex B have been prepared to complement the provisions of EN 1993-1-3 for class 4 steel 
sheet piles. 

Annex C gives guidance on the plastic design of steel sheet pile retaining structures. 

Annex D gives one possible set of design rules for primary elements of combined walls. 

Reference should be made to EN 1997 for geotechnical design which is not covered in this document. 

National Annex for EN 1993-5 

This standard gives alternative procedures, values and recommendations for classes with notes indicating 
where national choices may have to be made. Therefore the National Standard implementing EN 1993-5 
should have a National Annex containing all Nationally Determined Parameters to be used for the design of 
buildings and civil engineering works to be constructed in the relevant country. 

National choice is allowed in EN 1993-5 through clauses: 

3.7 (1) 
3.9 (1)P 
4.4 (1) 
5.1.1 (4) 
5.2.2 (2) 

5.2.2 (13) 
5.2.5 (7) 
5.5.4 (2) 
6.4 (3) 
7.1 (4) 

7.2.3 (2) 
7.4.2 (4) 
A.3.1 (3) 
B.5.4 (1) 
D.2.2 (5) 

4 See Art. 3.3 and Art. 12 of the CPO, as well as clauses 4.2.4.3.1,4.3.2 and 5.2 10 I. 
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1 General 

1.1 Scope 

(l) Part 5 of EN 1993 provides principles and application rules for the structural design of bearing piles 
and sheet piles made of steel. 

(2) It also provides examples of detailing for foundation and retaining wall structures. 

(3) The field of application includes: 

steel piled foundations for civil engineering works on land and over water~ 

temporary or permanent structures needed to cany out steel piling work; 

temporary or permanent retaining structures composed of steel sheet piles, including all kinds of 
combined walls. 

(4) The field of application excludes: 

offshore platforms; 

dolphins. 

(5) Part 5 of EN 1993 also includes application rules for steel piles filled with concrete. 

(6) Special requirements for seismic design are not covered. Where the effects of ground movements 
caused by earthquakes are relevant see EN 1998. 

(7) Design provisions are also given for walings, bracing and anchorages, see section 7. 

(8) The design of steel sheet piling using class 1, 2 and 3 cross-sections is covered in sections 5 and 6, 
whereas the design of class 4 cross-sections is covered in annex A. 

NOTE: The testing of class 4 sheet piles is covered in annex B. 

(9) The design procedures for crimped U-piles and straight web steel sheet piles utilise design resistances 
obtained by testing. Reference should be made to 10248 for testing procedures. 

(10) Geotechnical aspects are not covered in this document. Reference is made to EN 1997. 

(11) Provisions for taking into account the effects of conosion in the design of piling are given in section 4. 

(12) Allowance for plastic global analysis in accordance with 5.4.3 of EN 1993-1 J is given in 5.2. 

NOTE: Guidance for the design of steel sheet pile walls allowing for plastic global analysis is given in 
Annex C. 

(13) The design of combined walls at ultimate limit states is covered in section 5 including general 
provisions for the design of primary elements. 

NOTE: Guidance for the design of both tubular piles and I-sections used as primary elements is given in 
Annex D. 
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1.2 Normative references 

This European Standard incorporates by dated or undated reference, provisions from other publications. 
These normative references are cited at the appropriate places in the text and the publications are listed 
hereafter. For dated references, subsequent amendments to, or revisions of, any of these publications apply 
to this European Standard only when incorporated in it by amendment or revision. For undated references the 
latest edition of the publ ication referred to applies. 

] 990 Eurocode: Basis of structural design 

EN 1991 

EN 1992 

EN 1993 

EN 1994 

EN 1997 

EN 1998 

EN 10002 

EN 10027 

EN 10210 

EN 10219 

EN 10248 

EN 10249 

EN 1536 

EN 1537 

EN 12063 

EN 12699 

EN 14199 

EN 10045 

Eurocode 1: Actions on structures 

Eurocode 2: Design of concrete structures 

Eurocode 3: Design of steel structures 

Part 1.1: General rules: General rules and rules for buildings; 

PaJ11.2: General rules: 

Part 1.3: General rules: 

Part 1.5: General rules: 

Part 1.6: General rules: 

Part 1.8: General rules: 

Part 1.9: General rules: 

Part 1.10: General rules: 

Part 1.11: General rules: 

Structural fire design; 

Supplementary rules for cold formed thin gauge members 
and sheeti ng; 

Plated structural elements; 

Strength and stability shell structures 

Design of joints 

Fatigue 

Material toughness and through-thickness properties 

Design of structures with tension components made 
of steel 

Eurocode 4: Design of composite steel and concrete structures 

Eurocode 7: Geotechnical design 

Eurocode 8: Eat1hquake resistant design of structures; 

Metal1ic materials; tensile testing; 

Designation systems for steel; 

Hot finished structural hol1ow sections of non-alloy fine grain structural steels; 

Cold formed structural hollow sections of non-alloy fine grain structural steels; 

Hot rolled sheet piling of non alloy steels; 

Cold formed sheet piling of non alloy steels; 

Execution of special geotechnical work Bored piles; 

Execution special geotechnical work - Ground anchors; 

Execution of special geotechnical work Sheet-pile walls; 

Execution of special geotechnical work - Displacement pi1es; 

Execution of special geotechnical work - Micro piles; 

Metallic materials; Charpy impact test; 

EN 1090-2 Execution of steel structures and aluminium structures, Part 2: Technical requirements for 
steel structures. 

1.3 Assumptions 

(1) In addition to the general assumptions in EN 1990 the following assumptions apply: 
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Installation and fabrication of steel plIes and steel sheet piles are in accordance with EN 12699, 
EN ]4199 and EN 12063. 



1.4 Distinction between principles and application rules 

(l)P Reference shall be made to 1.4 of EN 1990, 

1.5 De'finitions 

For the purpose of this standard, the following definitions apply: 
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1.5.1 foundation: Part of a construction work including piles and possibly their pile cap, 

1.5.2 retaining structure: A construction element including walls retaining soil, similar material and/or 
water, and, where relevant, their support systems anchorages). 

1.5.3 soil-structure interaction: The mutual influence of deformations on soil and a foundation or a 
retaining structure. 

1.6 Symbols 

(1) In addition to those given in EN 1993-1-1, the following main symbols are used: 

c Slant height of the web of steel sheet piles, see Figure 5-1; 

a Inclination of the web, see Figure 5-1. 

(2) In addition to those given in 1993-1-1, the following subscripts are used: 

red Reduced. 

(3) In addition to those given in EN 1993-1-1, the fonowing major symbols are used: 

Av Projected shear area, see Figure 5-1; 

FEd Design value of the anchor force~ 

F Q,Ed Additional horizontal force resulting from global buckling to be resisted by the toe of a sheet 
pile to allow for the assumption of a non-sway buckling mode, see Figure 5-4; 

FLRd Design tension resistance of an anchor; 

FLEd Design value of the circumferential tensile force in a cellular cofferdam; 

Axial force in an anchor under characteristic loading; 

F 1a•Ed Design tensile force in the arc cell of a cellular cofferdam; 

FIC,Ed Design tensile force in the common wall of a cellular cofferdam; 

Flg,Rd Design tensile resistance of shafts of anchors; 

Flm.Ed Design tensile force in the main cell of a cellular cofferdam; 
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F ts .RJ Design tensile resistance of simple straight web steel sheet piles; 

Ftt.RJ Design tensile resistance of threads of anchors; 

Rc.Rd Design resistance of a sheet pile to a local transverse force; 

Rtw,RJ Design tensile resistance of the webs of a sheet pile to the introduction of a local transverse 

RVLRd shear resistance of the flange of a sheet pile to the introduction of a local transverse 
force; 

Pm,Ed Design value of the internal pressure acting in the main cell of a cellular cofferdam; 

ra Initial radius of the arc cell in a cellular cofferdam; 

rm Initial radius of the main ceJI in a cellular cofferdam; 

tr Nominal flange thickness of a steel sheet pile; 

tw Nominal web thickness of steel sheet piles; 

/3[3 Factor accounting for the possible reduction of the section modulus of V-piles due to 
insufficient shear force transmission in the interlocks; 

Po Factor accounting for the possible reduction of the bending stiffness of V-piles due to 
insufficient shear force transmission in the interlocks; 

f3R Factor accounting for the interlock resistance of straight web steel sheet piles; 

/3r Factor accounting for the behaviour of a welded junction pile at ultimate limit states; 

/30.1 Factor accounting for the reduction of the second moment of area about the wall axis due to the 
ovalisation of the tube; 

pp Factor accounting for the effects of differential water pressure on transverse local plate bending. 

(4) Further symbols are defined where they first occur. 

1.7 Units 

(1) S.l. units should be used in accordance with ISO 1000. 

(2) The following units are recommended for use in calculations: 
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forces and loads: 
unit mass: 
unit weight: 
stresses and strengths: 
bending moments: 
torsional moments: 

kN, kN/m, kN/m2; 
kalm3

• Co , 

kN/m3
; 

N/mm2 (MN/m2 or MPa); 
kNm; 
kNm. 



1.8 Terminology 

For the purposes of this Standard, the following terminology is used: 
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NOTE: Figure 1-1 to Figure 1-10 are only examples and are provided in order to enhance the understanding of 
the wording of the tenninology used. The examples are by no means exhaustive and they do not represent any 
preferred detailing. 

1.8.1 Anchorage 

The general expression used to describe the anchoring system at the back of a retaining wall, such as dead
man anchors, anchor plates or anchor screens, screw anchors, ground anchors, anchor piles and expanded 
bodies. Examples of connections between anchors and a sheet pile wall are shown in Figure I-I. 

1.8.2 Anchored wall 

A wall whose stability depends upon penetration of the sheet piling into the ground and also upon one or 
more anchor levels. 

1.8.3 Bearing piles 

Structural elements (hollow type, H-type, cruciform or X-type cross-sections) incorporated into the 
foundations of building or civil engineering works and used for resisting axial compressive or tensile forces, 
moments and transverse (shear) forces (see Table 1-]). The bearing resistance is achieved by base resistance 
or shaft friction or a combination of both. 

1.8.4 Bracing 

Struts perpendicular or at an angle to the front face of a retaining wall, supporting the wall and usually 
connected to the walings (see Figure 1-2). 

1.8.5 Cantilever wall 

Wall whose stability depends solely upon the penetration of the sheet piling into the ground. 

1.8.6 Cellular cofferdams 

Cofferdams constructed of straight web profiles with interlock tensile strength sufficient to resist the 
circumferential tension developed in the cellular walls due to the radial pressure of the contained fill 
Figure 1-3). The stability of these cells is obtained by the self-weight of the fill. Two basic types of cellular 
cofferdams are: 

Cellular cofferdams involving circular cells: This type of cofferdam consists of individual cells 
of large diameter connected together by arcs of smaller diameter (see Figure 1-4a); 

Cellular cofferdams involving diaphragm cells: This type of cofferdam consists of two rows of 
circular arcs connected together by diaphragms perpendicular to the axis of the cofferdam (see 
Figure 1-4b). 

1.8.7 Combined walls 

Retaining walls composed of primary and secondary elements. The primary elements are normally steel 
tubular piles, I-sections or built up box types, spaced uniformly along the length of the wall. The secondary 
elements are generally steel sheet pi1es of various types installed in the spaces between the plimary e1ements 
and connected to them by interlocks Figure 1-5). 

1.8.8 Double U-pile 

Two threaded single U sheet piles with a crimped or welded common interlock allowing for shear force 
transmission. 
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1.8.9 Driveability 

The ability of a sheet pile or bearing pile to be driven through the ground strata to the required penetration 
depth without detrimental effects. 

1.8.10 Driving 

Any method for instal1ing a pile into the ground to the required depth, sLlch as impact driving, vibrating, 
pressing or screwing or by a combination of these or other methods. 

1.8.11 High modulus wall 

A high strength retaining wall formed by interlocking steel elements that have the same geometry. The 
elements may consist of fabricated profiles, see Figure 1-6, to obtain a high section modulus. 

1.8.12 Interlock 

The portion of a steel sheet pile or other sheeting that connects adjacent elements by means of a thumb and 
finger or similar configuration to make a continuous wall. Interlocks may be described as 

Free: 

Crimped: 

Welded: 

1.8.13 Jaggedwall 

Threaded interlocks that are neither crimped nor welded; 

Interlocks of threaded single piles that have been mechanically 
connected by crimped points; 

Interlocks of threaded single piles that have been mechanically 
connected by continllous or intermittent welding. 

Special sheet pile wal1 configuration in which the single piles are arranged either to enhance the moment of 
ine1tia of the wall (see example in Figure 1-7) or to slIit special applications (see example in Figure 1-8). 

1.8.14 Pile coupler 

A mechanical friction sleeve used to lengthen a steel tubular or X shaped pile. 

1.8.15 Propped wall 

A retaining wall whose stability depends upon penetration of the sheet piling into the ground and also upon 
one or more levels of bracing. 

1.8.16 Soldier or king pile wall 

Soldier or king pile walls consist of veltical piles (king, master or soldier piles) driven at intervals, 
supporting intermediate horizontal elements (boarding, planks or lagging), see Figure 1-9. The king or 
master piles may be rolled or welded I-sections, tubular or box sections. 

1.8.17 Steel box piles 

Piles with a non-circular hollow shape formed from two or more hot-rolled sections continuously or 
intermittently welded together in longitudinal direction (see Table 1-1). 

1.8.18 Steel tubular piles 

Piles of circular cross-section formed by the seamless, longitudinal or helical welding processes 
(see Table 1-1). 

1.8.19 Steel sheet pile 

The individual steel elements of which a sheet pile wall is composed. The types of steel sheet piles covered 
in this Part 5 are given in Table 1-2: Z-shaped, U-shaped and straight web profiles, and in Table A-I of 
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Annex A for cold formed sheet piling. The interlocks of the Z-piles are located on the extreme fibres of the 
wall, whereas the interlocks of U-shaped and straight web profiles are located on the axis of the retaining 
wall. 

1.8.20 Steel sheet pile wall 

The screen of sheet piles that forms a continuous wall by threading of the interlocks. 

1.8.21 T-connection 

Special element, see Figure 1-10, to connect two cellular cofferdams by arcs of smaller diameter, see 
1-3. 

1.8.22 Triple U-pile 

A sheet pile consisting of three threaded single U sheet piles with two crimped or welded common interlocks 
allowing for shear force transmission. 

1.8.23 Waling 

Horizontal beam, usually of steel or reinforced concrete, fixed to the retaining wall and used to transmit the 
design support force for the wall into the tie rods or struts. 

Table 1-1 : Examples of cross-sections of steel bearing piles 

Type of cross-section 

Hollow type 
(examples), 

see Note 

H type 

X type 

Representation 

o 
o 

I 

Note: Reference should be made to EN 12699 and EN 14199 for execution details. 
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Type of cross-
section 

Z profiles 

U - profiles 

Straight web 
profiles 

Table 1-2: Steel sheet piles 

Single pile Double pile 

f f~ 
'--I ~ 

) C 

Note: Reference should be made to EN 10248 for details of the interlocks. 

A Tie rod; 
C Sheet pile; 

A 

c/-T 

B Washer plate; 
o Waling 

r-----------
I 
I 
I 
I 
I 
I 
I 
I 

D 

Figure 1-1: Examples of connections between anchors and sheet pile walls 

14 



B 

A Waling; B Strut 

Figure 1-2: Example of bracing 

AT-junction; B Internal pressure; 
C Circumferential tensile force 

Figure 1-3: Cellular cofferdams 
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, 
. . . 

a) Structure formed with circular cells 

b) Structure formed with diaphragm cells 

Figure 1·4: Examples of cellular structures 

A 

I 
B 

A Primary Elements; B Secondary Elements 

Figure 1·5: Examples of combined walls 



c;:,. .Qa 

=-= 
""-./"" 

A 

B 

c 
~ ~'a. ,~ 

- - -

"'-7 

A Sheet pile welded to I-Section; 
B I-section; 
C Connector welded to I-Section 

Figure 1-6: Examples of high modulus walls 
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~ -

~ 

"""'\..:..1" 

A Connector welded to one double pile; B Crimped Interlock 

Figure 1-7: Example of a jagged wall formed from U-profiles 
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Figure 1-8: Example of a jagged wall formed from Z-profiles 

\ 
A 

L .-l L. J 

/ 
B 

A Lagging, boarding, planks; B Soldier, king or master pile 

Figure 1-9: Example of a soldier pile wall 

a) Bolted b) Welded 

Figure 1-10: Examples of T-connections 
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1.9 Convention for sheet pile axes 

(l) For sheet piling the fonowing axis convention is used: 

generally 

x - x is the longitudinal axis of a pile; 
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y - y is the cross-sectional axis parallel to the retaining wan; 

z z is the other cross-sectional axis; 

where necessary 

u - u is the principal axis nearest to the plane of the retaining wall if this does not 
coincide with the y-y axis; 

v - v is the other principal axis if this does not coincide with z-z. 

NOTE: This differs from the axis convention used in EN 1993-1-1. Care therefore needs to be taken when 
cross-reference is made to Part 1.1. 
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2 Basis of design 

2.1 General 

(l)P For the design of bearing piles and sheet piling, including the design of walings, bracing and 
anchorages, the provisions of EN 1990 apply, except where different provisions are given in this document. 

(2) In the following, specific provisions are gi ven for the design of bearing piles and sheet piling to fulfil 
the safety and durability requirements for both serviceability and ultimate limit states. 

(3) The bearing resistance of the ground should be determined according to EN 1997-1. 

(4)P All design situations, including each 
EN 1990. 

of execution and use, shall be taken into account, see 

(5) The driveability of bearing piles and sheet piles should be taken into account in the design of the 
structure, see 2.7. 

(6) The provisions given in this document apply equally to temporary and permanent structures, unless 
otherwise stated, see EN 1990. 

(7) In the fol1owing distinction is made between bearing piles and retaining walls where relevant. 

(8) For provisions regarding walings, bracing, connections and anchors, reference should be made to 
section 7. 

2.2 Ultimate limit state criteria 

(l)P The following uHimate Jimit state cliteria shall be taken into account: 

a) failure of the construction by failure in the soil (the soil resistance is exceeded); 

b) structural failure; 

c) combination of failure in the soil and structural failure. 

NOTE: Failure of adjacent structures may be caused by deformations resulting from excavation. If adjacent 
structures are sensitive to such deformations, recommendations for dealing with the situation can be for the 
project. 

(2) Verifications related to ultimate limit state criteria should be carried out in accordance with 
EN 1997-1. 

(3) Depending on the design situation the resistance to one or more of the following modes of structural 
failure should be verified: 
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for bearing piles: 

failure due to bending and/or axial force; 

failure due to overall flexural buckling, taking account of the restraint provided by the 
ground and by the supported structure at the connections to it; 

local failure at points of load application; 



fatigue. 

for retaining wal1s: 

fail ure due to bending and/or axial force; 
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failure due to overall t1exural buckling, taking account of the restraint provided by the 
soil; 

local buckling due to overall bending; 

local failure at points of load application web crippling); 

fatigue. 

2.3 Serviceability limit state criteria 

(1) Unless otherwise specified, the following serviceability limit state criteria should be taken into 
account: 

for bealing piles: 

limits to vertical settlements or horizontal displacements necessary to suit the supported 
structure; 
vibration limits necessary to suit structures directly connected to, or adjacent to, the 
bearing piles. 

for retaining walls: 

deformation limits necessary to suit the serviceability of the retaining wall itself; 

limits to horizontal displacements, vertical settlements or vibrations, necessary to suit 
structures directly connected to, or adjacent to, the retaining wall itself. 

(2) Values for the limits given in (l), in relation to the combination of actions to be taken into account 
according to EN 1990, should be defined for each project. 

(3) Where relevant, values for limits imposed by adjacent structures should be defined for the project. 
Guidance for determining such limits is given in EN 1997-1. 

NOTE: Serviceability criteria may be the governing criteria for the design. 

2.4 Site investigation and soil parameters 

(l)P Parameters for soil and/or backfill shal1 be determined from geotechnical investigation in accordance 
with EN 1997. 
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2.5 Analysis 

2.5.1 General 

(1) Global analysis should be carried out to determine the effects of actions (internal forces and moments, 
stresses, strains and displacements) over the whole or part of the structure. Additional local analyses of the 
structure should be carried out where necessary, e.g. load application points, connections etc. 

(2) Analyses may be carried out using idea1isations of the geometry, behaviour of the structure and 
behaviour of the soil. The idealisations should be selected with regard to the design situation. 

(3) Except where the design is sensitive to the effects of variations, assessment of the effects of actions in 
piled foundations and in sheet pile walls may be carried out on the basis of nominal values of geometrical 
data. 

Structural fire design should be taken into account through the provisions of EN 1993-1-2 and EN 
1991-1-2. 

2.5.2 Assessment of actions 

( I ) Where relevant, actions should be taken from EN 1991, otherwise they should be defined for the 
project and with the client. 

(2) In the case of piled foundations, actions due to vertical or transverse ground movements (e.g. down-
drag, etc.) should be assessed in accordance with EN I I. 

(3) The actions transmitted to the structure through the soil should be assessed by using models selected in 
accordance with EN 1997-1, or defined for the project and agreed with the client. 

(4) Where necessary, the effects of actions resulting from variations in temperature with time, or from 
special10ads not specified in EN ] 991, should be taken into account. 
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NOTE 1: It may be necessary to take into account temperature effects, for example on struts, if there are likely 
to be variations in temperature. The design may presclibe measures to reduce the influence of temperature 
variations. 



NOTE 2: Examples of special loads are: 

loads due to falling objects or swinging huckets: 

loads from excavators and cranes: 
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imposed loads such as pumps, access ways, intermediate struts, staging for materials or 
stacking of bundles of steel reinforcement. 

(5) Unless otherwise specified, for retaining walls subject to loads from a road or a railway track, 
simplified models for such loads (for example uniformly distributed loads) derived from those defined for 
bridges may be used, see EN 1991-2. 

2.5.3 Structural analysis 

2.5.3.1 Genera) 

(1) The analysis of the structure should be carried out using a suitable soil-structure model in accordance 
with EN 1997-1. 

(2) Depending on the design situation, anchors may be modelled either as simple supports or as springs. 

(3) If connections have a major influence on the distribution of internal forces and moments, they should 
be taken into account in the structural analysis. 

2.5.3.2 Ultimate limit states 

(1) The structural analysis of piled foundations for ultimate limit states may be based on the same type of 
model as used for serviceability limit states. 

(2) Where accidental situations need to be taken into account, the assessment of effects of actions in the 
piles in a foundation may be carried out on the basis of a plastic model, both for the whole structure and for 
the soil-structure interaction. 

NOTE: An example of an accidental situation is a ship collision against a bridge pier. 

(3) Assessment of the effects of actions in sheet pile retaining wa]]s should be carried out on the basis of 
the relevant failure mode for ultimate limit state verifications, using a soil structure interaction model as 
defined in 2.5.3.1 (I). 

2.5.3.3 Serviceability limit states 

(1) For sheet pile retaining wal1s, and also for piled foundations, the global analysis should be based on a 
linear elastic model of the structure, and a soil-structure model as defined in 2.5.3.1 (I). 

(2) It should be shown that no plastic deformations occur in the structure as a result of serviceability 
loading. 

2.6 Design assisted by testing 

2.6.1 General 

(1) The general provisions for design assisted by testing given in EN 1990, EN 1993-1-1 and EN 1997-1 
should be satisfied. 
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NOTE: Guidance on the determination of design resistance from tests is given in Annex D of EN 1990. 

2.6.2 Bearing piles 

(I) For guidance on the testing of bearing piles, reference ShOll Id be made to EN 1997-1, EN 12699 and 
EN 14199. 

2.6.3 Steel sheet piling 

(1) The assumptions made in the design of sheet piling may be verified in stages by on-site testing during 
execution of the work (for instance in the case of an excavation procedure). 

(2) Reference should be made to EN 1997-1 for calibration of a calculation model and modification of the 
design during execution. 

2.6.4 Anchorages 

(I) The general provisions for design assisted by testing given in EN 1997-1 , EN 1537 and EN 1993-1-1 ] 
should be fol1owed for anchorages. 

2.7 Driveability 

(l)P In the design of all piles (bearing piles or sheet piles), the practical aspects of installing the piles to the 
required penetration depth shall be taken into account. Reference shall be made to EN 12063 and to 
EN 12699 and EN 14199. 

(2) The type, size and detailing of the piles should be chosen, in combination with the effectiveness of the 
piling plant used for instal1ation and extraction, and the driving procedure (driving parameters), to be suitable 
for the ground conditions through which the piles have to be driven. 

(3) If pile points, stiffeners or friction reducers are llsed as an aid to driving or to strengthen the piles 
during installation, their effects on the performance of the piles under service conditions should be taken into 
account. 
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3 Material properties 

3.1 General 
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(1)P This Part 5 of EN 1993 shall be used for the design of piles and retaining walls fabricated from steel 
conforming with the standards referred to in 3.2 to 3.9. 

(2) This document may also be used for other structural steels, provided that adequate data exist to justify 
application of the relevant design and fabrication rules. Test procedures and test evaluation should conform 
with section 2 of EN 1993-1-1 and EN 1990 and the test requirements should align with those given in the 
relevant standards mentioned in to 3.9. 

(3)P Re-used and second quality piles sha11 as a minimum comply with the requirements concerning 
geometrical and material properties specified in the design and shall be free from damage and deleterious 
matters that would affect strength and durability. 

3.2 Bearing piles 

(1) Reference should be made to EN 1993-] -1 for steel properties. 

(2) For the properties of steel piles fabricated from steel sheet piles see 3.3 or 3.4. 

3.3 Hot rolled steel sheet piles 

(l)P Hot rolled steel sheet piles shall be in accordance with EN 10248. 

(2) Nominal values of the yield strength f; and the ultimate tensile strength ill for hot rolled steel sheet 
piles may be obtained from Table 3-1, which are the minimum values given in EN 10248-1. 

(3) Reference should be made to 3.2.2 of EN 1993-1-1 for ductility requirements. 

NOTE: The steel grades listed in Table 3-1 are accepted as satisfying these requirements. 

Table 3-1: Nominal values of yield strength fyand ultimate tensile strength fu for hot 
rolled steel sheet piles according to EN 10248-1 

Steel name to j;. 
EN 10027 [Nhnm2] [N/mm2] 

S240 GP 240 340 
S270 GP 270 4]0 
S320 GP 320 440 
S355 GP 355 480 
S390 GP 390 490 
S430 GP 430 510 

3.4 Cold formed steel sheet piles 

(1)P Cold formed steel sheet piles shall be in accordance with EN 10249. 
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(2) Nominal values for the basic yield strength j;h and the ultimate tensile strength j;/ for cold formed steel 
sheet piles may be obtained from Table 3-2 which is in accordance with EN 10249-1. 

NOTE: The hasic yield is the nominal yield strength of the basic steel used for cold forming. 

(3) Reference should be made to A.3.1 for ductility requirements. 

Table 3-2: Nominal values of basic yield strength fyb and ultimate tensile strength fu 

for cold formed steel sheet piles according to EN 10249-1 

Steel name to j;/ 
EN 10027 lN/mm2] [N/mm2] 

S235 JRC 235 340 
S275 JRC 275 410 
S355 JOC 355 490 

3.5 Sections used for waling and bracing 

(1) Reference should be made to 3.] and 3.2 of EN 1993-1-1 for propelties of steels used for walings and 
bracing. 

3.6 Connecting devices 

(l) Reference should be made to EN 1993-1-8 for properties of bolts, nuts and washers and of welding 
consumables. 

3.7 Steel members used for anchors 

(I) Reference should be made to EN 1537 for anchors made from high strength steel with a specified 
minimum yield strength.{y.spec , which should not be higher than!y.spec,max' 

NOTE: The value 
reeommended. 

may be given in the National Annex. The value /y,'pee.max 500 N/mm2 is 

(2) Reference should be made to 3.2.1, 3.2.2 of EN 1993-1 1 and 3.9 of EN 1993-5 for the material 
properties of anchors made of non-high strength steel. 

3.8 Steel members used for combined walls 

(l)P Steel propelties of special I-section piles used as the primary elements of combined walls shall be in 
accordance with EN 10248. 

(2)P Tubes used as the primary elements in combined walls shall conform with EN I 0210 or EN ] 0219. 

(3) Steel properties of built up box piles used as the primary elements of combined walls should satisfy 
the requirements given in 3.2. 

(4) Steel propelties of the secondary elements used for combined walls should satisfy the requirements 
given in 3.3 or 3.4 respectively. 

(5)P Hot rolled connecting devices for sheet piles shall be in accordance with EN 10248. 
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3.9 Fracture toughness 

(1)P The material shall have sufficient toughness to avoid brittle fracture at the lowest service temperature 
expected to occur within the intended life of the structure. 

NOTE: The lowest service temperature to be taken into account may be given in the National Annex. 

(2) For sheet piling with a flange thickness not more than 25mm, steels with values of according to 
Table 3-3 may be used, provided that the lowest service temperature is not lower than 

NOTE 1: For other cases reference can be made to EN 1993-1-10. 

NOTE 2: The T27J value is the test temperature at which an impact energy Kv(T) > 27 Joule is required to 
fracture a Charpy-V -notch specimen. For the test see EN J 0045. 

Table 3-3: Test temperature T27J for fracture toughness of steel piles 

Yield strengthj;, [N/mm2] 240 270 320 355 390 430 

for lowest service 
35° 35° 35° 15° 15° 15° 

Values of temperature of -15°C 
for lowest service 

20° 20° 0° 0° 0° 
temperature of -30°C 

Notes: 

1) If there are holes for anchors) in a flange stressed in tension, the reduction of the cross
sectional resistance should be taken into account by using a reduced yield strength or an effective 
cross-sectional area. 

2) These values have been calculated for a lowest service temperature and a flange thickness of 
not more than 25mm without taking into account dynamic effects. For a flange thickness 25 < tr ~ 
30 mm the values given in the table for Tn] should be reduced by 5° for lowest service temperature 
of -15° C and by 10° for lowest service temperature of -30° C. 

3) Higher toughness requirements may be necessary if driving of the piles is foreseen in hard 
soils at temperatures below -10° C. 
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4 Durability 

4.1 General 

(l)P Dependant upon the aggressiveness of the media surrounding the steel member, measures against 
corrosion effects shall be taken into account if substantial losses of steel thickness are to be expected. 

(2) If corrosion is to be taken into account in the design by a reduction of thickness, reference should be 
made to 4.4. 

(3) Consideration should be given to the following measures to prolong the life of the structure: 

the use of additional steel thickness as a corrosion allowance; 

statical reserve; 

the use of protective coatings (usually paints, grouting or galvanizing); 

the use of cathodic protection, with or without protective coatings; 

providing a concrete, mortar or grout protection in the zone of high corrosion. 

(4) If the required design working life is longer than the duration of the protective effect of a coating, the 
loss of thickness occUlTing during the remaining design working life should be taken into account in 
serviceability limit state and ultimate limit state verifications. 

NOTE 1: A combination of different protective measures may be useful to obtain a high design working life. 
The whole protective system can be defined taking into account the design of the structure and of the protective 
coating as well as the feasibility of inspection. 

NOTE 2: Special care is necessary in areas where poorly isolated sources of direct current are likely to produce 
stray currents in the soil. 

(5) The possibility that corrosion may not be uniform over the whole length of a pile may be taken into 
account, allowing an economic design to be achieved by selection of a moment distribution adapted to the 
corrosion distribution, see Figure 4-1. 

(6) The required design working life for sheet piling and bearing piles should be given for each project. 

(7) The loss of thickness due to corrosion may be neglected for a required design working life of less than 
4 years, unless a different period is given for the project 

(8) Corrosion protection systems should be defined for each project. 
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a) Vertical zoning of 
sea water aggressivity 

b) Corrosion rate 
distribution at side 
exposed to sea water 

c) Typical bending 
moment distribution 

A 
C 
E 
G 
MHW 

Zone of high attack (splash zone); 
Zone of high attack (Low water zone); 
Buried zone (Water side); 
Buried zone (Soil side) 
Mean high water; 

B Intertidal zone; 
o Permanent immersion zone; 
F Anchor; 

MLW Mean low water 

NOTE: Corrosion rate distribution and zones of sea water aggressivity may vary considerably from 
the example shown in Figure 4-1, dependant upon the conditions prevailing at the location of the 
structure. 

Figure 4-1: Example of corrosion rate distribution 

4.2 Durability requirements for bearing piles 

(1) Unless otherwise specified, the strength verification of individual piles for both serviceability and 
ultimate limit state should be canied out taking into account a uniform loss of steel thickness all around the 
perimeter of the cross-section. 

(2) Unless otherwise specified, for serviceability and ultimate Jimit states the reduction of thickness due to 
corrosion of piles in contact with water or with soil (with or without groundwater) should be taken frolll 
section 4.4, dependant upon the required design working life of the structure. 

(3) Unless otherwise specified for the project, cOHosion inside hollow piles that have wate11ight closed 
ends, or are filled with concrete, may be neglected. 
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4.3 Durability requirements for sheet piling 

(I) Unless otherwise specified, in the strength verification of sheet piles for both serviceability and 
ultimate limit states, the loss of thickness for parts of sheet pile walls in contact with water or with soil (with 
or without groundwater) should be taken from section 4.4, dependant upon the required design working life 
of the structure. Where sheet piles are in contact with soil or water on both sides, the cOITosion rates apply to 
each side. 

(2) If the aggressiveness of the soil or water is different on opposite sides of a sheet pile wall, two 
different corrosion rates may be applied. 

4.4 Corrosion rates for design 

(1) Corrosion rates given in this section should be considered as for design only. 

NOTE: Suitable values for C011'0510n rates may be given in the National Annex, taking into account local 
conditions. Values that may be used for guidance are given in Table 4-1 and Table 4-2. 

(2) The loss of thickness due to atmospheric corrosion may be taken as 0,01 mm per year in normal 
atmospheres and as 0,02 mm per year in locations where marine conditions may affect the performance of 
the structure. 

NOTE: The following have a major influence on the c011'osion rates in soils: 

the type of soil; 
the variation of the level of the groundwater table; 
the presence of oxygen; 
the presence of contaminants. 

Table 4-1: Recommended value for the loss of thickness [mm] due to corrosion for 
piles and sheet piles in soils, with or without groundwater 

Required design working life 5 years 25 years 50 years 75 years ] 00 years 

Undisturbed natural soils (sand, silt, clay, 
0,00 0,30 0,60 0,90 1,20 

schist, .... ) 

Po1luted natural soils and industrial sites 0,15 0,75 1,50 3,00 

Aggressive natural soils (swamp, marsh, 
0,20 1,00 1,75 2,50 3,25 

peat, ... ) 

Non-compacted and non -aggressive fi11s 
0,18 0,70 1,20 1,70 2,20 

(clay, schist, sand, silt, .... ) 

Non-compacted and aggressi ve fil1s (ashes, 
0,50 2,00 3,25 4,50 5,75 

slag, .... ) 

Notes: 

1) Corrosion rates in compacted fills are lower than those in non-compacted ones. In compacted fills the 
figures in the table should be divided by two. 

2) The values given for 5 and 25 years are based on measurements, whereas the other values are 
extrapolated. 
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Table 4-2: Recommended value for the loss of thickness [mm] due to corrosion for 
piles and sheet piles in fresh water or in sea water 

Required design working life 5 years 25 years 50 years 75 years 100 years 

I Common fresh water (river, ship canal, .... J 
in the zone of high attack (water line) 

0,15 0,55 0,90 L15 1,40 

IVery polluted fresh water (sewage, 
I industrial effluent, .... ) in the zone of high 0,30 1,30 2,30 3,30 4,30 

i attack (water line) I 
I 

Sea water in temperate climate in the zone 
0,55 1,90 I 3,75 5,60 7,50 

of high attack (low water and splash zones) I 

Sea water in temperate climate in the zone 
of permanent immersion or in the intertidal 0,25 0,90 1,75 2,60 3,50 
zone 
Notes: 

1) The highest corrosion rate is usually found in the splash zone or at the low water level in tidal waters. 
However, in most cases, the highest bending stresses occur in the permanent immersion zone, see Figure 4-1. 

2) The values given for 5 and 25 years are based on measurements, whereas the other values are 
extrapo lated. 
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5 Ultimate limit states 

5.1 Basis 

5.1.1 General 

(I)P Piles and their components shall be designed such that the bask design requirements for ultimate limit 
states given in section 2 are satisfied. 

(2) The fonowing provisions should be applied for the verification of the resistances of cross-sections and 
members with respect to ultimate limit states. 

(3) Reference should be made to EN 1990 for the paI1ial factors for actions and the method for combining 
actions to be applied. 

(4) For the partial factors ~Hh ]i11 and to be appbed to resistance see EN 1993-1-1. 

NOTE: The partial ('actors 1\.10, 1\.11 and ]1.12 for piling may be chosen in the National Annex. The following 

values are recommended: %10 1,00; /i11 = 1, I 0 and 1M2 = 1 

5.1.2 Design 

(]) Retaining walls and bearing piles should be checked for: 

resistance of the cross-section and overall buckling of sheet piling (see 5.2) and of bearing piles 
(see 5.3); 

the resistance of walings, bracing, connections and anchors (see section 7); 

global failure of the structure as a result of soil failure (see section 2), 

5.1.3 Fatigue 

(I) Where a structure or a pal1 of it is sensitive to fatigue phenomena, the fatigue assessment should be 
carried out in accordance with EN 1993-1-9. 

NOTE: The fatigue resistance is significantly inlluenced by corrosion and a suitable corrosion protection is 
recommended. 

(2) The effects of impact or vibration during installation of bearing piles or sheet piles may be neglected 
in fatigue analysis. 

5.2 Sheet piling 

5.2.1 Classification of cross-sections 

(l)P If elastic global analysis is used, it shall be verified that the maximum effects of actions do not exceed 
the corresponding resistances. 

(2)P If plastic global analysis is Llsed, it shall be verified that the maximum effects of actions do not exceed 
the plastic resistance of the steel pile. In addition, the rotation capacity shall be checked, see Table 5-1. 
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(3) The analysis method for the distribution of effects of actions should be consistent with the following 
classification of cross-sections: 

Class , cross-sections for which a plastic analysis involving moment redistribution may be 
carried out, provided that they have sufficient rotation capacity; 

Class 2 cross-sections for which elastic global analysis is necessary, but advantage can be taken 
of the plastic resistance of the cross-section; 

Class 3 cross-sections which should be designed using an elastic global analysis and an elastic 
distribution of stresses over the cross-section, allowing yielding at the extreme fibres; 

Class 4 cross-sections for which local buckling affects the cross-sectional 
Annex A. 

see 

(4) The limiting proportions for class] 2 and 3 cross-sections may be obtained from Table 5-1 for steel 
sheet piles, taking into account a possible reduction of steel thickness due to cOlTosion. 

NOTE: Further guidance on the classification of cross-sections is given in Annex C. 

(5)An element which fails to satisfy the limits for c1ass 1, 2 or 3 should be taken as c1ass 4. 

(6)P The effects of actions in other structural elements and connections shall not exceed the resistances of 
those elements and connections. 
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Table 5-1 : Classification of cross-sections 

Classification Z-profile U-profile 

h 
b ...... 

I~ 1 
jV"",~ r~ -~~.< 

- the same boundaries as for class 2 apply 
Class I 

- a rotation check has to be carried out 

bit 
Class 2 ~ 45 

e 

bl t 
Class 3 ~66 

e 

c=p35 .f:. [N/mm2] 240 270 320 355 

0,99 0,93 0,86 0,81 f, E 

Key: 

I~ 
ii 

~ 

~f 

bl t{ ~ 
e 

bl 
~49 

[; 

390 430 

0,78 0,74 

b: width of the flat pOliion of the flange, measured between the corner radii, provided that the ratio r/tr is 
not greater than 5,0; otherwise a more precise approach should be used; 

t,: thickness of the flange for flanges with constant thickness; 
r: midline radius of the corners between the webs and the flanges; 
j;: yield strength. 

Note: For class 1 cross-sections it should be verified that the plastic rotation provided by the cross-section is not 
less than the plastic rotation required in the actual design case. Guidance for this verification (rotation check) is 
given in Annex C. 

5.2.2 Sheet piling in bending and shear 

(1) In the absence of shear and axial force, the design value of the bending moment M Ed at each cross-
section should satisfy: 

where: 

is 

is 

(5.1) 

the design bending moment, derived from a calculation according to the relevant 
case of EN 1997-1; 

the design moment resistance of the cross-section. 

(2) The design moment resistance of the cross-section Mc.Rd should be determined from the following: 

Class I or 2 cross-sections: (5.2) 

Class 3 cross-sections: (5.3) 
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Class 4 cross-sections: see Annex A. 

where: 

We! is the elastic section modulus determined for a continuous wa]]; 

~]I is the plastic section modulus determined for a continuous wall; 

)7.,10 partial safety factor according to 5.1.1 (4); 

fJn is a factor that takes account of a possible lack of shear force transmission in the interlocks 
and has the following values: 

flB = 1,0 for Z-piles and triple U-piles 

fll1 '5: 1,0 for single and double U-piles. 

NOTE 1: The degree of shear force transmission in the interlocks of U-piles is strongly influenced by: 
the type of soil into which the piles have been driven; 
the type of element instal1ed; 
the number of support levels and their way of fixation in the plane of the wan; 
the method of installation; 
the treatment of the interlocks to be threaded on site (lubricated or pat1ly fixed by welding, a 
capping beam etc.); 
the cantilever height of the wall (e.g. if the wall is cantilevered to a substantial distance above 
the highest waling or below the lowest waling). 

NOTE 2: The numerical values for PJJ for single and double 
design experience, may be given in the National Annex. 

covering these parameters, based on local 

(3) The webs of sheet piles should be verified for shear resistance. 

(4) The design value of the shear force VEd at each cross-section should satisfy: 

where: 

is 

IS 

Av ir 
the design plastic shear resistance for each web given by ----:-:::::-----'----

J3 YMO ' 

the projected shear area for each web, acting in the same direction as VEd• 

(5.4) 

(5.5) 

(5) The projected shear area AI' may be taken as follows for each web of a U-profile or a Z-profile, see 
Figure 5-1: 

(5.6) 
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where: 

h is 

tr is 

the overall height; 

the flange thickness; 

til' is the web thickness. In the case of varying web thicknesses tw,i over the slant height 
c, excluding the interlocks, tw in expression (5.6) should be taken as the minimum 
value of tw,i' 

h 

h -t (' 
C=--' 

sin a 
a) Z-pile 

'AV 

h -t l 
C=--'-

2sina 

b) U-pile 
Figure 5-1: Definition of the shear area 

(6) In addition the shear buckling resistance of the webs of sheet piles should be verified if 

cit\\, > 72 c. 

(7) The shear buckling resistance should be obtained from: 

(h - t r )t\l.J~J\' 
Vb ,Rd = ---' ---

, YMO 

h 

(5.7) 

where .tilY is the shear buckling strength according to Table 6-1 of EN 1993-1-3 for a web without stiffening 
at the SUppOlt and for a relative web slenderness given by: 

I =O.346~r' 
t E 

\I ' 

(5.8) 

(8) Provided that the design value of the shear force VEd does not exceed 50% of the design plastic shear 
resistance Vpl,Rd no reduction need be made in the design moment resistance M e, Rd' 

(9) When VEd exceeds 50% of VjJl,Rd the design moment resistance of the cross-section should be reduced 
to MV,I?d, the reduced design plastic moment resistance allowing for the shear force, obtained as follows: 

[/3 pAil 2 l f, 
Mv,Rd = U Wp,-

4
" --

tw sma YMO 
M V,Rd ~ M c, Rd but (5.9) 
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where: 

AI' is the shear area according to (5.6); 

is the web thickness; 

is the inclination of the web according to Figure 5-1; 

is the factor defined in 5.2.2(2). 

NOTE: AI' and t1\ are related to the width considered for Will' 
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(5.10) 

(l0) If steel sheet piling made of U-piles has been connected by welding or by crimping in order to enhance 
the shear force transmission in these interlocks, the connections should be verified assuming that the shear 
force can be transfelTed only in the connected interlocks. 

NOTE: This assumption allows for a safe-sided design of the connections. 

(11) The verification of the butt welds for the transmission of the shear force should be in accordance with 
4.7 of EN 1993-1-8. 

(12) The layout of the butt welds should be in accordance with 4.3 of EN 1993-1-8 taking into account 
corrosion if relevant. 

(13) In the case of intermittent butt welds, a length of not less than I should be made continuous at each end 
of the pile in order to avoid possible overstressing during installation. Reference should be made to 1993-1-8 
for the design of the welds. 

NOTE: The value I may be given in the National Annex. A value of ! = 500 mm is recommended. 

(14)P It shall be velified that the crimped points of interlocks are able to transmit the resulting interlock 
shear forces. 

(15) Provided that the spacing of the single or double crimped points does not exceed 0,7 m and the 
spacing of triple crimped points does not exceed 1,0 m, each crimped point may be assumed to transmit an 
equal shear force VEil s Rk I rMO where Rk is the characteristic resistance of the crimped point determined by 
testing in accordance with section 2.6. 

NOTE: For the determination of R" by testing see EN 1 0248. 

5.2.3 Sheet piling with bending, shear and axial force 

(1) For combined bending and compression, member buckling need not be taken into account if: 

where: 

NEd :s; 0,04 
Ncr 

is the design value of the compression force; 

(5.11) 
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is the elastic critical load of the sheet pile, calculated with an appropriate soil model, 
taking into account only compression forces in the sheet pile. 

(2) Alternatively Ncr may be taken as: 

Ncr El~D1t21 (5.12) 

in which (l is the buckling length, determined according to Figure 5-2 for a free or partially fixed earth 

support or according to Figure 5-3 for a fixed earth support and Po is a reduction factor, see 6.4. 

(3) If the criterion given in (l) is not satisfied, the buckling resistance should be verified. 

NOTE: This verification can be carried out using the procedure given in (4) to (7). 

(4) Provided that the boundary conditions are supplied by elements (anchor, earth support, capping beam 
etc.) that give positional restraint corresponding to the non-sway buckling mode, the following simplified 
buckling check may be used: 

for class 1, 2 and 3 sections: 

-------+1,1 ~l,O 
X1VpU?dCYMO IYk!l) Mc. Rd Cl'v10 IYkJ1) 

(5.13) 

where: 

Nfl/,RtI 

MeNd 

/ill 

X 

/L )~,' 

is 

is 

is 

is 

is 

the plastic design resistance of the cross-section (A 1/ YMO); 

the design moment resistance of the cross-section, see 5.2.2 (2); 

the partial factor according to 5.1.1 (4); 

the partial factor according to 5.1.1 (4); 

the buckling coefficient from 6.3.1.2 of EN 1993-1-1, using curve d and a non 
dimensional slenderness given by: 

with: 

Ncr is the elastic critical load, which may be determined according to (5.12); 

A is the cross-sectional area; 

for class 4-sections: see Annex A. 

NOTE: Buckling curve d also covers driving imperfections up to 
practice. 

of jJ which is considered to be good 

(5) For the simplified approach the buckling length tmay be determined as follows, assuming a non-sway 
buckling mode according to (7): 
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distance between the toe and the horizontal support (waling, anchor), see Figure 5-2; 
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for a fixed earth supp0l1 {' may be taken as 70 % of the distance between the toe and the horizontal 
support (waling, anchor), see Figure 5-3. 

(6) It may be assumed that a free earth supp011 provides sufficient restraint for the simplified approach if 
the toe of the sheet pile wall is fixed in bedrock or if the toe of the sheet pile waH is able to resist an 
additional horizontal force F Q,I:1I by passive earth pressure or by friction according to Figure 5-4. F Q.1:'d is 
given by: 

FQ,Ed ltN FA{: +O,QI] (5.14) 

where d is the maximum relative deflection of the sheet pile wall occurring between the SLlPP011S according 
to a first order analysis. The force F Q,Ed can be resisted by providing [§) an additional pile length 1117 

according @1] to Figure 5-4 if the soil resistance is ful1y mobilised in the absence of hictiol1. 

(7) If the supplementary displacement of a horizontal support (anchor, waling) due to a support load of 
NEi 100 is less than d500, the support may be assumed to provide enough restraint for the assumption of a 
non-sway buckling mode. 

(8) If the system does not provide enough restraint, a detailed buckling investigation should be carried 
out, based on the methods given in EN 1993-1-1. 

.NEd 

----------------------------------- ~ 

Figure 5·2: Possible determination of buckling length ~, free earth support 
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L 

fed 
----------------------------------- ~ 

Figure 5-3: Possible determination of buckling length f, fixed earth support 

eph Horizontal passive earth pressure 

A Friction force 

Figure 5-4: Determination of supplementary horizontal force FQ,Ed 
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(9) For members subject to axial force, the design value of the axial force NLd at each cross-section should 
satisfy: 

(5.15) 

in which NfI/,RiI is the plastic design resistance of the cross-section with: 

Np/,Rd = Aly IYMo (5.16) 

(10) The effects of axial force on the plastic moment resistance of the cross-section of class 1, 2 and 3 sheet 
piles may be neglected if: 

for Z-profiles of class I and 2: 

NEd :::; 0,1 

Np/,Rd 

(5.17) 

for U-profiles of class 1 and 2: 

NEd :::; 0,25 

N,J/,RJ 

(5.18) 

for class 3 profiles: 

N Ld :::; 0,1 
Np/,Rd 

(5.19) 

(11) If the axial force exceeds the limiting values given in (10), the following criteria should be satisfied in 
the absence of shear force: 

Class 1 and 2 cross-sections: 

for Z-profiles: 

MN,Rd = 1, II MeNd (I - Nl;'d / N/J[,Rd) but MN,Rd::;; Mc,Rd (5.20) 

for U -profiles: 

MN,Rd = 1,33 Mc,Rd (1 - Nl:'d / Np/,Rd) but MN,Rd::;; MeRd (5.21 ) 

Class 3 cross-sections: 

(5.22) 

Class 4 cross-sections: see Annex A. 

where: 

is the reduced design moment resistance allowing for the axial force. 

(12) If the axial force exceeds the limiting value given in (10), account should be taken of the combined 
presence of bending, axial and shear force as follows: 

a) Provided that the design value of the shear force VEd does not exceed 50% of the design plastic 
shear resistance Vp/,Rd no reduction need be made in combinations of moment and axial force that 
satisfy the criteria in (11). 
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b) When V/:'d exceeds 50% of Vpl,Rd the design resistance of the cross-section to combinations of 
moment and axial force should be calculated using a reduced yield strength f.,red = (1 p) f. for the 
shear area, where P = (2 VLL1 I VpU?d - 1 )2. '. 

5.2.4 Local effects of water pressure 

(1) In the case of differential water pressure exceeding 5 m head for Z-piles and 20 m head for U-piles the 
effects of water pressure on transverse local plate bending should be taken into account to determine the 
overall bending resistance. 

(2) As a simplification, this verification may be carried out for Z-piles using the following procedure: 

42 

if the differential water pressure is more than 5 m head, the cross-sectional verification should be carried 
out at the locations of the maximum overall bending moments; 
the effect of differential water pressure should be taken into account by using a reduced yield strength 

pp .f; 

with PI' taken from Table for the determination of the cross-sectional resistance; 

to determine pp from Table 5-2 the differential water pressure acting at the relevant locations of 
maximum moment should be taken into account. 

Table 5-2: Reduction factors pp for Z-piles due to differential water pressure 

w (b/tmill ) t: 20,0 (b/tll/in) t: = 30,0 (b/tmin) t: = 40,0 (b/tlllil1 ) t: = 50,0 

5,0 1,00 1,00 1,00 1,00 

10,0 0,99 0,97 0,95 0,87 

15,0 0,98 0,96 0,92 0,76 

20,0 0,98 0,94 0,88 0,60 

Key: 

b is the width of the flange, but b should not be taken as less than c /.J2 , where c is the slant 
height of the web 

tmill is the lesser of tr or til' 
tr is the flange thickness 
til' is the web thickness 
w is the differential head in m 

p35... . 
£ = fr ;}r IS the YIeld strength 111 N/mm2

. 

Notes: 

1) pp 1,0 may be used if the interlocks of Z-piles are welded. 

2) Intermediate values may be interpolated linearily. 



5.2.5 Straight web steel sheet piles 
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(1)P The effects of actions for strength verification of straight web steel sheet piles used in cellular 
structures, shall be determined from a model that describes the behaviour of the piling at ultimate limit states. 

(2) Reference should be made to EN 1997-1 and to EN 1990 for partial factors to be applied to the fill and 
the actions. 

(3) The fill model should be in accordance with EN ] 997-1. 

(4) The piling model should be in accordance with EN 1993-1-1. 

NOTE: It can be beneficial to use models taking into account large displacements for the piling. 

(5) A two-dimensional analysis in the governing horizontal plane may be used. 

(6) The internal pressure resulting fronl or transtnitted through the fill should be determined using 
a value not less than the at rest value of the earth pressure, see EN 1997-1. 

(7) The tensile resistance F1S,Rd of plain straight web steel sheet piles, (other than junction piles) should be 
taken as the lesser of the interlock resistance and the resistance of the web, using: 

(5.23) 

where: 

h is the yield strength; 

R".s is the characteristic interlock resistance; 

til' is the web thickness; 

PR is the reduction factor for interlock resistance. 

NOTE: The value PH may be given in the National Annex. The value PR = 0,8 is recommended. 

(8) The characteristic resistance of the interlock Rk.s depends upon the cross-section of the interlock and 
the steel grade adopted. The characteristic interlock resistance R".s should be determined by testing according 
to 2.6 and EN 1 0248. 

(9) Plain piles should be verified such that: 

(5.24) 

where: 

FtS•Rd is the design tensile resistance according to expression (5.23); 

FI.f:d is the design value of the circumferential tensile force. 

(10) When piles of different sizes are used in the same segment of a wall, the lowest tensile resistance 
should be used for the verification. 

43 



BS EN 1993-5:2007 
EN 1993-5:2007 (E) 

(11) The deviation angle (1800 minus the angle between two adjacent faces) should be limited to the 
maximum value given by the manufacturer. 

(12) For welded junction piles, steel grades with appropriate properties should be used. 

(13) The design of junction piles according to Figure 5-5 and 
due to plate bending. 

5-6 should take account of the stresses 

Ftm,Ed Ftc, Ed 

A 

Figure 5-5: Welded junction pile 

Ftc, Ed 
@ 4 
If 

2 
3 

1 

Figure 5-6: Bolted T-connection with backing plate 

(14) Provided that welding is carried out according to the procedure gi ven in EN 12063 the welded junction 
pile may be verified using: 

(5.25) @il 

where: 

FlS,Rd is the design tensile resistance of the pile according to expression (5.23); 

~ is the design tensile force in the main cell given by: 

(5.26) @j] 
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pm, Ed is the design value of the internal pressure of the main cell in the governing horizontal plane due 
to water pressure and the at rest pressure of the fill; 

rill is the radius of the main cell, see Figure 5-7. 

flT is a reduction factor that takes into account the behaviour of the welded junction pile at ultimate 
limit states and should be calculated as follows: 

(5.27) @l] 

in which rll and rm are the radii of the connecting arc and of the main cell according to Figure 5-7 and 
Cf'k is the characteristic value @l] of the internal friction angle of the fill material. 

NOTE 1: The factor fiT takes into account the rotation capacity (ductility) of the junction pile as well as the 
rotation demand (up to 20°) according to a model covering the behaviour of the cofferdam at ultimate limit 
states. 

NOTE 2: Expression (5.27) although developed for cellular cofferdams with aligned connecting arcs, see 
Figure 5-7, yields acceptable results for alternative configurations. Where more appropriate values are required, 
these values can be determined either comparable experience or by testing in combination with a suitable 
design model in accordance with (1)P. 

I, 
r 
1 
I 
I 
I 
I 
I L______________ _ _____________________________________ ~ 

Figure 5-7: Geometry of circular cell and the aligned connecting arc 

(15) For a 90° junction pile a bolted T -connection may be used. 

(16) For junction piles built up as a bolted T -connection shown 111 Figure 5-6, the verification may be 
carried out using the following procedure. 
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(17) The inter10ck strength should be verified according to (9). 

(18) The connections should be verified as follows, see Figure 5-6: 

verification of the shear and bearing resistance of the bolts (1) according to 3.6 of EN 1993-1-8, 
assuming the tensile force is equally distributed; 

verification of the bolt C' ... Vlor"""'cr (J) according to 3.5 of EN 1993-1-8; 

verification of the net cross-section of the web J and of the adjacent legs of the 3 
according to the provisions given in 6.2.5 of EN 1993-1-8; 

verification of the bolts (2) according to 3.11 of EN 1993-1-8 for their tensile resistance using a 
T -stub model according to 6.2.4 (mode 3) of EN 1993-1-8; 

verification of the backing plate 4 and of the adjacent legs of the 3 according to the 
provisions given in 6.2.4 (mode] and mode 2) of EN 1993-1-8. In order to permit the use of the 
design failure modes given in 6.2.4 of EN 1993-1-8, the web of the pile 2 (see Figure 5-6) 
should be taken as the flange of the equivalent T-stub for modes 1 and 2; 

verification of the web of the pile 2 for the tensile force 
section. 

against yielding of the net cross-

(19) Other types of junction piles may be verified accordingly. 

5.3 Bearing piles 

5.3.1 General 

(1) The effects of actions in piles should be determined in accordance with EN 1997-1, taking account of 
both equilibrium and compatibility. 

(2) Ultimate limit state verifications should be calTied out for failure in the soil for both individual piles 
and pile groups according to EN 1997, and for failure of the piles and their connections to the structure 
according to EN 1993-5, EN] 992 and EN1994. 

5.3.2 Design methods and design considerations 

(I) For piles subjected to axial and transverse loading, the soil resistance should be taken from EN 1997-
1. 

(2) The effects of actions in the pile due to transverse forces should be taken into account in combination 
with those due to axial forces and applied moments. They may be determined by superimposing the results 
of separate calculations in which the soil in contact with separate pOl1ions of the pile length is assumed to be 
resisting different actions. Alternatively the axial force, bending moments and transverse forces may be 
considered as resisted by soil over the same length of pile, provided that the soil is capable of resisting their 
combined effects. 

(3) The structural design of an individual pile should be verified III accordance with section 5 of 
EN 1 993-1-1. 

(4) For axial forces acting at the head of the pile, the distribution of stress may be conservatively taken as 
constant over the length of the pile for the determination of the effects of actions, in the case of 
negative skin friction. 
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(5) The transmission of torsional moments acting at the head of the pile should not be assumed unless 
special provisions allow the introduction of the torque into the soil. The distribution of the torque should be 
taken as constant over the pile length. 

5.3.3 Steel piles 

(I) Cross sectional verification of steel bearing piles should be in accordance with EN 1993-1-1. 

(2) Reference to section 7.8 of EN 1997 may be made for indications of the soil conditions under which 
overall buckling of piles has to be taken into account. 

(3) If the soil provides insufficient lateral restraint, the slenderness criterion for overall buckling may be 
assumed to be satisfied if NLd / Ncr:::; 0,10, where Ncr is the critical value of the axial force N f:d . 

(4) If overall buckling verification is required reference should be made to section 5 of EN 1993-1-1. The 
following effects should be taken into account: 

in addition to the imperfections given in 5.3 of EN 1993-1-1 due consideration should be given 
to supplementary initial imperfections (e.g. due to joints or installation) in accordance with 
EN 12699 and EN 14199; 

lateral support due to the surrounding soils may be taken into account using an appropriate 
model (e.g. p-y approach, subgrade reaction model) based on second order theory. 

(5) The buckling length may be estimated using the following approach (see Figure 5-8): 

leI' = k H (5.28) 

The value k takes into account the connection between the pile head and the concrete deck or the steel 
structure. 

(6) For a more determination of the buckling length, for instance for micro piles, reference should 
be made to 5.3.3 (4). 

(7)P Execution shall be in accordance with EN 12699 and EN 14199. 
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A 

C 

H 

c 

concrete or steel structure 

water or soft soil 

o 

B 

o 
connection 

firm soil 

lcrit = k H 
{

IEJ) 1,0 connection B translation fixed and rotation free 

with k = 0,7 connection B translation fixed and rotation fixed 

2,0 connection B translation free and rotation fixed @11 

Figure 5-8: Simplified estimation of buckling length for bearing piles 

5.3.4 Steel piles filled with concrete 

(1) Steel piles filled with concrete should be designed in accordance with EN 1994. 

(2) Cross sectional verifications of steel piles filled with concrete should be in accordance with 
EN 1994-1-1. 

(3) Reference should be made to 5.3.3 and section 6.7 of EN 1994-1-1 for overall buckling verification. 

(4) Concreting of a steel pile should be carried out in accordance with EN 1536, EN 12699 and EN 14199. 

5.4 High modulus walls 
(1) The design of high modulus walls should be calTied out according to the provision for sheet pile walls, 
taking into account the specific geometry of the sections used, see Figure 1-6, allowing for local effects due 
to earth and water pressures and the introduction of anchor and waling forces. 
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(2) The determination of cross-section resistance may be conservatively based on an elastic analysis of the 
cross-section~ provided that: 

buckling of plate elements is checked Llsing EN 1993-1-5; 

the shear lag effect is taken into account for wide elements. 

5.5 Combined walls 

5.5.1 General 

(1) In the following provisions for the ultimate limit state are given for the following types of combined 
walls, see Figure 1-5: 

mixed tube and sheet pile walls; 

mixed special I-section and sheet pile walls; 

mixed built-up section and sheet pile wal1s. 

(2) The design of the primary and secondary elements should be based on their functionality: 

the plimary elements act as retaining elements against the earth and water pressures and may act 
as beating piles for vertical loads; 

the secondary elements only fill the gap between the primary elements and transmit the loads 
resulting from earth and water pressures to the primary elements. 

(3) No transmission of longitudinal shear forces may be taken into account in the free interlocks between 
primary and secondary elements. 

(4)P It should be stated for each project and agreed with the client whether driving imperfections need to be 
considered in the design of the combined wall. The design values of any driving imperfections shall be given 
as percentages of the length of the primary elements, assuming a linear distribution. 

5.5.2 Secondary elements 

(1) Sheet piles used as secondary elements for combined walls should be in accordance with EN 10248. 

(2)P For the design of secondary elements, it shall be verified that they are able to transmit the internal 
forces resulting from earth and water pressures into the primary elements via the connecting devices. 

NOTE: It can be advantageous to take into account arching effects leading to a supplementary loading 011 the 
primary elements and a reduction of the earth pressures acting on the secondary elements. 

(3) The verification according to (2)P may be can-ied out using a simplified two dimensional frame model 
for the secondary elements. If required according 5.5.1 (4), driving imperfections should be taken into 
account in this simplified analysis via the imposed displacement 0 using the boundary conditions given in 
Figure 5-9, which shows a double U-pile as an example of a secondary element. 

NOTE: The driving imperfection perpendicular to the plane of the retaining wall is assumed to be absorbed by 
rotation at the interlocks Cinterlock swing"). 
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(interlocks not to be taken into account) 

Figure 5-9: Simplified model for secondary elements 

(4) For the verification of the cross-section in the simplified frame model, a plastic analysis combined 
with large displacements may be used. If members of the frame model are stressed in compression, particular 
attention should be paid to the possibility of instability, such as Tlsnap-through". 

(5) Alternatively the verification according to (2)P may be based on the results of testing in accordance 
with section 2.6. 

NOTE: For test evaluation see Annex D of EN 1990. 

(6) The test set-up should be able to simulate the behaviour of the intermediate elements. 

(7) For sheet piles used as secondary elements, further verification may be omitted if all the following 
conditions are met: 

wall thickness of the sheet piles: ~ 10mm; 

pressure difference acting on the sheet piles: ::;;40kN/m2
, conesponding to 4 m differential water 

head; 

maximum clearance between the primary elements is 1 ,8m for U-piles and 1 ,5m for Z-piles. 

(8) It may be useful to have the secondary elements shorter than the primary elements. Shortening of the 
secondary elements should be checked according to EN 1997 -1. 

NOTE 1: For shortened secondary elements, care should be taken to avoid underflow in the case of high 
differential water pressure, or where there is a of scour. 

NOTE 2: Reference should be made to EN 1997-} for the distribution of passive earth pressure on 
primary elements. 

5.5.3 Connecting devices 

(1)P The connections between the primary and secondary elements shall be designed to allow the 
transmission of the design forces from the secondary elements into the primary elements. 

(2) This verification may be based on the results of testing in accordance with section 2.6. 
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(3) If the verification is carried Ollt by calculation it should be verified that the connections are able to 
transfer the support reactions determined according to 5.5.2(3). 

(4) Plasticity should be taken into account for the verification of the connecting devices in plate bending. 

5.5.4 Primary elements 

(l)P The overa]] effects of actions due to earth and water pressures sha11 be determined taking into account 
the loading on both primary and secondary elements and possible supplementary loading due to arching 
effects in the ground, see 5.5.2(2)P. 

(2) Account should be taken of the reduction of the overall resistance of the primary elements due to the 
forces introduced by the secondary elements via the connecting devices. This requirement may be deemed to 
be satisfied, if the earth pressure is supposed to act on the primary elements directly, due to the arching effect 
and if the differential water pressure acting on the secondary elements is ~ Iz m head. 

NOTE: The value h may be given in the National Annex. A value of h = 5 m is recommended. 

(3) For strength verification of primary elements, unless a more advanced method is llsed, the design 
forces from secondary elements introduced via connections, should be taken into account using support 
reactions determined according to 5.5.2 (3). 

(4) The overa]] resistance may be determined either by testing in accordance with section 2.6 or by 
calculation as given below. 

(5) The verification of I-section or tubular piles should be in accordance with section 5 of EN ] 993-1 1. 

(6) The effects on the resistance of I-section piles due to the introduction of forces from secondary 
elements via connections should be taken into account in accordance with EN 1993-1-1. 

NOTE: The procedure given in Annex D.I may be used to determine the reduced overall resistance of 1-
section piles used as primary elements in combined walls due to the application of the design forces from the 
secondary elements. 

(7) The effects on the resistance of tubular piles due to the introduction of forces from secondary elements 
via connections should be taken into account in accordance with EN 1993-1 1 and EN 1993-1-6. 

NOTE: The procedure given in Annex D.2 may be used to determine the reduced overall resistance for tubular 
piles used as primary elements in combined walls due to the application of the design loads from the secondary 
elements. 

(8) For the application of concentrated loads via walings, anchors etc. the tubular pile should either be 
verified accordingly or be provided with stiffeners or be filled with concrete or with high grade compacted, 
non-cohesive material in order to avoid local buckling. 

(9) In the case of a tubular pile that is filled according to (8) the full cross-sectional resistance in 
accordance with EN 1992, EN 1993 and EN 1994 may be used in the filled part of the tube. 

(10) Built-up sections used as primary elements should be verified according to 5.4, provided that due 
consideration is given to the effect of load application resulting from the secondary elements. 

(11) If the simplified approach of 5.4(2) is used, the local effects due to the application of the support 
reactions determined according to 5.5.2(3) should be taken into account. 
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6 Serviceability limit states 

6.1 Basis 

(1) The significance of settlements and vibrations, and their limiting values in each case, should be given 
for the project taking into account local conditions. 

(2) The limiting values should be confirmed by a serviceability limit state verification. 

(3) Even if no limiting values are given, it should be verified that plastic deformations do not occur, using 
a model in accordance with 2.5.3.3 (I ). 

(4) The design of sheet piles or bearing piles should be checked at serviceability limit states using 
appropriate design situations as specified in EN 1997-1, taking into account a possible reduction of steel 
thickness due to corrosion. 

6.2 Displacements of retaining walls 

(I) EN 1997-1 should be taken into account when assessing the displacements of retaining walls. 

(2) Displacements due to the movement of supports (such as walings, bracing, anchorages) should be 
taken into account. 

(3) If necessary, initial imperfections due to driving should be taken into account 111 addition to the 
deformations due to loading based on the driving tolerances indicated in EN 12063. 

NOTE: This may be necessary if a particular clearance is requlred in a cofferdam. 

(4) When assessing the displacements of a sheet pile wall account should be taken of the fact that the 
quality of the workmanship and supervision during execution has an important influence on the magnitude of 
those displacements. 

6.3 Displacements of bearing piles 

(1) EN 1997-1 should be taken into account when determining the displacements of bearing piles and 
micro piles. 

6.4 Structural aspects of steel sheet piling 

(1) When calculating the displacements of the retaining structure, the possible supplementary 
displacements due to local deformation at the location of anchors, walings and bracing should be taken into 
account where their effect is significant. 

NOTE: These effects may be relevant if high locaJ transverse forces are inLroduced into unsLlffened 
walls, see Figure through an H-beam used as waling. 

(2)P The effective flexural stiffness shall be taken into account. 

(3) The effective flexural stiffness of sheet piling made of U-piles may be determined as follows, taking 
into account the degree of shear force transmission in interlocks that are located close to the centroidal axis 
of the wa11: 

(EI) err PI) (El) (6.1 ) 

where: 
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IS a factor with a value:; l,O, accounting for the possible reduction due to insufficient shear 
force transmission in the interlocks. 

NOTE 1: P/J depends on many local influences as given in note I to 5.2.2(2). The numerical value for flo may 
be given in the National Annex. 

NOTE 2: The transmission of shear forces in the interlocks of 
interlocks by continuous or intermittent welding or by crimping. 

may be enhanced by connecting the 

(4)P Crimped points shall be able to transmit the required interlock shear force. The representative shear 
force Rwr transmitted by a crimped point at serviceability limit state is: RIel' = 75 kN. 
It shall be verified by testing, in accordance with EN 10248, that the stiffness of the crimped point is not less 
than 15 kN/mm. 

NOTE 1: This stiffness requirement corresponds to a shear force of 75 kN at a displacement of 5 mm. 

NOTE 2: Crimped points may be single, double or triple crimped points. 

(5) Provided that the spacing of the single or double crimped points does not exceed 0,7 m (see 
Figure 6-1) and the spacing of triple crimped point does not exceed 1,0 m, each crimped point may be 
assumed to translnit an equal shear force VIer :; R~er. 

a:; 100 mm b~ 700 mm 

Figure 6-1: Spacing of double crimped points 
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7 Anchors, walings, bracing and connections 

7.1 General 

(l)P The effects of actions in anchors, walings, bracing and connections shall be determined from the 
structural analysis taking into account the interaction between the soil and the structure. 

(2) Where necessary, effects of actions such as those due to temperature changes or to specific loads 
should be taken into account, see 2.5.2 (4). 

(3) Appropriate simplified methods of analysis may be lIsed in which the actions applied to the various 
elements of the structure take account of the behaviour of individual members. 

~ (4) For partial factor /i12 and /iu,ser to be applied to connections see EN 1993-1-8. 

NOTE: The partial factors /i1b and /iB,ser may be defined in the National Annex. The values /in = 1,25 and 
/&n,ser = j, I 0 are recommended. ~ 

7.2 Anchorages 

7.2.1 General 

(l)P The verification of the cross-sections and the connections between the steel pm1s of dead-man 
anchors, including tie rods, anchor heads or couplers, shall be canied out according to the following. 

NOTE: Design provisions for the steel parts of prestressed anchors are given in EN 1537. 

(2) The testing procedure and the use of test results for determining the design resistance of dead-man 
anchors and grouted anchors in respect of pull-out failure of the anchor (soil-structure behaviour), should be 
in accordance with the principles laid down in EN 1997-1 and EN 1537. 

7.2.2 Basic design provisions 

(l)P For anchor design, consideration shall be given to both serviceability and ultimate limit states. 

(2) The anchor length should be such as to prevent failure of the soil or bond failure before yielding of the 
minimum required cross-section of the anchor. The anchorage length should be calculated in accordance 
with EN 1997-1. 

(3) For dead-man anchors steel with a specified yield strength not greater than 800 N/mm2 should be used. 

(4) The axial stiffness of the anchor should be taken into account in the design of the retaining wall. It 
may be assessed by preliminary testing or from comparable experience. 

NOTE: It l11ay be useful to "bracket" the effect of the anchor stiffness on the design of the retaining wall by 
using a maximum/minimum approach for the stiffness. 

7.2.3 Ultimate limit state verification 

(I) The tensile resistance FUM of anchors should be taken as the lesser of F//.Nd and Flg.Nd. 

(2) Unless othenvise specified, the tensile resistance FII.Rtf of threads of anchors should be taken as: 
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Where: 

IS 

Jua is 

is 

the tensile stress area at the threads; 

the tensile strength of the steel anchor; 

the partial factor according to 7. 1 (4). 
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(7.1 ) 

~ NOTE 1: k, may be given in the National Annex. The recommended value for k/ is k/ 0,6. This is motivated for 
cases where possible bending in the anchor as an effect of actions is not made explicit. Only in cases where the 
structural detailing of the location where the anchor rod is joined to the wall is such that bending moments are 
avoided at that location, the recommended value for k, may be chosen as kl = 0,9. @il 

NOTE 2: Conservatively, the net area of the threaded portion can be used instead of the tensile stress area. 

(3) The tensile resistance 

Ftg.Rd = Ag.h / YMO 

where: 

of the shaft of an anchor should be taken as 

IS the gross cross-sectional area of the anchor rod. 

~ Paragraph deleted @j] 

(7.2) 

(4) If the anchors are provided with a dead-man end, or with other load distributing members at their end, 
no account should be taken of the contribution of bond along the anchor shaft. The whole of the force should 
be transfeJTed through the load distributing device. 

(5) The design tensile resistance of the washer plate assembly Bt.l~d should be taken as the lesser of the 
design tension resistance given in (3) and the design punching shear resistance of the anchor head and 
the nut Bp,Rd, from Table 3-4 of EN 1993-1-8. 

(6) The design of steel load-distributing members should be in accordance with EN 1993-1 ]. 

(7) In the case of an inclined anchor, it should be demonstrated that the component of the anchor force 
acting in the direction of the longitudinal axis of the sheet pile can be safely transferred from the anchor to 
the walings or the flange of the sheet pile and into the ground, see EN 1997-1. 

7.2.4 Serviceability limit state verification 

(l)P For serviceability limit state verifications, the cross-section of the anchor shall be designed to prevent 
deformations due to yielding of the tie rod under the characteristic 10ad combination. 

(2) The pri~I)P may be deemed to be satisfied provided that 

fr As 
F/ ~er S . 

,. YAft.sa 

where: 

As is 

(7.3) 

the tensile stress area of the threaded portion or the gross cross-sectional area of the 
shaft, whichever is smaller; 

55 



BS EN 1993-5:2007 
EN 1993-5:2007 (E) 

IS the axial force of the anchor under characteristic loading; 

is the pal1ial factor according to 7.1 (4). 

7.2.5 Durability requirements 

(1) Reference should be made to EN 1537 for the durability requirements of anchors made from high 
strength steel as defined in 3.7 (I). 

(2) Reference should be made to 4.1 for anchors made from other steel grades. 

NOTE: The occurrence of bending of the anchor rod at the connection with the sheet pile wall may have a 
detrimental effect on the durability of the retaining structure. Due consideration needs to be given to this, 
especially for retaining walls whose stability is reliant solely on anchors. 

7.3 Walings and bracing 

(1) The structural properties of walings and bracing used in structural analysis should be in accordance 
with the design details. 

(2) For the verification of ultimate limit states, the effects of actions on the walings and bracing should be 
determined for all relevant design situations. 

NOTE: If a strut fails there is unlikely to be any warning such as gradual movement, or any time to take 
remedial measures. Failure of an anchor may lead to progressive failure. As the consequences of these members 
failing can be very serious, a conservative approach to the design of such members and their connections may be 
appropriate. 

(3) The cross-sectional resistance of the members should be in accordance with EN 1993-1-1. 

7.4 Connections 

7.4.1 General 

(1) The resistance of connections should be verified according to EN 1993-1-8. 

7.4.2 Bearing piles 

(1) Unless otherwise specified, the connection between the bearing pile and the pile cap may be taken into 
account in different (conservative) ways for the design of the steel pile and for the design of the pile cap. 

NOTE: The degree of fixity at the connection between a pile and the pile cap or foundation will dictate the 
local shear forces and moments that have to be designcd for. 

(2) The structural propeJ1ies of connections (pinned or fixed connections) between the heads of the piles 
and the pile cap, which depend on their rigidity and design detailing, should be chosen in accordance with 
the selected method of load transfer, examples of which are provided in Figure 7-1 and Figure 7-2, see also 
EN 1994. 

NOTE: Direct connection of a steel structure to a bearing pile is also possible as illustrated in Figure 7-3. 

(3) Durability aspects should be taken into account in the design of connections between pile and pile cap. 

(4) Joints between two pile elements should be designed in accordance with EN 1993-1-8. 

NOTE: Thc National Annex may give information on the design procedure for pile couplers. 
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A Concrete slab / pile cap; 
C Reinforced concrete infill; 

B Reinforcement; 
o Steel pile 
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EN 1993-5:2007 (E) 

Figure 7·1: Tubular and box type piles, examples of connections with the pile cap 
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A 
B 

/ 

B 

c 

A Pile cap; 
B reinforcement designed to take into account the method of load 

transfer to the concrete slab 

a) compressive loading 

A c B D 

A Pile cap; 
B reinforcement designed to take into account the method of load 

transfer to the concrete slab 
C Rebar welded to piles 
o Shear studs or welded on angle 

b) compressive and tensile loading 

Figure 7-2: Examples of bearing pile connections with a concrete pile cap 
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Figure 7-3: Example of a bearing pile connection to a column of a steel structure 
above the foundation 

7.4.3 Anchoring 

(l)P The resistance of the sheet pile to the introduction of the anchor force into its flange via a washer plate 
with a waling behind the wall (see Figure 7-4), or without using a waling (see Figure 7-5a), sha11 be verified. 

NOTE: A possible procedure for this verification is in (3). 

(2)P The resistance of the sheet pile to the introduction of the anchor force or strut force into the webs via a 
waling (see Figure 7-6) or via a washer plate Figure 7-5b) shall be verified. 

NOTE: Possible procedures for these verifications are given in (4) and (5). 

A 

o 

A Excavation; 
C Sheet pile wall; 
E Tie bolt; 

B 

B Anchor; 
o Soil; 

c 

Figure 7-4: Example of anchoring with a waling behind the sheet pile wall 
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A Excavation; 
CSoil; 

c 

a) anchor located in an in-pan 
of the sheet pile wall 

A 

B Anchor; 

B 
f 

o 

D Sheet pile wall 

b) anchor located on an out-pan 
of the sheet pile wall 

Figure 7-5: Examples of anchoring without a waling 

.... 

A Excavation; 
C Anchor; 

A 

o 

B 

Y 

E Sheet pile wall 

B Waling; 
DSoil; 

c 
f 

E 

Figure 7-6: Example of a waling in front of the sheet pile wall 

(3) The resistance of the sheet pile to that part of the anchor force to be introduced into the flange via a 
washer plate with a waling behind the wall (see Figure 7-4) or without using a waling (see Figure 7-5a) may 
be verified in accordance with the following: 

a) Shear resistance of flange: 

F1:'d ::;; RVJ;Rd 

where: 

IS 

is 
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(7.4) 

the design value of the local transverse force applied through the flange; 

the design value of the shear resistance of the flange under the washer plate, given 
as 

(7.5) 



with: 

IS the width of the washer plate; 

is the yield strength of the sheet piling; 

is the length of the washer plate, but ~ 1,5 bu; 

f:r is the llange thickness; 

b) tensile resistance of webs: 

where: 

is the design value of the tensile resistance of 2 webs, given as 

with: 

is the web thickness; 

c) width of washer plate: 

bu ~ 0,8 b 

where: 

IS the width of the washer plate; 

b is the width of the llange, see figure in Table 5-1 ; 

NOTE: A smaller value for b may be taken provided flange bending is checked. 

d) thickness of washer plate: 

BS EN 1993-5:2007 
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(7.6) 

(7.7) 

(7.8) 

the washer plate should be verified for bending and should have a minimum thickness of 2tr. 

(4) The verification of the resistance of the sheet pile to that part of the anchor force or strut force to be 
introduced into the webs via a waling (see Figure 7-6) may be carried out as follows: 

no further verification necessary 

FCI MF:'d 
_r~(_ + 0,5 -'- ~ 1,0 
Rc,Rd Mc,Rd 

(7.9) 

where: 

IS the design value of the local transverse force per web applied through the waling; 
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is the design resistance to the local transverse force. Rc.Rd should be taken as the 
minimum of Re.R£! and Rp.Rd for each web, given by: 

62 

R,',Rd = :e (s y + 4,0 ) sin a (t" +1; )f, / YMO 

with: 

Rpo 

b 

c 

e 

0,06 + 0,47 :::; 1.0 
A ' 

r' 
5,42E~sina 

c 

1S the width of the flange, see figure in TabJe 5-1; 

is the slant height of the web as shown in Figure 5-1; 

is the eccentricity of the force introduced into the web, given by 

ro tan(a) - . ' but not less than 5 mm; 
2 2s1n a 

1S 

is 

= 

the yield strength of the sheet pile; 

the olltside radius of the corner between flange and web; 

2,0 JZ' ro (~)' with a in degrees; 
180 

(7.17) 

(7.10) 

(7.11) 

(7.12) 

(7.13) 

(7.14) 

(7.15) 

(7.16) 



is 

is 

is 

a is 

e 

M Ed is 

is 
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the length of stiff bearing, determined from 6.3 of EN 1993-1-5. If the waling 
consists of two parts, e.g. two channel-sections, s, is the sum of both parts plus the 
minimum of the distance between the two parts or the length Sec; 

the flange thickness; 

the web thickness; 

the inclination of the web, see Figure 5-1 ; 

the design value of the bending moment at the location of the anchor force or strut 
force; 

the design bending resistance of the sheet pile from 5.2.2(2). 

(5) If a washer plate is used for the introduction of the anchor force into the webs according to 
Figure 7-5b the expressions given in (4) may be applied, provided that the width of the washer plate is 
greater than the width of the flange to prevent an additional eccentricity e as given in (4). 
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8 Execution 

8.1 General 

(I) The piling works should be carried out as defined for the project. 

(2) If there are differences between what is constructed on site and what has been defined for the project. 
The consequences should be investigated and modifications shall be introduced if necessary. 

(3) The execution requirements shou ld conform with EN 1997-1. 

(4) Any specific requirements should be given for each project. 

8.2 Steel sheet piling 

(l)P Sheet piling shall be executed in accordance with EN 12063. 

(2) The tolerances for position and verticality of sheet piles should be as specified in Table 2 of 
EN 12063. 

(3) In order for the piling to develop its nominal resistance and stiffness properties, the wall alignment 
should be in accordance with 8.5 of EN 12063. 

8.3 Bearing piles 

(1)P The instal1at10n of bearing piles shall conform with 4 of EN 1997-1. 

(2)P 'The installation of bearing piles shall also be in accordance with EN 12699 and EN 14199. 

(3) The tolerances for position and verticality of bearing piles should be as specified in EN 12699 and 
EN 14199. 

8.4 Anchorages 

(I) The execution of anchorages should be in accordance with EN 1997-1 and EN 1537 if applicable. 

8.5 Walings, bracings and connections 

(1)P For the execution of structural components reference shall be made to EN 1090-2. 
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A [normative] - Thin walled steel sheet piling 

A.1 General 

A.1.1 Scope 

(1) This annex should be used for the determination of the resistance and stiffness of steel sheet piling and 
for some special aspects of cold-formed steel sheet piling with class 4 cross-sections. For the determination 
of actions and effects of actions, reference should made to section 2. 

(2) Reference should be made to 5.2 for the classification of cross-sections. 

(3) Although the design methods in this annex are presented in terms of cold-formed sheet piling, they 
may also be applied to class 4 hot rolled profiles. 

(4) Design assisted by ca1culation included in this document, assumes that the cross-sections are limited to 
those made up of elements without intermediate stiffeners. This restriction need not be applied to the design 
assisted by testing, see A.7. For profiles made up of elements with intermediate stiffeners and designed by 
ca1culation reference should be made to EN 1993-1-3. 

(5) In the case of thin walled steel sheet piling, design by calculation may not always lead to economic 
solutions and it is often useful to use tests for the determination of resistance. 

NOTE: Guidance for testing are given in Annex B. 

(6) Restrictions regarding geometrical properties or materials only apply to design by ca1culation. 

A.1.2 Form of cold formed steel sheet piles 

(1) Cold formed steel sheet piles are products made from hot rolled flat products according to EN 10249. 
They consist of straight and rounded walls. Over their entire length, within the permitted tolerances, they 
have a constant cross-section and a thickness not less than 2 mm. 

(2) These sheet piles are obtained solely by cold forming (rolling or pressing). 

(3) The edges of the cross-section of a sheet pile may consist of interlocks. 

(4) Some examples of cold formed piling sections covered in this annex are given in Table A-I. 

A.1.3 Terminology 

(1) The terminology for cross-section dimensions given in 1.5.3 of EN 1993-1 -3 applies. 

(2) For cold formed steel sheet piles the axis convention given in 1.9 applies. 
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Table A-1: Examples of cold formed piling sections 

Example of cross-section 

n profile 

Z - profile 

Trench sheet profile A __ ---'! 

A.2 Basis of design 

A.2.1 Ultimate limit states 

(1) The general provisions given in 2.2 and 5.1 should also be applied to cold formed profiles, except 
where different provisions are given in this annex. 

A.2.2 Serviceability limit states 

(1) The general provisions given in 2.3, 6.1 and 6.2 should also be applied to cold formed profiles, except 
where different provisions are given in this annex. 

(2) Reference shou Id be made to section 7 of EN 1993-1-3 for serviceability limit state verifications. 

A.3 Properties of materials and cross-sections 

A.3.1 Material properties 

(1) For the properties of the materials covered in this annex reference should be made to section 3. 

(2) The provisions given in this annex apply to class 4 steel sheet piles according to EN 10248 and 
EN 10249. 

(3) These design methods may also be applied to other structural steels with similar strength and 
toughness prope11ies, provided that all of the following conditions are satisfied: 
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the steel satisfies the requirements for chemical analysis, mechanical tests and other control 
procedures to the extent and in the manner prescribed in EN 10248 or EN 10249; 

a minimum ductility is required that should be expressed in terms of limits of 

the elongation at failure on a gauge length of 5,65 Fa (where Ao is the original cross

section area) 

the ultimate strain ~I' where ~I corresponds to the ultimate strength,ft,· 

NOTE: These limiting values may be given in the National Annex. The following values are 
recommended: 

elongation at failure 2 15 %; 

where t;. corresponds to the yield strength ,(y; 

the steel is supplied either: 

according to another recognized standard for structural steel sheet, or 

with mechanical properties and chemical composition at least equivalent to one of the 
steel grades that are listed in Table 3-1 or Table 3-2 respectively. 

(4) The nominal values of the basic yield strengthj;./J given in Table 3-1 and Table 3-2 should be adopted 
as characteristic values in design calculations. For other steels the characteristic values should be based on 
the results of tensile tests carried out in accordance with EN 10002-1. 

(5) It may be assumed that the properties of steel in compression are the same as those in tension. 

(6) For the steels covered by this annex, the other material properties to be used in design should be taken 
as follows: 

modulus of elasticity: E 210 000 N/mm2
; 

shear modulus: G E / [2(1 + v)] N/mn}; 

Poisson's ratio: v 0,3; 

coefficient of linear thermal elongation: a 12 x 1 0-6 11K; 

unit mass: p 7850 kg/m3
. 

(7) The effect of an increased yield strength due to cold forming may be taken into account on the basis of 
tests in accordance with A.7. 
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(8) Where the yield strength is specified using the symbol!;. either in this annex or in EN 1993-] -3, either 
the basic yield strength!;/; from Table 3-2 or the yield strength from Table 3-1 should be used. 

NOTE: This differs from the convention used in EN 1993-1-3. 

(9) The provisions for design by calculation given in this annex may be used only for steel within the 
range of nominal thickness t as follows: 

2,0 mm t:::; ]5,0 mm. 

(10) For thicker or thinner class 4 steel sheet pile cross-sections, the load bearing capacity should be 
determined by design assisted by testing in accordance with A.7. 

A.3.2 Section properties 

(I) Section properties should be calculated, taking due account of the sensitivity of the properties of the 
overaJl cross-section to any approximations used, see 5.] of EN 1993-1 and their influence on the 
predicted resistance of the member. 

(2) The effects of local buckling should be taken into account by using effective cross-sections as 
specified in A.4. 

(3) The properties of the gross cross-section should be determined using the specified nominal 
dimensions. In calculating gross cross-sectional properties, small holes need not be deducted but allowance 
should be made for large openings. 

(4) The net area of a pile cross-section, or an element of a cross-section, should be taken as its gross area 
minus appropriate deductions for all holes and openings. 

(5) The intluence of rounded corners on the profile properties should be taken into account according to 
5.1.4 of EN 1993-1-3. 

NOTE: An example of an idealized sheet pile cross-section with sharp corners is given in Figure A-I. 

(6) For design by calculation, the width-to-thickness ratios should not exceed the values given in 
Table A-2. 

(7) The use of width-to-thickness ratios exceeding these values is not precluded, but the resistance of the 
pile at ultimate limit states and its behaviour at serviceability limit states should be verified by testing in 
accordance with A.7. 
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Table A-2: Maximum width-to-thickness ratios; modelling of statical behaviour 

Part of Cross section 

b , 
' ~-------------------:>: 

'---1 --i=fcint 

----CO>- -< ----- ';. I i < I 

d 

b 
-- ------ ------>-1 

I 

h 

A.4 Local buckling 

bit::; 90 

bit::; 200 

45 ° ::; ¢::; 90° 

cit::; 200 

Modelling of statical behaviour 

(1) The effects of local buckling should be taken into account in determining the resistance and stiffness 
of class 4 steel sheet pile cross-sections according to 5.5 of EN 1993-1-3, except where different provisions 
are given in this annex. 

(2) Unstiffened plane elements of sheet pile cross-sections are covered in 5.5.2 of EN 1993-1-3. 

(3) Plane elements with interlocks acting as edge stiffeners should be taken into account according to 
5.5.3.2 of EN 1993-1-3. 
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NOTE: Figure A-2 gives an example of the idealization of the geometry of the interlock acting as an edge 
stiffener. 



bit < 90 
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Figure A-2: Interlock to be treated as an edge stiffener 

(4) For plane compression elements with interlocks acting as edge stiffeners, the design should be based 
on the principle given in 5.5.3.1 (1) of EN 1993-1-3. 

(5) The spring stiffness of the interlock acting as an edge stiffener should be determined according to 
expression (5.9) of EN 1993-1-3. 

(6) Expression (5.10) of EN 1993-1-3 may be applied to sheet piling as follows for the Z-profile as shown 
in Figure A-3 and Figure A-4, by using the plate bending stiffness (E t3) / 12 / (1 v2

). The stiffness of the 
rotational spring representing the web, see Figure A-4, may be determined from: 

EI", e = V2 x 1 x 1 X s,.. (A.] ) 

(A.2) 

) 
(A.3) 

The actual bending moment acting in the rotational spring due to the unit load is II x bp and the 

corresponding rotation is given by: 

() 
2EI", 

So expression (5.10) of 1993-1-3 becomes: 

2u (l-v 2
) 

0=------3--(3c+ 2b ) Er p 

(A.4) 

(A.5) 
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Figure A-3: Determination of spring stiffness of the flange 

Figure A·4: Determination of the spring stiffness of the web 

A.5 Resistance of cross-sections 

A.S.1 General 

(l)P The design values of the internal forces and moments at each cross-section shall not exceed the design 
values of the corresponding resistances. 

(2) The design resistance of a cross-section should be determined either by calculation, using the methods 
given in this section, or by design assisted by testing, in accordance with A.7. 

(3) The provisions of A.S should not be applied except for monoaxial bending with Me: = O. 

(4) It may be assumed that one of the principal axes of the sheet piling is parallel to the system axis of the 
retaining walL 

(S) For design by calculation, the resistance of the cross-section should be verified for: 

bending moment, taking into account the effects of local transverse bending~ 

local transverse forces~ 
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combined bending moment and shear force; 

combined bending moment and axial force; 

combined bending moment and local transverse forces. 

BS EN 1993-5:2007 
EN 1993-5:2007 (E) 

(6) Design assisted by testing may be used instead of design by calculation for any of these resistances. 

NOTE: Design assisted by testing is particularly likely to be beneficial for cross-sections with relatively high 
bpi t ratios, for instance in relation to inelastic behaviour or web crippling. 

(7) For design by calculation, the effects of local buckling should be taken into account by using effective 
cross-sectional properties determined as specified in AA. 

(8) The provisions given in this section do not account for possible global instability of the sheet piles, so 
for sheet piling where instability due to compression forces may occur, reference should be made to section 
6.2 of EN 1993-1-3. 

(9) The criterion given in 5.2.3(1) should be applied. Higher axial forces leading to overall instabil ity 
should be avoided when using class 4 cross-sections. 

(10) Walings in front of or behind the sheet pile wall should be used to introduce forces from anchors or 
struts (see Figure A-Sa), thereby allowing for redistribution the forces. If a washer plate is used to 
introduce the force from a tie rod directly into the sheet pile as shown in Figure A-5b, tests in accordance 
with section 2.6 should be canied out if the thickness of the sheet pile profile is $ 6 mm. 

(11) When using iterative calculation procedures, several iterations should be canied out if necessary to 
avoid a lack of accuracy. 
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a) with a waling b) with a washer plate 

Figure A-S: Introduction of anchor forces 

A.5.2 Bending moment 

(1) The moment resistance of the class 4 sheet pile cross-section should be determined according to 6.1.4 
of EN 1993-1-3, except where different provisions are given in this annex. 

(2) The effects of shear lag may be neglected in steel sheet piling. 

(3) No plastic redistribution of bending moments should be made in retaining walls consisting of class 4 
cross-sections. 

(4) If the moment resistance of the profile is different for positive and negative bending moments, this 
should be taken into account in the design. 

A.5.3 Shear force 

(1) The shear resistance of the web should be determined according to 6.1.S of EN ] 993-1-3, except 
where different provisions are given in this annex. 

(2) The shear buckling strength iii)' should be determined using Table 6-1 of EN 1993-1-3 for webs 
without stiffening at the support. 

A.5.4 Local transverse forces 

A.S.4.1 General 

(1) If the waling is located in front of the wall on the excavation side as shown in Figure 7 -6, the 
verification should be carried out according to A.S.4.2. 

(2) If the waling is located behind the wall as shown in Figure 7 -4, the verification should be canied out 
according to A.S.4.3. 

A.S.4.2 Webs subject to transverse compressive forces 

(1) To avoid crushing, crippling or buckling in a web subject to a supp011 reaction via a waling, the 
applied transverse force FEd should satisfy: 
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Rw.Nd is the local transverse resistance of the web. 
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(2) For an unstiffened web, the local transverse resistance RH·.Nt! should be obtained from 6.1.7.3 of 
EN 1993-1-3 except where different provisions are given in this annex. 

NOTE: Z-profiles are covered by this paragraph, considering a double pile made up of two Z-profiles. 

(3) For a waling acting as support: 

the value of the effective beari ng length fa to be used in expression (6.18) of EN 1993-1-3 
should be determined according to 6.1.7.3 (4) of EN 1993-1 

the value of the coefficient ato be used in expression (6.18) of EN 1993-1-3 should be obtained 
from the following: 

for category 1: a= 0,075 

for category 2: a=0,15. 

NOTE: Category I applies if the distance between the waling and the of the pile is ::; 1,5 , where hw is 
the depth of the profile, otherwise category 2 applies, see Figure 6-9 of EN 1993-] -3. 

A.S.4.3 Webs subject to transverse tensile forces 

(1) For webs subject to transverse tensile forces, checks should be carried out ll1 accordance with 
7.4.3 (3). 

A.S.5 Combined shear force and bending moment 

(1) For combined shear force and bending moment, the verification should be carried out using expression 
(6.27) of EN 1993-1-3. 

A.S.S Combined bending moment and local transverse forces 

(1) For combined bending moment and local transverse forces, the verification should be canied out 
according to 6.1.11 of EN 1993-1-3. 

A.S.7 Combined bending moment and axial force 

(1) The combination of bending moment with axial tension should be verified according to 6.1.8 of 
EN 1993-1-3, without taking bending about the z-z axis into account. 

(2) The verification for combined bending moment and axial compression should be carried out according 
to 6.1.9 of EN 1993-1-3 without taking bending about the z-z axis into account. 

A.S.B Local transverse bending 

(1) In the case of a differential water pressure exceeding 1 m head, the effects of water pressure on 
transverse local plate bending should be taken into account when determining the overall bending resistance. 

(2) As a simplification, this verification may be carried out using the following procedure: 
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Key: 

b 

tmill 

w 

£ 

the cross-sectional verification need only be carried out at the locations of the maximum 
moments where the differential water pressure is more than 1 m head; 

the effect of differential water pressure should be taken into account by using a reduced plate 
thickness fred = pp f with pp according to Table A-3; 

for the determination of jJp according to Table A-3 the differential water pressure acting at the 
relevant locations of the maximum moments should be taken into account. 

Table A-3: Reduction factors jJp for plate thickness due to differential water 
pressure 

w (blfminJ £= 40,0 I (bltlllillJ £ = 60,0 (bltminJ £= 80,0 (bltminJ £= 100,0 

1,0 0,99 0,98 0,96 0,94 

2,5 0,98 0,94 0,88 0,78 

5,0 0,95 0,86 
I 

0,67 0,00 

7,5 0,92 0,75 0,00 0,00 

10,0 0,88 0,58 0,00 0,00 

is the width of the flange, but b should not be taken as less than c / J2, where c is the slant 
height of the web; 

is the minimum thickness of flange or web; 

is the head of differential water pressure in m; 

-.- ,wIth y 111 N mm ~235 . f· I 2 

.f y 

Note: These values apply to Z-piles and are conservative for Q- and U-piles. An increase of pp is possible (for instance 
if interlocks are welded), but an additional investigation is then necessary. 

A.6 Design by calculation 

(1) The following procedure may be adopted for the design of a retaining wall made up of class 4 sheet 
piles. 

(2) The effects of actions in the piles at u1timate limit states may be determined using an elastic beam 
model and an appropriate model for the soil in accordance with EN 1997-1. 

(3) If required, the structural input data for the beam model should be chosen as a best estimate. 

(4) For axial compression it should be verified whether buckling may be neglected. 

(5) For design by calculation to be applicable, it should be verified that the corresponding criteria given in 
this annex are fulfilled by the steel sheet piles that are expected to be used. 
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(6) Based on the resistances of the cross-sections provided by the manufacturer of the steel sheet piles, the 
chosen pile cross-section should be verified according to A.5, making due allowance for corrosion effects, if 
necessary. 

NOTE: The cross-section resistance data that may be provided by the manufacturer are: A(',Nk, NN.b VIi.N.t:> R\\,Rb 

taking into account the steel grade and the reduced thickness due to corrosion. 

(7) If required, the effective stiffness of the cross-section at ultimate limit states should be used with the 
beam model in an iterative procedure. 

NOTE: The stiffness data for the cross-section at ultimate limit states may be provided by the manufacturer in 
section property tables. 

(8) If a verification at serviceability limit states is required, an elastic beam model combined with an 
appropriate model for the soil in accordance with 1997-1 may be used. 

(9) Reference should be made to section 7. J of EN 1993-1-3 for the determination of the cross-section 
stiffness data to be used for serviceability states verifications. 

A.7 Design assisted by testing 

A.7.1 Basis 

(1) The following procedure should be used to apply the principles for design assisted by testing given in 
section 5 of EN 1990, to the specific requirements of cold formed steel sheet piling. 

(2) Although the fo)]owing provisions have been developed for cold formed profiles, they may also be 
applied to hot rolled steel sheet piles. 

(3) Testing may be undertaken under any of the following circumstances: 

a) if the properties of the steel are unknown; 

b) if there is a need to take account of the actual properties of the cold formed profile; 

c) if adequate analytical procedures are not available for designing a sheet pile profile by 
calculation alone; 

d) if realistic data for design cannot otherwise be obtained; 

e) if the performance of an existing structure needs to be checked; 

f) if it is desirable to build a number of similar structures or components on the basis of a 
prototype; 

g) if confirmation of consistency of production is required; 

h) if it is necessary to prove the validity and adequacy of an analytical procedure; 

i) if it is desirable to produce resistance tables based on tests, or on a combination of testing and 
analysis; 

j) if it is desirable to take into account practical factors that may alter the performance of a 
structure, but are not addressed by the relevant analysis method in design by calculation. 
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(4) Testing as a basis for tables of load carrying capacity should be carried out in accordance with A.7.3. 

NOTE: Information is given in Annex B on procedures for thin walled steel sheet piles. 

(5) Tensile testing of steel should be can-ied out in accordance with EN 10002-1. Testing of other steel 
properties should be carried out in accordance with the relevant European Standards. 

A.7.2 Conditions 

(1) The provisions given in A.3.1 of EN 1993-1-3 should be applied, except where different provisions are 
given in this annex. 

(2) During load application, up to attainment of the service load, the load may be removed and then 
reapplied. For this purpose the service load may be estimated as 30 % of the ultimate load. Above the service 
load, the loading should be held constant at each increment until any time-dependent deformations due to 
plastic behaviour have become negligible. 

A.7.3 Cross-sectional data based on testing 

(1) The cross-sectional resistances and the effective stiffness of a cold formed steel sheet pile may be 
determined according to AA.2 of EN 1993-1-3. 
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B.1 General 
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(1) Loading may be applied through air bags, or by cross beams arranged to simulate distributed loading. 
To prevent distortion of the profile at the points of load application or support transverse ties and/or 
stiffeners (such as timber blocks or steel plates) may be applied. 

(2) For tests on Z-piles at least one double sheet pile should be used. 

(3) For Q-piles at least one sheet pile should be used. 

(4) The accuracy of measurement should be consistent with the magnitude of the measurements and 
should be within +/- 1 % of the value to be determined. 

(5) The cross-sectional measurements of the test specimen should cover the following geometrical 
properties: 

overal1 dimensions (width, depth and length) to an accuracy of +/- 1,0 mm; 

width of flat profile parts to an accuracy of +/- 1,0 mm; 

radii of bends to an accuracy of +/- 1,0 mm; 

inclination of flat walls (angle between two surfaces) to an accuracy of +/- 2°; 

the thickness of the material to an accuracy of +/- 0,1 mm. 

(6) It should be ensured that the load direction remains constant during the test. 

B.2 Single span beam test 

(1) The test setup shown in Figure B-1 should be used to obtain the moment resistance (when the shear 
force is negligible) and the effective bending stiffness. 

(2) In this test at least two load points as shown in Figure B-1 should be used. 

(3) The span should be chosen in such a way that the test results represent the moment resistance of the 
sheet piJing. The deflections should be measured in the middle of the span on both sides of the sheet 
(excluding the deformations of the supports). 

(4) The maximum load applied to the specimen coincident with or prior to failure should be recorded as 
representing the ultimate bending moment resistance. The bending stiffness should be obtained from the load 
deflection curve. 
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The direction of loading may also need to be reversed for unsymmetrical 
sections. 

Figure B-1: Test set-up for moment resistance determination 

B.3 Intermediate support test 

(1) The test setup shown in Figure B-2 may be used to obtain the resistance to combined bending moment 
and shear force at the intermediate support of sheet piling, as well as the interaction between moment and 
support reaction for a given support (waling) width. 

(2) In order to obtain a comprehensive record of the declining (unstable) part of the load deflection curve, 
the test should be continued for a suitable period after reaching the maximum load. 

(3) The test span L should be selected so that it represents the por60n of the pile between the points of 
contraflexure each side of the supp0l1. 

(4) The width of the loading bar bn should represent the waling width used in practice. 
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(5) The deformations of the specimen should be measured on both sides of the specimen (excluding the 
deformations of the SUpp011S). 

(6) The maximum load applied to the specimen coincident with or prior to failure should be recorded as 
the ultimate crippling load. This represents the SUpp011 bending moment and the supp011 reaction for a given 
support width. To obtain information about the interaction between the moment and the support reaction, 
tests should be carried out with various spans. 

U2 

L 

B 

h 

A 

A Tie B Plate 

Figure B-2: Load introduction for the determination of bending resistance and 
shear resistance at intermediate support (waling) 

8.4 Double span beam test 

(1) As an alte1l1ative to B.3 double span beam tests may be can-ied out to determine the ultimate resistance 
of cold formed sheet piling. The loading should preferably be applied uniformly distributed (e.g. air bag). 

(2) This loading may be replaced by any number of point loads that adequately reflect the behaviour under 
uniformly distributed loading (see Figure B-3). 
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Figure 8-3: Test set-up for double span tests 

8.5 Evaluation of test results 

B.5.1 General 

(1) A specimen under test should be regarded as having failed if the applied test loads reach their 
maximum values, or if gross deformations exceeding agreed limits occur, see A.6.1 of EN 1993-1-3. 

8.5.2 Adjustment of test results 

(1) For the adjustment of test results reference should be made to A.6.2 of EN ] 993-1-3. 

8.5.3 Characteristic values 

(1) The characteristic value Rk may be determined from test results according to A.6.3 of EN 1993-1-3. 

8.5.4 Design values 

(1) The design value of a resistance Rd should be derived from the corresponding characteristic value R" 
determined by testing, using: 

(B.l) 

where: 

is the partial factor for resi stance according to 5.1.1 (4); 

771).1 is a factor for differences in behaviour under test and service conditions. 
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NOTE 1: The value to he ascribed to the symbol 11s\s may be given in the National Annex. For the well defined 
standard testing procedures given in B.2, B.3 and BA, 1],ys = 1,0 is recommended. 

NOTE 2: The value of %1 can be determined using statistical methods for a family of at leasl four tests. 
Reference should be made to Annex D of EN 1990. 
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C [informative] - Guidance for the design of steel sheet piling 

C.1 Design of sheet pile cross section at ultimate limit state 

C.1.1 General 

(I) The values of the effects of actions should not exceed the design resistance of the cross-section. 

(2) The design resistance should be determined taking into account a careful1y chosen structural design 
model in accordance with 2.5. 

(3) If required the reduction of cross section properties due to a loss of thickness induced by corrosion 
should be taken into account in accordance with 4. 

(4) For U-piles possible lack of shear force transmission in the interlocks should be taken into account 
according to 5.2.2 

(5) If the sheet piling is subject to transverse bending due to differential water pressure~ the effects of the 
water pressure should be taken into account using 5.2.4. 

(6) The resistance of the cross-section to the introduction of an anchor force into the flange of the sheet 
pile via a washer plate, or of an anchor or strut force into the webs of the sheet pile via a waling~ should be 
determined according to 7.4.3. 

(7) If the cross-sectional properties chosen for the determination of internal forces and moments do not 
satisfy the criteria given in (1) to (4)~ a new profile (or another steel grade) should be chosen and the 
calculation procedure repeated. 

(8) Plastic resistance may be used for class I and class 2 cross-sections. 

(9) If no moment redistribution, and therefore no plastic rotation~ is taken into account for class 1 or 2 
profiles~ determination of the effects of actions for the verification of the cross-section may be carried out 
using an elastic beam model. 

(10) If moment redistribution, and therefore plastic rotation, is taken into account in a design, the following 
design considerations should be fulfilled: 

only class 1 or class 2 cross-sections should be used in combination with a rotation check as 
given below; 

the verification of the cross-sections should be carried out using a beam model that allows for 
plastic rotation (e.g. plastic zone or plastic hinge beam model). 

C.1.2 Verification of class 1 and class 2 cross-sections 

(1) The classification of a cross-section may be carried out by using bltr ratios according to one of the 
following procedures: 
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classification according to Table 5-1: bltr ratios determined for the full plastic moment 
resistance; 

classification according to Table C-l in which the bltr ratios are given for 85 % to 100 % of the 
full plastic moment resistance, in steps of 5 O/C. 
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(2) If classification with a reduced level of the full plastic moment resistance with a reduction factor 

Pc = 0,85 to 0,95 is used to determine a class 1 or class 2 cross-section, then the design resistance of the 
cross-section should be determined with a reduced yield strengthf.led = Pel. 

Table C-1: Classification of cross-sections in bending on a reduced Mpl,Rd level 

M pl.Rd 100 % 95 % 90 % 85 % 
Type of pile Reduction factor 

1,0 0,95 0,90 0,85 
Pe 

U-piles Class 1 or 2 
b / t / 
--' ~37 

b / t I' 
--' ::;40 

b / t r 
--' ~46 

b / t / 
--' ~49 

E E E E 

b /t/ b / t b / t b / tr 
Z-piles Class 1 or 2 --~45 __ I ~50 __ f ~60 --~66 

E £ £ E 

(3) A plastic design with moment redistribution using class 1 or class 2 cross-sections may be carried out, 
provided that it can be shown that: 

(C. I) 

where: 

¢JCd is the design plastic rotation angle provided by the cross-section, see Figure C-l and Figure C-2; 

¢JEd is the maximum design rotation angle demand for the actual design case. 

(4) Plastic rotation angles ¢JCd are given in Figure C-I for different Mpl.Rd levels , dependent on b / '/ / £ 

ratios of the cross-section. These diagrams are based on results fr0111 bending tests with steel sheet piles, see 
Figure C-2. 
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Figure C-1: Plastic rotation angle ¢Jed provided by the cross-section at different 
levels of Mpl,Rd 
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Mpl,Rd 
r-----~~~------~~~---

<P pl,d <P rot,d 

Figure C-2: Definition of the plastic rotation angle ¢Jed 

(5) The design rotation angle ¢Ed for the actual design case may be determined using one of the following 
procedures: 
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a) for plastic hinge models: 

is the maximum rotation angle in any plastic hinge; 

b) alternatively for plastic hinge models and for plastic zone models: 

= ~'ot,Ed ¢I11.Ed 

where: 

(C.2) 

is the design angle at ultimate limit state, measured at the points of zero 
moment (see Figure C-3); 

IS the design elastic rotation angle, determined for the plastic moment 
resistance MPlo 

NOTE: As a simplified procedure ¢pl,Ed may be determined as follows: 

2M L 
¢pl,Fd = 3 f3 El 

J) 

where: 

L is 

EI is 

IS 

(C.3) 

the distance between the points of zero moment at ultimate limit state, see 
Figure C-3; 

the elastic bending stiffness of the sheet pile; 

a factor defined in 6.4(3). 
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c) for plastic hinge or plastic zone models, using rotations determined from calculated 
d1splacements of the wall as shown 1n F1gure C-4: 

¢Ed = ~-ol.Ed - (Co4) 

with: 

(C.5) 

L 

12 PI) £1 
(C.6) 

NOTE: If the calculation program used for the design allows unloading of the sheet pile after the calculation 
process in order to obtain the plastic deformation, ¢r:,d can be determined in this way and determination of the 
remaining plastic deformation is then straight forward. 

C.2 Serviceability limit state 

(1) In the case of U-piles, possible lack of shear force transmlssion in the interlocks should be taken into 
account according to 604. 

a) System 
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Figure C-3: Example of the determination of the total rotation angle <j>rot,Ed 

87 



BS EN 1993-5:2007 
EN 1993-5:2007 (E) 

a) System 
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Figure C-4: Notation for the determination of the total rotation angle <Prot,Ed from 
displacements 
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D [informative] - Primary elements of combined walls 

0.1 I-sections used as primary elements 

0.1.1 General 
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(1) I-sections used as primary elements in combined wa]]s, see Figure 1-5, which appear to be class I, 
class 2 or class 3 sections according to Table 5-2 of EN 1993-1-1, may be verified according to the procedure 
given in D.1.2. 

NOTE: Class 4 cross-sections should be verified according to ENI993-1-3 and EN1993-J-7. 

(2) If criterion (5.1) in EN 1993-1-1 is not fulfilled, the global internal forces and moments should be 
determined using a beam model with second order theory. Reference should be made to 5.2.3 for the 
determination of the buckling length. 

(3) If required, the local plate bending stresses due to the design forces introduced by the secondary 
elements via connections should be taken into account in accordance with 5.5.4, see Figure D-I. 

0.1.2 Verification method 

(1) If no more advanced method is used, the following simplified procedure allows for the verification of 
I-sections taking into account the interaction between overall bending, normal forces and local plate bending 
in the t1anges due to design forces from the secondary elements. 

NOTE: Using a more advanced calculation method that takes into account both material and geometrical 11on
Iinearities may lead to a more economical design. This approach is also recommended to deal with higher water 
pressures exceeding 10m head. 

(2) Up to a water pressure (or equivalent earth pressure in very soft soils) of h 10m head the interaction 
between overall action effects and local plate bending may be taken into account as follows: 

The cross-sectional verification of the primary elements should be carried out according to 
6.2.9.2 and 6.2.10 of EN 1993-1-1, taking into account a reduced yield strength: 

forh= 10m: 0.9fy 
for h 4 m: fy,red l.Ofy 

for 4 m < h < 10m: linear interpolation 
Local plate bending of the flanges is verified according to (3). 

(3) Local plate bending in the flanges should be verified for a cross-section through the flange located at 
the beginning of the fillet taking into account the design forces introduced via the connectors, see 
Figure D-1, using: 

M (N \2 
~+ -Rj ~ 
M Rd \NRd 

where M Ed and N/:ll are the design action effects for plate bending, given by 

(D.l) 

(D.2) 
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MUd and NRt/ are the design values of the resistances for plate bending, given by: 

where t is the flange thickness at the beginning of the fillet. 

NOTE 1: M/:(J, NCd, MRd and NRd are to be taken per unit length. 

NOTE 2: The shear force interaction may be neglec ted. 

(4) Reference should be made to EN 1993-1-5 for the shear buckling verification of the webs. 

(5) Reference should be made to section 6.3.3 of EN1993-1-1 for the overall buckling verification. 

Wz,Ed wz,Ed 

W y,Ed : d( t----..........,t Jm ~ W y,Ed 

Vz,Ed 

:z 

t 
a) 

--------- J 

d 

b) 

Figure 0-1 : I-section with overall and plate bending 
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0.2 Tubular piles used as primary elements 

0.2.1 General 

(1) Tubular piles used as primary elements in combined walls, which appear to be class 4 sections 
according to Table 5-2 of EN 1993-1-1, may be verified according to the following procedure. 

(2) If the criterion (5.1) in EN 1993-1-1 is not fulfilled, the global internal forces and moments should be 
determined using a beam model with second order theory. 

NOTE: To calculate the effect of the ovalisation on the second moment of area should be taken into 
account. See 5.2.3 for the determination of the buckling length. 

(3) If required by section 5.504, the local shell bending stresses and displacements due to the design forces 
introduced by the secondary elements via the connectors may be estimated from Table D-I. 

NOTE 1: The vertical support reactions from Figure 5-9 may be disregarded for the determination of local shell 
bending stresses. 

NOTE 2: For simplification the horizontal forces Hlr.f:'d may be assumed to act only in tension. 

(4) The effect of the ovalisation of the tube due to local shell bending on the second moment of area about 
the wall axis, see Figure D-2, may be estimated using the reduction factor: 

jJo.! = 1 1,5 (e / r) (D.3) 

NOTE: The effect of the ovalisation on the section modulus may be neglected. 

(5) The ovalisation e due to local shell bending, see Figure D-2 and Table D-l, may be estimated from: 

r3 
e O,0684w

Y
,Ed - but e :::; 0,1 r 

where: 

EI is the stiffness for shell bending of the tube, given by: 

El = E t
3 112; 

r IS the mid-line radius of the tube; 

the supp011 reaction per unit length, determined from 5.5.2(3), see Figure 5-9. 

(6) The radius of curvature a at the ovalisation, see Figure D-2, may be obtained from: 

a= 
r 

3e 
1--

r 

(DA) 

(D.5) 
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Table 0-1: Local shell bending due to design forces from secondary elements 

MA :::: 0,182 Wy.l:d r 

NA :::: 0,5 Wr.f.d 

VA:::: ° 
MI1 :::: - 0,318 Wy,Ed r 

NIJ:::: ° 
VI1 ::::±0,5 

A 

c 

iJDIJD 

iJDAC 

0,1488 r3 / EI 
0,1368 11\J;d 1'3 / EI 

MA :::: 0,137 mea 
NA :::: 0,637 117EeI/ r 

VA ° 
MB :::: 0,5117Ed 

Nn ° 
VlJ -0,637 mt'd / r 

iJDBf):::: ° 
iJDAC :::: ° 

A 

c 

Where: Definition of internal forces and moments in shell 
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M, N and V are the internal forces and bending: 
moments in shell bending according to the 
definition given in the figure. 
Wy,f;d and mEd are the design forces introduced 
by the secondary elements via the connecting 
devices. 
iJDlW and iJD AC are the changes in diameter 
resulting from the applied forces 
(ovalisation). D 
l' is the midline radius of the tube 
EI is the shell bending stiffness of the tube 

A 

c 



a: radius of curvature at ovalisation 
e: ovalisation due to local shell bending 
r: midline radius of the tube 
t: wall thickness of the tube 

force introduced by the secondary elements 
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Figure 0-2: Tube pile:, geometrical data and local shell bending 

0.2.2 Verification method 

(1) The following procedure may be llsed for the verification of the tubular piles taking i11to account shell 
buckling, the interaction between overall bending, normal forces, local shell bending and overall buckling. 

NOTE: Alternatively the verification may be carried out according to 8.6 or 8.7 of EN 1993-1-6 using a model 
suited for this type of analysis and which gives due consideration to the stiffening effect of the soil. This 
approach yields more economic results than the procedure below. 

(2) The buckling verification should be calTied Ollt for a cylindrical shell with a radius equal to the radius 
of curvature a at the ovalisation. 

(3) Reference should be made to section 8.5 of EN1993-1-6 for the buckling verification. 

(4) Shear buckling may be neglected at points of load introduction, provided that these points are stiffened 
by a concrete fill or appropriately designed stiffeners. 

(5) If the tube is filled over a celtain height with dense sand or stiff clay the circumferential compression 
stresses due to earth and water pressure may be neglected for the buckling verification in this palt of the 
tube. 

NOTE: Information concerning the required density or stiffness may be given in the National Annex based on 
local experience. 

(6) The critical buckling stress should be determined: 

for meridional (axial) stresses according to D.l.2.1 of EN1993-1-6 with 
cylinders; 
according to D.IA.l of EN 1993-1 for shear stresses~ 

=1,0 even for long 
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according to D.1.3.1 of ENI993-1-6 using the boundary conditions of case 3 in Table D-3 or 
D-4 for circumferential compression stresses. 

(7) The buckling parameters should be determined according to D.l.2.2, D.IA.2 and D.I.3.2 of EN 1993-
1-6 respectively, taking into account quality class B for new tubes. 

(8) The design values of stresses should be calculated using membrane theory in accordance with 
Annex A of EN1993-1-6. 

(9) Reference should be made to section 8.5.3 of EN1993-1-6 for verification of the buckling strength. 

NOTE 1: If the circumferential compressive stresses have to be taken into account for the buckling verification, 
non-uniform pressure distributions should be replaced by uniform distributions based on the maximum value. 

NOTE 2: Shear may be neglected in the interaction check according to (3) of section 8.5.3 of EN 1993-1-6. 

(10) The general cross-sectional verification should be carried out according to 6.2.1 of EN1993-1-1 using 
the procedure given in section 6.2 of EN1993-1-6. For this verification the stresses due to both overall 
bending and local shell bending according to Table D-l should be taken into account. The effect of 
ovalisation may be neglected and the fu]] elastic cross-sectional properties may be used for this verification. 
The critical points where the yield criterion should be applied, should be determined taking into account the 
governing cross-sections and the governing points in those cross-sections (points A, B, C and D in 
Table D-I). 

(11) For the overall buckling verification reference should be made to section 6.3.3 of EN 1993-1-1 using 
full elastic cross-sectional properties, taking into account the effect of ovalisation in accordance with (4) of 
D.2.I. 

(12) This verification may be deemed to be satisfied by verifying the interaction criterion: 
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NEd + 1,5 M Fd :::; 1,0 
X MRk 

(D.6) 

YMI 

where: 

r~fl 

N/;d and MEt! are the design values of the compressive force and the bending moment in 
the governing cross-section; 

NRk and MRk are the characteristic resistances, determined in accordance with (11); 

X is the reduction factor due to overall flexural buckling taken from 6.3.1.2 of 
EN1993-1-1 based on a buckling length in accordance with 5.2.3. 

NOTE: The slenderness should be determined according to 6.3.1.3 ofEN1993-1-1, taking into account (2) of 
D.2.I. 
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Foreword 
This European Standard EN 1993-6, "Eurocode 3: Design of steel structures: PaIt 6 Crane supporting 
srtuctures", has been prepared by Technical Committee CEN/TC250 « Structural Eurocodes », the 
Secretariat of which is held by BSI. 
CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by October 2007, and conflicting National Standards shall be withdrawn at 
latest by March 2010. 

This Eurocode supersedes ENV 1993-6. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 

following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, l'v1alta, Netherlands, Norway, Poland. Portugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom .. 

Background of the Eurocode programnle 
In 1975, the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonisation of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonised technical 
rules for the design of construction works which, in a first stage, would serve as an a1ternative to the national 
rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980' s. 

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an agreement l 

between the Commission and CEN, to transfer the preparation and the pub1ication of the Eurocodes to the 
CEN through a series of Mandates, in order to provide them with a future status of European Standard (EN). 
This links de facto the Eurocodes with the provisions of all the Council's Directives andlor Commission's 
Decisions dea1ing with European standards (e.g. the Council Directive 891106/EEC on construction products 

CPD - and Council Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of setting up the internal market). 

The Structural Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 Eurocode: Basis of structural design 

EN 1991 Eurocode I: Actions on structures 

EN 1992 Eurocode 2: Design of concrete structures 

EN 1993 Ellrocode 3: Design of steel structures 

EN 1994 Eurocode 4: Design of composite steel and concrete structures 

EN 1995 Eurocode 5: Design of timber structures 

EN 1996 Eurocode 6: Design of masonry structures 

EN 1997 Eurocode 7: Geotechnical design 

EN 1998 Eurocode 8: Design of structures for earthquake resistance 

EN 1999 Eurocode 9: Design of aluminium structures 

Eurocode standards recognise the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatory safety matters at national level where these 
continue to vary from State to State. 

1 Agreement between the Commission of the Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (BClCEK/03/89). 
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Status and field of application of Eurocodes 
The Member States of the ED and EFT A recognise that Eurocodes serve as reference docllments for the 
following purposes: 

as a means to prove compliance of building and civil engineering works with the essential requirements of 
Council Directive 89/1 06/EEC, particularly Essential Requirement N° I Mechanical resistance and stability 
- and Essential Requirement N°2 - Safety in case of fire; 

as a basis for specifying contracts for construction works and related engineering services; 

as a framework for drawing up harmonised technical specifications for construction products (ENs and 
ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they are of a different nature from 
harmonised product standard3

• Therefore, technical aspects arising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product 
standards with a view to achieving a full compatibility of these technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or design conditions are not specifically covered and additional expert consideration will be 
required by the designer in such cases. 

National Standards implementing Eurocodes 
The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and 
may be fol1owed by a National Annex. 

The National Annex may only contain information 011 those parameters which are left open in the Eurocode 
for national choice, known as Nationally Determined Parameters, to be used for the design of buildings and 
civil engineering works to be constructed in the country concerned, 

values andlor classes where ahernatives are given in the Eurocode, 

values to be used where a symbol only is given in the Eurocode, 

country specific data (geographical, climatic etc.) e.g. snow map, 

the procedure to be used where alternative procedures are given in the Eurocode, 

references to non-contradictory complementary information to assist the user to apply the Eurocode. 

According to Art. 3.3 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative documents for the 
creation of the necessary links between the essential requirements and the mandates for hENs and ETAGs/ETAs. 

According to Art. 12 of the CPO the interpretative documents shall : 

a) give concrete form to the essential requirements by harmonising the terminology and the technical bases and indicating classes 
or levels for each requirement where necessary; 

b) indicate methods of correlating tllese classes or levels of requirement with the technical e,g. methods of 
calculation and of proof, technical rules for project design. etc. ; 

c) serve as a reference for the establishment of harmonised standards and guidelines for European technical elf'l,'II"",,:)I,, 

The Eurocodes, de playa similar role in the field of the ER I and a part of ER 2. 

5 



BS EN 1993-6:2007 
EN 1993-6:2007 (E) 

Links between Eurocodes and harmonised technical specifications (ENs and ETAs) for 
products 
There is a need for consistency between the harmonised technical specifications for construction products 
and the technical rules for works-+. Furthermore, al1 the information accompanying the CE Marking of the 
construction products which refer to Eurocodes should clearly mention which Nationally Determined 
Parameters have been taken into account. 

Additional information specific to EN 1993-6 
EN 1993-6 is one of the six paIiS of EN 1993 "Design of Steel Structures" and gives principles and 
application rules for the safety, serviceability and durability of crane supporting structures. 

EN 1993-6 gives design rules that supplement the generic rules in EN 1993-1. 

EN 1993-6 is intended for clients, designers, contractors and public authorities. 

EN 1993-6 is intended to be used with EN 1990, EN 1991 and EN 1993-1. Matters that are already covered 
in those documents are not repeated. 

Numerical values for partial factors and other reliability parameters are recommended as basic values that 
provide an acceptable level of reliability. They have been selected assuming that an appropriate level of 
workmanship and quality management applies. 

National Annex for EN 1993-6 
This standard gives alternative procedures, values and recommendations for classes with notes indicating 
where national choices may be made. So the National Standard implementing EN 1993-6 should have a 
National Annex containing a11 Nationally Determined Parameters to be used for the design of crane
supporting members in steel structures to be constructed in the relevant country. 

National choice is a]]owed in EN 1993-6 through: 

2.] .3.2( I)P 

2.8(2)P 

3.2.3( I) 

3.2.3(2)P 

3.2.4(1) table 3.2 

3.6.2(1 ) 

3.6.3( I) 

6.1 (1) 

6.3.2.3( 1) 

7.3(1) 

7.5(1) 

8.2(4) 

9.1(2) 

9.2(1)P 

9.2(2)P 

9.3.3(1) 

9.4.2(5) 

Design working life. 

Partial factor /F,test for crane test loads. 

Lowest service temperature for indoor crane supporting structures. 

Selection of toughness properties for members in compression. 

Requirement ZEd for through-thickness propeliies. 

Information on suitable rails and rail steels. 

Information on special connecting devices for rails. 

Partial factors /Mi for resistance for ultimate limit states. 

Alternati ve assessment method for lateral-torsional buckling 

Limits for deflections and deformations. 

Partial factor /M:,ser for resistance for serviceability limit states. 

Crane classes to be treated as "high fatigue". 

Limit for number of cycles Co without a fatigue assessment. 

Partial factors /Ff for fatigue loads. 

Partial factors /Mf for fatigue resistance. 

Crane classes where bending due to eccentricity may be neglected. 

Damage equivalence factors Adup for multiple crane operation. 

4 See Art.3.3 and Art.l2 of the CPO, as well as clauses 4.2, 4.3. L 4.3.2 and 5.2 ofIO 1. 
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1 General 

1.1 Scope 

(1) This Part 6 of EN 1993 provides design rules for the structural design of runway beams and other crane 
suppOlting structures. 

(2) The provisions given in Part 6 supplement, modify or supersede the equivalent provisions given In 
EN 1993-1. 

(3) It covers overhead crane runways inside buildings and outdoor crane runways, including runways for: 

a) overhead travelling cranes, either: 

supported on top of the runway beams; 

underslung below the runway beams; 

b) monorail hoist blocks. 

(4) Additional rules are given for ancillary items including crane rails, structural end stops, support brackets, 
surge connectors and surge girders. However, crane rails not mounted on steel structures, and rails for other 
purposes, are not covered. 

(5) Cranes and aU other moving pmts are excluded. Provisions for cranes are given in EN 13001. 

(6) For seismic design, see EN 1998. 

(7) For resistance to fire, see EN 1993-1-2. 

1.2 Normative references 

This European Standard incorporates by dated or undated reference, provisions from other publications. 
These normative references are cited at the appropriate places in the text and the pubJ ications are listed 
hereafter. For dated references, subsequent amendments to, or revisions of, any of these publications apply to 
this European Standard only when incorporated in it by amendment or revision. For undated references the 
latest edition of the publication referred to applies (including amendments). 

EN 1090 Execution of steel strucfllres and aluminium structures: 

Part 2 Technical requirements for steel structures; 

EN 1337 Structural bearings; 

EN ISO 1461 Hot dip galv({l1ised coatings onfabricated iron and steel articles spec{jications ({nd test 
methods; 

EN 1990 Eurocode: Basis of structural design; 

EN 1991 Elfrocode 1: Actions' on structures: 

Part I-I 

Part 1-2 

Part 1-4 

Part 1-5 

Part 1-6 

Actions on strllctures Densities, se(rweight and imposed loads for buildings; 

Actions on structures Actions on structures exposed to fire; 

Actions on structures Wind loads; 

Actions on structures Thermal actions; 

Actions on structures Constrllction loads; 

Part 1-7 Actions on structures - Accidental actions; 

Part 3 Actions on structures - Actions induced by cranes and 1nachinery; 
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EN 1993 Ellrocode 3: Design structure s: 

Part 1-1 General rules and rules for buildings; 

Part 1-2 Strllclliralfire design; 

Part 1-4 Stainless steel.)'; 

Part 1-5 Plated strllctllnil elements: 

Part 1-8: Design of joints; 

Part 1-9: Fatiglle; 

Part 1-10: Material tOllghness and through thickness properties; 

EN 1998 Eurocode 8: Design provisions for earthquake resis,tance of structures; 

EN 10164 Steel prodllcts vvith improved deformation properties perpendicular to the surface of the 
product - Technical delivelY conditions; 

ISO/DIS 11660 Cranes - guards and restraints: 

Part 5 Bridge and ganfly cranes. 

TS 13001 Cranes - General design; 

Part 3.3 Limit states and proqf (~f competence of wheel/rail contacts; 

1.3 Assumptions 

(I) In addition to the general assumptions of EN 1990 the fo11owing assumptions apply: 

~ execution @il complies with EN 1090-2. 

1.4 Distinction between principles and application rules 

(I) See 1.4 in EN 1990. 

1.5 Terms and definitions 

(1) See 1.5 in EN 1993-1-1. 

(2) Supplementary to EN 1991-3, for the purposes of this Part 6 the following terminology applies: 

1.5.1 crane surge Horizontal dynamic actions due to crane operation, acting longitudinally and/or 
laterally to the runway beams. 

NOTE: The transverse actlons induced by eranes apply lateral forces to the runway beams. 

1.5.2 elastomeric bearing pad Resilient reinforced elastomeric bedding material intended for use under 
crane rails. 

1.5.3 surge connector Connection that transmits crane surge from a runway beam, or a surge girder, to a 
support. 

1.5.4 surge girder Beam or lattice girder that resists crane surge and carries it to the supports. 

1.5.5 structural end stop. Component intended to stop a crane or hoist reaching the end of a runway. 

1.6 Symbols 

(1) The symbols are defined in EN 1993-1-1 and where they first occur in this EN 1993-6. 

NOTE: The symbols used are based on ISO 3898: 1987. 
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2 Basis of design 

2.1 Requirements 

2.1.1 Basic requirements 

(1) See 2.1.1 of EN 1993-1-1. 

2.1.2 Reliability management 

(1) See 2.1.2 of EN 1993-1-1. 

2.1.3 Design working life, durability and robustness 

2.1.3.1 General 

0) See 2.1.3.1 of EN 1993-1-1. 

2.1.3.2 Design working life 

(1)P The design working life of a crane supporting structure shall be specified as the period during which it 
is required to provide its full function. The design working life should be documented (for example in the 
maintenance plan). 

NOTE: The National Annex may specify tbe rcJevant design working life. A design working life of 25 years is 
recommended for runway beams, but for runways that are not intensively used, 50 years may be appropriate. 

(2)P For temporary crane supporting structures, the design working ]ife shall be agreed with the client and 
the public authority, taking account of possible re-use. 

(3) For structural components that cannot be designed to achieve the total design working life of the crane 
Supp0l1ing structure, see 4(6). 

2.1.3.3 Durability 

(1)P Crane supporting structures shall be designed for environmental influences, such as corrosion, wear and 
fatigue by appropriate choice of materials, see EN 1993-1-4 and EN 1993-1-10, appropriate detailing, see 
EN 1993-1-9, structural redundancy and appropriate corrosion protection. 

(2)P Where replacement or realignment is necessary (e.g. due to expected soil subsidence) such replacement 
or realignment shall be taken into account in the design by appropriate detailing and verified as a transient 
design situation. 

2.2 Principles of limit state design 

(1) See 2.2 of EN 1993-1-1. 

2.3 Basic variables 

2.3.1 Actions and environmental influences 

(1)P The characteristic values of crane actions shall be determined by reference to EN 1991-3. 

NOTE 1: EN 1991-3 gives rules for determining crane actions in accordance with the provisions in EN 1300 I-I 
and EN 13001-2 to facilitate the exchange of data with crane suppliers. 

NOTE 2: EN 1991-3 gives various methods to determine reliable actions, depending upon whether or not full 
information on crane specifications are available at the time of design of crane supporting structures. 

(2)P Other actions on crane supporting structures shall be determined by reference to EN 1991-1-1, 
EN 1991-1-2, EN 1991-1-4, EN 1991-1-5, EN 1991-1-6 or EN 1991-1-7 as appropriate. 

(3)P Pal1ial factors and combination rules shall be taken from Annex A of EN 1991-3. 

(4) For actions during erection stages see EN 1991-] -6. 

(5) For actions from soil subsidence see 2.3.1(3) and (4) of EN 1993-1-1. 

2.3.2 Material and product properties 

(1) See 2.3.2 of EN 1993-1-1. 

2.4 Verification by the partial factor method 

(1) See 2.4 of EN 1993-1-1. 
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(2) For partial factors for static equilibrium and uplift of bearings see Annex A of EN 1991-3. 

2.5 Design assisted by testing 

(1) See 2.5 of EN 1993-1-1. 

2.6 Clearances to overhead travelling cranes 
(1) The clearances between a1l overhead travelling cranes and the crane supporting structure, and the 
dimensions of all access routes to the cranes for drivers or for maintenance personnel, should comply with 
ISO/DIS 11660-5. 

2.7 Underslung cranes and hoist blocks 

(1) ~ Where the bottom flange @.l) of a runway beam directly supports wheel loads from an underslung 
crane or hoist block, a serviceability limit state stress check, see 7.5, should be can-ied out. 

(2) The uhimate limit state resistance of this flange should also be verified as specified in 6.7. 

2.8 Crane tests 

(1) Where a crane or a hoist block is required to be tested after erection on its supporting structure, a 
serviceability limit state stress check, see 7.5, should be carried out on the supporting members affected, 
using the relevant crane test loads from 2.10 of EN 1991-3. 

(2)P The ultimate limit state verifications specified in 6 shall also be satisfied under the crane test loads, 

applied at the positions affected. A partial factor IF.test shall be applied to these test loads. 
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3 Materials 

3.1 General 

(I) See 3.1 of EN 1993-1-1. 

3.2 Structural steels 

3.2.1 Material properties 

(l) See 3.2.1 of EN 1993-1 1. 

3.2.2 Ductility requirements 

(1) See 3.2.2 of EN 1993- J-1. 

3.2.3 Fracture toughness 

(1) See 3.2.3( I) and (2) of EN 1993-1-1. 

NOTE: The lowest service temperature to be adopted in design for indoor crane supporting structures may be 
given in the National Annex. 

(2)P For components under compression a suitable minimum toughness property sha]) be selected. 

NOTE: The National Annex may information on the selection of toughness properties for members in 
compression. The use of table 2. J of EN 1993-\-\ 0 for ~ (jEll = 0,25 f}Jt) @l] is recommended. 

(3) For the choice of steels suitable for cold forming (e.g. for pre-cambering) and subsequent hot dip zinc 
coating see EN 1461. 

3.2.4 Through thickness properties 

(1) See 3.2.4(1) of EN 1993-1-1. 

NOTE 1: Particular care should be given to welded beam-to-column connections and welded end plates with 
tension in the through-thickness direction. 

NOTE 2: The National Annex may specify the allocation of target values ZEd according to 3.2(3) of 
EN \993-1-\ 0 to the quality class in EN 10164. The allocation in table 3.2 is recommended for crane supporting 
structures. 

Table 3.2 Choice of quality class according to EN 10164 

Target value of ZEd according 
to EN 1993-1-] 0 

:::; 10 

II to 20 

2] to 30 

> 30 

3.2.5 Tolerances 

(1) See 3.2.5 of EN 1993-1 1. 

3.2.6 Design values of material coefficients 

(1) See 3.2.6 of EN 1993-1 1. 

3.3 Stainless steels 

Required value of ZRd 

according to EN ] 0 164 

-

Z 15 

Z 25 

Z35 

(1) For stainless steels see the relevant provisions in EN 1993-1-4. 

3.4 Fasteners and welds 

(1) See 3.3 of EN 1993-1-1. 

3.5 Bearings 

(1) Bearings should comply with EN 1337. 
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3.6 Other products for crane supporting structures 

3.6.1 General 

(1) Any semi-finished or finished structural product used in the structural design of a crane supporting 
structure should comply with the relevant EN Product Standard or ETAG or ETA. 

3.6.2 Rail steels 

(1) Purpose-made crane rails and railway rails should both be made from special rail steels, with a specified 
minimum tensile strengths of between 500 N/mm2 and 1200 N/mm2• 

NOTE: The National Annex may give information for suitable rails and rail steels, pending the issue of 
appropriate product specifications (EN product standards, ETAGs or 

(2) ~ Rectangular bars@il and other sections used as rails may also be of structural steels as specified in 3.2. 

3.6.3 Special connecting devices for rails 

(1) Special connecting devices for rails, including purpose made fixings and elastomeric bearing pads should 
be suitable for their specific use according to the relevant product specifications. 

NOTE: The National Annex may give information for special connecting devices, where no appropriate product 
specification (EN product standard, ET AG or ETA) exists. 

4 Du rabil ity 
(1) For durability of steel structures general1y, see 4( 1), 4(2) and 4(3) of EN 1993-1-1. 

(2) For crane supporting structures fatigue assessments should be caITied out according to section 9. 

(3) Where crane rails are assumed to contribute to the strength or stiffness of a runway beam, appropriate 
allowances for wear should be made in determining the properties of the combined cross-section, see 
5.6.2(2) and 5.6.2(3). 

(4) Where actions from soil subsidence or seismic actions are expected, tolerances for vertical and horizontal 
imposed deformations should be agreed with the crane supplier and included in the inspection and 
maintenance plans. 

(5) The expected values of imposed deformations should be taken into account by appropriate detailing for 
readjustment. 

(6) Structural components that cannot be designed with sufficient reliabil1ty to achieve the total design 
working life of the crane supporting structure, should be replaceable. Such parts may be: 
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5 Structural analysis 

5.1 Structural modelling for analysis 

5.1.1 Structural modelling and basic assumptions 
(1) See 5.1.1(1), (2) and (3) of EN 1993-1-1. 

(2) See also EN 1993-1-5 for shear lag effects and p1ate buckling. 

5.1.2 Joint modelling 

(1) See 5.1.2 (1), (2) and (3) of EN 1993-1 1. 

(2) The modelling of joints that are subject to fatigue should be such that sufficient fatigue life can be 
verified according to EN 1993-1 

NOTE: In crane supporting structures, bolts acting in shear in bolted connections where the bolts are subject to 
forces that include load reversals, should either he fitted bolts or else be pre\oaded bolts designed to be slip
resistant at ul timate limit state, Category C of EN 1993-1-8. 

5.1.3 Ground structure interaction 

(1) See 5.1.3 of EN 1993-1-1. 

5.2 Global analysis 

5.2.1 Effects of deformed geometry of the structure 

(1) See 5.2.1 of EN 1993-1-1. 

5.2.2 Structural stability of frames 

(1) See 5.2.2 of EN 1993-1-1. 

5.3 Imperfections 

5.3.1 Basis 

(1) See 5.3.1 of EN 1993-1-1. 

5.3.2 Imperfections for global analysis of frames 

(1) See 5.3.2 oLEN 1993-1-1. 

(2) The imperfections for global analysis need not be combined with the eccentricities given in 2.5.2.1 (2) of 
EN 1991-3. 

5.3.3 Imperfections for analysis of bracing systems 

(1) See 5.3.3 of EN 1993-1-1. 

5.3.4 Member imperfections 

(1) See 5.3.4 of EN 1993-1-1. 

(2) The member imperfections need not be combined with the eccentricities given in 2.5.2.1 (2) of 
EN 1991-3. 

5.4 Methods of analysis 

5.4.1 General 

(1) See 5.4.1 of EN 1993-1-1. 

(2) In crane supporting structures where fatigue resistance is required, elastic global analysis is 
recommended. If plastic global analysis is used for the ultimate limit state verification of a runway beam, a 
serviceability limit state stress check should also be carried out, see 7.5. 

5.4.2 Elastic global analysis 

(1) See 5.4.2 of EN 1993-]-1. 

5.4.3 Plastic global analysis 

(1) See 5.4.3 and 5.6 of EN 1993-1 1. 
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5.5 Classification of cross-sections 

(1) See 5.5 of EN ]993-1-1. 

5.6 Runway beams 

5.6.1 Effects of crane loads 

(I) The following internal forces and moments due to crane loads should be taken into account in the design 
of runway beams: 

biaxial bending due to vertical actions and lateral horizontal actions; 

axial compression or tension due to longitudinal horizontal actions; 

torsion due to the eccentricity of lateral horizontal actions, relative to the shear centre of the cross-section of 
the beam; 

vertical and horizontal shear forces due to ve11ical actions and lateral horizontal actions. 

In addition, local effects due to wheel loads should be taken into account. 

5.6.2 Structural system 

(I) If a crane rail is rigidly fixed to the top flange of the runway beam, by means of fitted bolts, preloaded 
bolts in Category C connections (designed to be non-slip at ultimate limit states, see 3.4.1 of EN 1993-1-8) 
or by welding, it may be included as pal1 of the cross-section that is taken into account to calculate the 
resistance. Such bolts or welds should be designed to resist the longitudinal shear forces arising from 
bending due to ve11ical and horizontal actions, together with the forces due to horizontal crane actions. 

(2) To allow for wear, the nominal height of the rail should be reduced when calculating the cross-section 

properties. This reduction should be taken as 25 % of the minimum nominal thickness tr below 
the weaIing surface, see figure 5.1, unless otherwise stated in the maintenance plan, see 4(3). 

(3) For fatigue assessments only half of the reduction given in (2) need be made. 

~DI 
T 

1 
Figure 5.1: Minimum thickness tr below the wearing surface of a crane rail 
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(4) Except when box sections are used, it may be assumed that crane loads are resisted as follows: 

vertical wheel loads are resisted by the main vertical beam located under the rail; 

lateral loads from top-mounted cranes are resisted by the top flange or surge girder; 

lateral loads from underslung cranes or hoist blocks are resisted by the bottom flange; 

(a) torsional moments are resisted by couples acting horizontally on the top and bottom flanges. 

(5) Alternatively to (4), the effects of torsion may be treated as in EN 1993-] -I. 

(6) In-service wind loads Fw and lateral horizontal crane loads HT.3 due to acceleration or braking of the 
crab hoist block should be assumed to be shared between the runway beams in proportion to their lateral 
stiffnesses if the crane has doubly-flanged wheels, but should all be applied to the runway beams on one side 
if the crane uses guide rollers. 

5.7 Local stresses in the web due to wheel loads on the top flange 

5.7.1 Local vertical compressive stresses 

(1) The local vertical compressive stress O"oz,Ed generated in the web by wheel loads on the top flange, see 
figure 5.2 may be determined from: 

(5,1) 

where: is the design value of the wheel load; 

fen is the etTecti ve loaded length; 

tw is the thickness of the web plate. 

(2) The etTective loaded length £ eff over which the local vertical stress O(n,Ed due to a single wheel load 

may be assumed to be uniformly distributed, may be determined using table 5.1. Crane rail wear in 

accordance with 5.6.2(2) and 5.6.2(3) should be taken into account. 

(3) If the distance Xw between the centres of adjacent crane wheels is less than e eff the stresses from the 

two wheels should be superposed. 

Figure 5.2: Effective loaded length e eff 
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(4) The local vertical stress aoz,Ed at other levels in the web may be calculated by assuming a fUI1her 

distribution at each wheel load at 45° from the effective loaded length £ efY at the underside of the top 

flange, see figure 5.3, provided that if the total length of dispersion exceeds the distance Xw between adjacent 
wheels, the stresses from the two wheels are superposed. 

(5) Remote from the supp011S, the local ve11ical stress aoz.Ed calculated using this length should be 

multiplied by the reduction factor [1 - (z/hw)2] where hw is the overall depth of the web and z is the 
distance below the underside of the top flange, see figure 5.3. 

(6) Close to the supports, the local vertical compressive stress due to a similar dispersion of the support 

reaction should also be determined and the larger value of the stress aoz.Ed adopted. 

Table 5.1: Effective loaded length £ eff 

Case Description Effective loaded length e eff 

(a) Crane rail rigidly fixed to the flange h 3,25 [Irf I tw] 3 

(b) Crane rail not rigidly fixed to flange =3,25 [(Ir + Ir,eff )Itw]h 

(c) 
Crane rail mounted on a suitable resilient 

e eff = 4,25 [(Ir + I f .efT ) I tw]~ elastomeric bearing pad at least 6mm thick. 

h,efr is the second moment of area, about its horizontal centroidal axis, of a flange with an effective 

width of beff 

Ir is the second moment of area, about its horizontal centroidal axis, of the rail 

Iff is the second moment of area, about its horizontal centroidal ax is, of the combined cross-

section comprising the rail and a flange with an effective width of 

tw is the web thickness. 

befr bfr + hr + tr but beff :::;; b 

where: b is the overall width of the top flange; 

bfr is the width of the foot of the rail, see figure 

I1r is the height of the rail, see figure 5.1; 

i 

tf is the flange thickness. 

Note: Allow for crane rail wear, see 5.6.2(2) and 5.6.2(3) in determining In Irf and hr-

I" !pI 

<-( 
I 

I <i 

J / '" 
.~:> /!. Reft + 2r .I~ >, 

I 

I 
i 

i 

I 
I 

Reft + 22 

Figure 5.3: Distribution at 45 0 from effective loaded length £ eff 
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5.7.2 Local shear stresses 

(1) The maximum value of the local shear stress due to a wheel load, acting at each side of the 

wheel load position, may be assumed to be equal to 20% of the maximum local vertical stress O()z.Ed at 
that level in the web. 

(2) The local shear stress at any point should be taken as additional to the global shear stress due to 

the same wheel load, see figure 5.4. The additional shear stress Toxz,Ed may be Jl",; .... """',~,,'-' at levels in the 

web below z = O,2hw, where hw and z are as defined in 5.7.1(5). 

Additional local 
shear stress 

Global shear 
stress 

Wheel load position 

Global shear 
stress 

Additional local 
shear stress 

Figure 5.4: Local and global shear stresses due to a wheel load 

5.7.3 Local bending stresses in the web due to eccentricity of wheel loads 

(1) The bending stress (JT.Ed in a transversely stiffened web due to the torsional moment may be 

determined from: 

(JT,Ed 2 17 tanh (17 ) 
atw 

with: 

where: a is the spacing of the transverse web 

hw is the overal I depth of the web, clear between flanges; 

It is the torsion constant of the flange (including the rail if it is rigidly fixed). 

'(2) The torsional moment TEd due to the lateral eccentricity ey of each wheel load 
should be obtained from: 

where: ey is the eccentJicity e of the wheel load given in 2.5.2.1 (2) of EN 1991 

but ey ;:::: 0,5 tw , 

tw is the thickness of the web. 

see figure 

(5.2) 

(5.3) 

(5.4) 
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Figure 5.5: Torsion of the top flange 

5.8 Local bending stresses in the bottom flange due to wheel loads 

(1) The following method may be used to determine the local bending stresses in the bottom flange of an I
section beam, due to wheel loads applied to the bottom flange. 

(2) The bending stresses due to wheel loads applied at locations more than b from the end of the beam, 
where b is the flange width, can be determined at the three locations indicated in figure 5.6: 

- location 0: the web-to-flange transition; 

- location 1: centreline of the wheel load; 

- location 2: outside edge of the flange. 

y y 

parallel flange beam taper flange beam 

Figure 5.6: Locations for determining stresses due to wheel loads 

(3) Provided that the distance Xw along the runway beam between adjacent wheel loads is not less than 

1,5b, where b is the flange width of the beam, the local longitudinal bending stress O"ox,Ed and transverse 
bending stress OOy,Ed in the bottom flange due to the application of a wheel load more than b from end of 
the beam should be obtained from: 

") 

ex Fz,Ed / t{'" (5.5) 

(5.6) 

where: Fz,Ed is the vertical crane wheel load; 

t} is the thickness of the flange at the centreline of the wheel load. 
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(4) Generally the coefficients Cx and cy for determining the longitudinal and transverse bending stresses at 

the three locations 0, 1 and 2 shown in figure 5.6 may be determined from table 5.2 depending on whether 

the beam has parallel flanges or taper tlanges, and the value of the ratio 11 given by: 

(5.7) 

where: 11 is the distance from the centreline of the \vheelload to the free edge of the flange: 

tw is the thickness of the web. 

Table 5.2: Coefficients Cxi and Cyi for calculating stresses at points i = 0, 1 and 2 

Stress Parallel flange beams Taper flange beams 
Noll') 

CxO = 0,050 - 0,58011 + 0, 148e5.ols
,lI 

I ',,,> 

Longitudinal 
CxO = -0,98] - 1,47911 + I, 120e .. L.:.p 

bending stress 111 ~, 1,81 ° -1,15011 + 1,060e,7.7()()P Cxl = 2,230 - 1,49011 + 1 J90e' l····P Cxl 

()Ox.Ed 
Cx2 = 0,730 - 1,580,u + 2,910e-6

.
ooo

/l 1,990 2,8 I 011 + 0,840e,-l·690jt 

Transverse 'yO -2, II ° + 1,977 J.1 + 0,0076e6.S30jl :yO = -] ,096 + 1,09511 + 0,192e,6.oooP 

bending stress y = lO,108 -7,40811- 10,108e-U
6.f)/ 'y 3,965 - 4,83511 3,965e·::·675Jf 

()oy.Ed 
Cy2 = 0,0 y: = 0,0 

Sign convention: G'x.i and y. are positive for tensile stresses at the bottom face of the flange. 

NOTE: The coefficients for taper llange beams are for a slope of 14(1 or 8°. They are conservative ror beams with a 
larger flange slope. For beams with a smaller !lange slope, it is conservative to adopt the coefficients for parallel 
flange beams. Alternatively linear interpolation may bc used. 

(5) Alternatively, in the case of wheel loads applied near the outside edges of the flange, the values of the 
coefficients ~ Cx and cy @il given in table 5.3 may used. 

Table 5.3: Coefficients for calculating stresses near the outside edges of flanges 

Parallel flange beams 
' (Sec Note) 

Stress Coefficient 
Taper flange beams· . 

11 0,10 P = 0,15 11 0,15 

Longitudinal CxO 0,2 0,2 0,2 

bending stress Cxl 2,1 2,0 

OOx.Ed 
Cx2 2,2 1,7 2,0 

Transverse :yO -l,9 1,8 -0,9 

bending stress y 0,6 0,6 0,6 

()oy, Ed 
Cy2 0,0 0,0 0,0 

Sign convention: Cx) and cy) are positive for tensile stresses at the bottom face of the flange . 

. NOTE: The coefficicnts for taper flange beams are for a slope of 14% or 8°. They are conservative for beams with a 
larger llange slope. For beams with a smaller flange slope, it is conservative to adopt the coefficients for parallel 

I flange beams. Alternatively linear interpolation may be used. 

(6) In the absence of better information, the local bending stress (Joy,end.Ed in an unstiffened bottom flange 
due to the application of wheel loads at a perpendicular end of the beam should be determined from: 

I 

i 

i 

3 
(Joy,end,Ed = (5,6 3,22511 - 2,811 ) Fz.Ed / tf 2 (5.8) 

where: tf is the mean thickness of the flange. 
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(7) Alternatively, if the bottom flange is reinforced at the end by welding on a plate of similar thickness 
extending across its width b and for a distance of at least h along the beam, see figure the local 

bending stress ~)y,end,Ed may be assumed not to exceed O"ox,Ed and O"oy,Ed from (3) or (5) . 

• • 

<> 

1.----- ------.. 1 1 ., r 
T 

Figure 5.7: Optional reinforcement at the end of the bottom flange 

(8) If the distance Xw between adjacent wheel loads is less than 1,5b, a conservative approach may be 
adopted by superposing the stresses calculated for each wheel load acting separately, unless special measures 
(such as testing, see 2.5) are adopted to determine the local stresses. 

5.9 Secondary moments in triangulated components 

(1) Secondary moments due to joint rigidity in members of lattice lattice surge girders and 
triangulated bracing panels may be allowed for using k I-factors as specified in 4(2) of EN 1993-1-9. 

(2) For members of open cross-section the k I-factors given in table 5.4 may be used. 

(3) For members made from structural hollow sections with welded joints, the k I-factors 
and table 4.2 of EN 1993-1-9 may be used. 
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Table 5.4: Coefficients k1 for secondary stresses in members of open cross-section 

(a) Lattice girders loaded only at nodes 

Range of Lly values Lly ~ 20 20 < Lly < 50 Lly ~ 50 

Chord members 1,1 
1,57 

0,5 + 0,01 LI y 
1,1 

End and internal members 

Secondary members, see Note 1,35 1,35 1,35 

(b) Lattice girders with chord nlenlbers loaded between nodes 

Range of Lly values Lly < IS Lly ~ IS 

0,4 
Loaded chord members 

0,25 + 0,01 LI Y 
1,0 

Unloaded chord members 
1,35 1 

Secondary members, see Note 

End members 2,50 2,50 

Internal members l,65 1,65 

Key: 

L IS the length of the member between nodes; 

y is the perpendicular distance, in the plane of triangulation, from the centroidal axis of the member to its 
relevant edge, measured, as follows: 

compression chord: in the direction from which the loads are applied; 

- tension chord: in the direction in which the loads are applied; 

- other members: the larger distance. 

NOTE: Secondary members comprise members provided LO reduce the buckling lengths of other members or 
to transmit applied loads to nodes. In an analysis assuming hinged joints, the forces in secondary members are 
not affected loads applied at other nodes, but in practice they are affected due to joint rigidity and the 
continuity of chord members at joints. 
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6 Ultimate limit states 

6.1 General 

(1) The partial factors /fvl for resistance apply to the various characteristic values in section 6 as indicated in 

table 6.1. 

Table 6.1 Partial factors for resistance 

a) resistance of members and cross-section: 

- resistance of cross-sections to excessive yielding including local buckling %,10 

- resistance of members to instability assessed by member checks %11 

- resistance of cross-sections in tension to fracture /1v12 

b) resistance of joints 

resistance of bolts 

- resistance of rivets 

resistance of pins at ultimate limit states 

- resistance of welds 

- resistance of plates in bearing 1M2 

slip resistance: 

- at ultimate limit state (category C) /1vU 
at serviceability limit state (category B) %B,ser 

bearing resistance of an injection bolt /1v14 

- resistance of joints in hollow section lattice girders IMs 

resistance of pins at serviceability limit states 

preload of high strength bolts 1M7 

Note: The partial factors '}fvli for crane supporting structures may be defined in the National Annex. The 
following numerical values are recommended: 

/tv1O 

'}fvll 1,00 

1M2 1,25 

1 

'}fv13,ser 1,10 

'}fv14 1,00 

/i15 1,00 

%II6,ser 1,00 

'}fv17 1,10 

6.2 Resistance of cross .. section 

0) See 6.2 of EN 1993-1-J. 

6.3 Buckling resistance of members 

6.3.1 General 

(1) See 6.3 of EN 1993-1-1. 
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6.3.2 lateral-torsional buckling 

6.3.2.1 General 

(1) In checking the lateral-torsional buckling resistance of a runway beam, the torsional moments due to the 
eccentlicities of vertical actions ancllateral horizontal actions relative to the shear centre should be taken into 
account. 

NOTE: The methods given in 6.3 of EN 1993-1-1 do not cover torsional moments. 

6.3.2.2 Effective level of application qj'tvlzeelloads 

(1) If the crane wheel loads are applied to a runway beam through a rail without an elastomeric bearing pad, 
al10wance may be made for the stabilizing effect of the horizontal shift in the point of application of the 
vertical wheel reaction to the rail, that occurs when there is torsional rotation. Provided that the cross-section 
of the beam is a plain or lipped I-section, in the absence of a more precise analysis it may be assumed to be 
conservative to take the vertical wheel reaction as being effectively applied at the level of the shear centre. 

(2) If the crane wheel loads are applied through a rail supported on an elastomeric bearing pad, or appl ied 
directly to the top flange of a runway beam, the simplification detailed in (]) should not be relied upon, and 
the vertical wheel reaction should be taken as being effectively applied at the level of the top of the flange. 

(3) In the case of wheel loads from a monorail hoist block or an underslung crane, the stabilizing effect of 
applying the loads to the bottom flange should be allowed for. However due to the possible effects of 
swinging hoist loads, in the absence of a more precise analysis the vertical reaction should not be taken as 
being effectively applied below the level of the top surface of the bottom flange. 

6.3.2.3 Asse,s'sment methods 

(1) The lateral torsional buckling resistance of a simply supported runway beam may be verified by checking 
the compression flange plus one fifth of the web against flexural buckling as a compression member. It 
should be checked for an axial compressive force equal to the bending moment due to the vertical actions, 
divided by the depth between the centroids of the flanges. The bending moment due to the lateral horizontal 
actions should also be taken into account, together with the effects of torsion. 

NOTE: The National Annex may specify alternative assessment methods. The method given in Annex A is 
recommended. 

6.4 Built up compression members 

(1) See 6.4 of EN 1993-1-1. 

6.5 Resistance of the web to wheel loads 

6.5.1 General 

(1) The web of a runway beam supporting a top-mounted crane should be checked for resistance to the 
transverse forces applied by the crane wheel loads. 

(2) In this check, the effects of the lateral eccentricity of the wheelloads may be neglected. 

(3) The resistance of the web of a rolled or welded section to a transverse force applied through a top 
flange @J] should be determined using section 6 of EN 1993-1-5. 

(4) For the interaction of transverse forces with moments and axial force, see 7.2 in EN 1993-1-5. 
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6.5.2 Length of stiff bearing 

(I) The length of stiff bearing Ss on the upper surface of the top flange, due to a crane wheel load applied 
through a rail, to be used in 6.5 of EN 1993-1-5, may be obtained by using: 

(6.1) 

where: f ~ eff is the effective loaded length at the underside of the top flange, from table 5.1; 

t1' is the thickness of the top flange. 

6.6 Buckling of plates 
(]) For buckling ~ of plates in sections @il the rules in EN 1993-1-5 should be applied. 

(2) The plate buckling verification of members at the ultimate limit state should be carried out using one of 
the fonowing methods: 

resistances to design direct stresses, shear stresses and transverse forces are determined according to 
section 4, 5 or 6 respectively of EN 1993-1-5, and combined using the appropriate interaction 
formulae in section 7 of EN 1993-1 

the resistance is determined on the basis of class 3 cross-sections with stress limits governed by local 
buckling according to section lOaf EN 1993-1-5. 

(3) For stiffeners in stiffened plates loaded in compression which receive additional bending moments from 
loads transverse to the plane of the stiffened plate, the stability may be verified according to 6.3.3 of 
EN 1993-1-l. 

6.7 Resistance of bottom flanges to wheel loads 
(1) The design resistance Ff,Rd of the bottom flange of a beam to a wheel load Fz,Ed from an underslung 
crane or hoist block trolley wheel, see figure 6.1, should be determined from: 

(6.2) 

where: is the effective length of flange resisting the wheel load, see (3); 

In is the lever arm from the wheel load to the root of the flange, see (2); 

tf is the flange thickness; 

O"r,Ed is the stress at the midline of the flange due to the overall internal moment in the beam. 

(2) The lever arm m from the wheel load to the root of the flange should be determined as follows: 

for a rolled section 

- for a welded section 

m = 0,5 (b - tw) - 0,8 r - 1l 

0,5 (b - tw) 0,8 J2 a III 

where: a IS the throat size of a fillet weld; 

b is the flange width; 

n 

n is the distance from the centreline of the wheel load to the edge of the flange; 

r is the root radius; 

tw is the web thickness. 

(3) The effective length of flange e resisting one wheel load should be determined from table 6.2. 

24 

(6.3) 

(6.4) 



BS EN 1993-6:2007 
EN 1993-6:2007 (E) 

Table 6.2: Effec'live length e eff 

Case Wheel position 

(a) Wheel adjacent to a 
non-reinforced simple 2(11l + 71) 
joint 

(b) 

(c) 

(d) 

Wheel remote from 
the end of a member 

Wheel adjacent to an 
end stop at a 
distance 

xe ~ 212(111 + 11) 
from the end of the 
member 

Wheel adjacent to an 
end that is fully 

412(111 + 11) for x\V ~ 412(111 + 11) 

212(m + n) + O,5xw for Xw < 412(m + 11) 

2 (111 + 17)[ Xc + 1i 1 + ] 
111 V m) 

2 (111 + 11 ) [xe + 1,'1 + (Xe ) 2] 
111 ~ In 

for Xw <2.J2(m + 11)+ 

but ~ 12(111 + n) + Xc 

but ~ 12(m + 11)+ Xw +xe 
2 

supported either from 
below or by a welded 
closer plate, see figure for 
6.2, at a 

X e 

distance 

~ 212(m + 11) 
from the end of the 
member 

r;:;2( ) (xc + xw) (111 + 11 )2 
vLm+n+ + 

2 

for 
r;:; ( ) 2(111 + 11 )2 

Xw <2v2 111+11 +Xc + 
Xc 

where: Xe is the distance from the end of member to the centreline of the wheel; 

Xw is the wheel spacing. 
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n++ 

Figure 6.1 : Bending of bottom flange remote from ends and at non-reinforced joints 

Figure 6.2: Bending of bottom flange at fully supported ends 
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7 Serviceability limit states 

7.1 General 

(1) In addition to the ultimate limit state criteria, the following serviceability limit state criteria should also 
be satisfied: 

a) deformations and displacements, see 7.3: 

vertical deformation of runway beams, to avoid excessive vibrations caused by hoist or crane 
operation or travel; 

vertical deformation of runway beams, to avoid excessive slope of the runway; 

differential vertical deformation of a pair of runway beams, to avoid excessive slope of the crane; 

horizontal deformation of runway beams, to reduce skewing of the crane; 

lateral displacement of supporting columns or frames at crane support level, to avoid excessive 
amplitude of frame vibrations; 

differential lateral displacement of adjacent columns or frames, to avoid abrupt changes in horizontal 
alignment of crane rails, causing increased skewing and possible distortion of crane bridges; 

lateral movements that change the spacing of a pair of crane beams, to avoid damage to wheel flanges, 
rail fixings or crane structures; 

b) plate slenderness, in order to exclude visible buckling or breathing of web plates, see 7.4; 

c) stresses, in order to ensure reversible behaviour, see 7.5: 

where wheels are suppOIted directly on the t1ange of a runway beam, see 2.7; 

under crane test loading (from 2.10 of EN 1991-3), see 2.8(1); 

where plastic global analysis is used for the ultimate limit state verification, see 5.4.1(2). 

7.2 Calculation models 

(1) Stresses and displacements at serviceability limit states should be determined by linear elastic analysis, 
see EN 1993-1 1. 

NOTE: Simplified calculation models may be used for stress calculations, provided that the effects of Lhe 
simplifications are conservative. 

7.3 Limits for deformations and displacements 
(I) The specific limits, together with the serviceability load combinations under which apply, should be 

for each project. 

NOTE: The National Annex may specify the limits for vertical and horizontal dellections. The 11mits in 
table 7.] are recommended for horizontal dellccLions under the characteristic combination of actions. The limits 
given in table 7.2 are recommended for vertical deflections under the characteristic combination of actions 
without any dynamic amplification factors. 
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Table 7.1: Limiting values of horizontal deflections 

Description of deflection (deformation or displacement) 

a) Horizontal deformation ~: of a runway beam, measured 
at the level of the top of the crane rail: 

~ S; LI600 

Diagram 

~~------------L--------------~ 

b) Horizontal displacement ~ of a frame (or of a column) 
at crane sUPPo11level, due to crane loads: 

~ S; hc/400 

where: he is the height to the level at which the crane is 
supp011ed (on a rail or on a flange) 

c) Difference Ll~, between the horizontal displacements of 
adjacent frames (or columns) supp011ing the beams of an 
indoor crane runway: 

Ll~, S; LI600 

d) Difference Llby between the horizontal displacements of 
adjacent columns (or frames) supp011ing the beams of an 
outdoor crane runway: 

- due to the combination of lateral crane forces and the 
in-service wind load: 

Ll~ S; LI600 

due to the out-of-service wind load 

A -, 

L 

e) Change of spacing Lls between the centres of crane rails, 
including the effects of thermal r-h'.lnnr.::>C· 

~--------s ~s----------~ 

Lls S; 10 mm [see Note] 

NOTE: Horizontal detlections and deviations of crane runways are considered together 
in crane design. Acceptable deflections and tolerances depend on the details and 
clearances in the guidance means. Provided that the clearance c between the crane 
wheel flanges and the crane rail between the alternative guidance means and the 
crane beam) is also sufficient to accommodate the necessary tolerances, larger 
deflection 11mits can be specified for each if agreed with the crane supplier and 
the clienL 
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Table 7.2: Limiting values of vertical deflections 

Description of deflection (deformation or displacement) 

a) Veltical deformation ~ of a runway beam: 

bz ~ LI600 and ~ ~ 25 mm 

The vertical deformation should be taken as the total 
deformation due to vertical loads, less the possible pre-camber, as 

for ~nax in figure AI. 1 of EN 1990. 

b) Difference bs.hc between the vertical deformations of two 
beams forming a crane runway: 

bs.hc ~ sl600 

c) Veltical deformation 4ay of a runway beam for a monorail 
hoist block, relative to its supports, due to the payload only: 

4ay ~ LI500 

7.4 Limitation of web breathing 

Diagram 

i<-----------------L----------~· 

(1) The slenderness of web plates should be limited to avoid excessive breathing that might result in fatigue 
at, or adjacent to, the web-to-flange connections. 

(2) Excessive web breathing may be neglected in web panels where the following criterion is satisfied under 
the frequent load combination, see EN 1990: 

S 1,1 (7.1 ) 

where: b is the smaller dimension of the web panel; 

are the linear elastic buckling coefficients given in EN 1993-1-5; 

aE 190000 I (hi t Hi? [N/mm2]; 

O"x,Ed,ser is the direct stress in the web panel; 

is the shear stress in the web panel. 

(3) Excessive web breathing may be neglected in web panels without longitudinal stiffeners, in which the 

ratio b/tw is less than 120, where tw is the web thickness. 
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7.5 Reversible behaviour 

(1) To ensure reversible behaviour, the stresses uEd,ser and rEd,ser resulting from the relevant characteristic 
load combination or test load combination, calculated making due a]]owance where relevant for the effects of 
shear lag in wide flanges and for the secondary effects induced by deformations (for instance secondary 
moments in trusses) should be limited as follows: 

(j Ed.ser ~ f~ / Y]\1,ser 

where: C>:"<,Ed,ser is the direct stress in the longitudinal direction; 

Uy,Ed.ser is the direct stress in the lateral direction; 

Uz.EcI,ser is the direct stress in the transverse direction; 

rEd,ser is the co-existing shear stress. 

NOTE: The numerical value for /fvbcr may be defined in the National Annex. The recommended value 
is 1,00. 

(7.2a) 

(7.2b) 

(7.2c) 

(7.2d) 

(7.2e) 

(2) The nominal stresses for runway beams supporting top mounted cranes should include the local direct 
stress q)z.Ed.~cr In the web, see 5.7.1, in addition to the global stresses and rEd.ser' The bending stress 
(fLEd due to the eccentricity of the wheel loads, see 5.7.3, may be neglected. 

(3) The nominal stresses for runway beams with a monorail hoist block or an underslung crane should 

include the local stresses Uox.Ed.ser and !Yay.Ed.scr in the bottom flange, see 5.8, in addition to the global 

stresses O:x.Ed.>er and rEd."er' 

7.6 Vibration of the bottom flange 
(1) The possibiHty of noticeable lateral vibration of the bottom flange of a simply Suppol1ed crane runway 
beam, induced by crane operation or movement, should be avoided. 

(2) This may be assumed to be satisfied if the slenderness ratio Viz of the bottom flange is not more than 

250, where iz is the radius of gyration of the bottom flange and L is its length between lateral restraints. 
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8 Fasteners, welds, surge connectors and rails 

8.1 Connections using bolts, rivets or pins 

(1) See Chapter 3 of EN 1993-1-8. 

(2) If a moment is applied to a joint, the distribution of internal forces in that joint should be linearly 
proportional to the distance from the centre of rotation. 

8.2 Welded connections 

(1) See Chapter 4 of EN 1993-1-8. 

(2) In crane supporting structures, intermittent fillet welds should not be used where they would result in the 
formation of rust pockets. 

NOTE: They can be used where the connection is protected from the weather, e.g. inside box sections. 

(3) Intermittent fillet welds should not be used for the web-to-flange connections of runway beams where the 
welds are subject to local stresses due to the wheel10ads. 

(4) For high fatigue crane classes, transverse web stiffeners or other attachments should not be welded to the 
top flanges of runway beams. 

NOTE: The National Annex may specify the crane classes to be treated as "high fatigue". Classes S7 to S9 
according to Annex B of EN 1991-3 are recommended. 

8.3 Surge connectors 

(1) Surge connectors attaching the top flange of a runway beam to tbe supporting structure should be capable 
of accommodating: 

the movements generated by the end rotation of the runway beam due to vertical loading, see figure 
8.1 

the movements generated by the end rotation of the top flange of the runway beam due to lateral 
crane forces, see figure 8.2 

the vertical movements associated with the vertical compression of the runway beam and its support, 
plus wear and settlement of the bearings of the runway beam. 

Building column 

Movement of the top flange 
relative to the building column --..-~-

Bearing stiffener --1----------.. .. 1 

Runway beam -1;;~~======~:r~:J:r~======~=d 

Crane column --+H ...... 

Figure 8.1 : End rotation of runway beams 
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LJls.plalcelmeint due to the lateral bending 
of the crane runway beam 

Lateral crane force(s) 

Plan view of the top flange 

Lateral crane force(s) I 

Plan view of the top flange 

Figure 8.2: End rotation of runway beams due to lateral crane forces 

(2) The detailing of the ~ surge connectors and their connections should take into account the possible 
need for lateral and vertical adjustment of the runway beams in order to maintain the alignment of the crane 
runway, whilst also respecting the tolerance on location of the rail relative to the centreline of the web of the 
runway beam. 

(3) At SUpp0l1S where no surge connectors are used, the runway beam and the fasteners should be designed 
to transmit all vertical and horizontal forces from the crane wheels to the supp0I1. 

8.4 Crane rails 
8.4.1 Rail material 

(1) The rail steel should comply with 3.6.2. 

8.4.2 Design working life 

(1) Generally the of rail steel should be selected to give the rail an appropriate design working life Lr . 

Where the design working life of the rail is less than that of the runway beam, see 2.1.3.2, account should be 
taken of the need for rail replacement in selecting the rail fixings, see 8.5. 

8.4.3 Rail selection 

(1) The selection of crane rails should take into account the following: 

the rail material; 

the wheel load; 

the wheel material; 

the wheel diameter; 

the crane utilisation. 

(2) The contact pressure (Hertz bearing pressure) between crane wheels and rails should be limited to an 
appropriate value in order: 

to reduce friction; 

to avoid excessive wear of the rail; 

to avoid excessive wear of the wheels. 

(3) The method given in ~ ISO 1688] -1 @11 should be applied. 
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8.5 Rail 'fixings 

8.5.1 General 

(1) Depending on their details, crane rail fixings may be classified as rigid or independent. 

(2) Each mechanical rail fixing should normally be designed to resist the maximum lateral horizontal force 
from one crane wheel. If the wheel spacing is less than the spacing between fixings, their resistance should 
be increased accordingly. 

8.5.2 Rigid fixings 

(1) The following types of crane rail fixings may be classified as rigid: 

- rails welded to runway beams, 

- rails fixed to runway beams by fit bolts, preloaded bolts or rivets that pass through the flange of the 
rail. 

(2) Crane rails that have rigid rail fixings may be treated as part of the cross-section of the runway beam, 
provided that due allowance is made for wear of the rail, see 5.6.2(2) and 5.6.2(3). 

(3) Rigid rail fixings should be designed to resist the longitudinal forces developed between the rail and the 
runway beam plus the lateral forces applied to the rail by the crane wheels. 

(4) Rigid rail fixings should also be checked against fatigue. 

8.5.3 Independent fixings 

(1) All crane rail fixings that are not classified as ligid should be classified as independent fixings. 

(2) Independent rail fixings should be designed to resist the lateral forces applied to the rail by the crane 
wheels. 

(3) A crane rail with independent rail fixings may have suitable elastomeric bearing pads between the rail 
and the beam, 

8.6 Rail joints 

(1) Rails may be either: 

continuous over the joints of runway beams; 

discontinuous, with expansion joints. 

(2) In the case of contj nuous rails, the analysi s of the crane supporting structure should be based upon the 
relevant values of the propelties of the rail fixings and bedding for: 

differential thermal movement; 

transmission of acceleration and braking forces from the rail to the beam. 

(3) Rail joints should be detailed to minimise impact. As a minimum, a bevel joint offset from the ends of 
the runway beams (see figure 8.3) should be used. 

/Runway beams~ 
~------------~------~ 

Figure 8.3: Offset bevel joint in crane rail 
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9 Fatigue assessment 

9.1 Requirement for fatigue assessment 

(1) Fatigue assessments according to EN 1993-1-9 should be caITied out for all critical locations. 

(2) Fatigue assessment need not be carried out for crane supporting structures jf the number of cycles at more 
than 50% of full pay load does not exceed 

NOTE: The numerical value for Co may be defined in the National Annex. The recommended value is 104
• 

(3) A fatigue assessment is generally required only for those components of the crane supporting structure 
that are subject to stress variations from vertical crane loads. 

NOTE: Stress variaLions from horizontal crane loads are normally negligible. However, in some cases surge 
connections can suffer fatigue due to lateral crane loads. for some types of crane supporting structures and 
crane operalions, fatigue can result from mulliple acceleration and braking actions. 

(4) For members that might be subject to wind-induced vibrations, see EN 1991-1-4. 

9.2 Partial factors for fatigue 

(I)P The partial factor for fatigue loads shall be taken as )fl. 

NOTE: The numerical value Cor /f'f may be defined in the National Annex. The recommended value is 1,0. 

(2)P The partial factor for fatigue resistance shall be taken as YMf' 

NOTE: The National Annex may define the values for }'tvlt'. The use of table 3.1 in EN 1993-1-9 is 
recom mended. 

9.3 Fatigue stress spectra 
9.3.1 General 

(1) The stresses q) and 1) taken into account in fatigue verifications should be the nominal stresses 
(including both global and local effects) determined using elastic analysis. 

(2) Where full information on the details of crane operation and data on the cranes are all available during 
design, fatigue stress histories from crane operations should be determined for each critical detail, using 
Annex A of EN ] 993-1-9. 

(3) Where such information does not exist or where a simplified approach needs to be used, the fatigue loads 
from crane operations may be taken from 2.12.1(4) of EN 1991-3. 

(4) The secondary moments due to joint rigidity and chord member continuity in members of lattice girders, 
lattice surge girders and triangulated bracing panels should be included as specified in 5.9. 

9.3.2 Simplified approach 
(]) For the simplified fatigue loading specified in 2. ] 2 1 (4) of EN 1991-3, the following procedure may be 
used to determine the design stress range spectrum. 

NOTE: The simplified fatigue load Qe = CPYal AiQmLlxJ~rrom EN 1991-3 is already related to 2 X 106 cycles. 

(2) The maximum "tresses O"p.max and Tp.max and the minimum stresses O"p.min and Tp.min due to the 

simplified fatigue load Qe should be determined for the relevant detail. 

(3) The damage equivalent stress range related to ~2 x I 06~ cycles flO"E2 and 

LlO"E2 = 100p,max - O"p,minl 

Ll T E2 ITp.max - T p,mi 11 I 

may be obtained from: 

(9.1 ) 

(9.2) 

Where the number of stress cycles is higher than the number of crane working cycles, see figure 9.1, the 

equivalent load Qe according to 2.12.1 (4) of EN 1991-3 should be determined using this higher number as 
the total number of working cycles C in table 2.11 of EN 1991-3. 
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t-i x ~ 
/ /, s s+a 
_L--
/1 

Figure 9.1: Example of two stress cycles arising -from one crane working cycle 

9.3.3 Local stresses due to wheel loads on the top flange 
(1) In the web, the following local stresses due to wheelloads on the top flange should be taken into account: 

- compressive stresses O"z,Ed as specified in 5.7.1, 
and web in case of not fully penetrated welds @j] 

shear stresses Txz.Ed as specified in 5.7.2, 

without assuming contact between flange 

unless specified otherwise, 
Fz.Ed as specified in 5.7.3. 

stresses O"r,Ed due to the lateral eccentricity ey of vertical loads 

NOTE: The National Annex may define crane classes for which the bending stresses O"LEd can be 

Crane classes So to are recommended. 

~ (2) For partial penetration and fillet welds the compressive and shear stresses calculated for the web 
thickness should be transformed to the stresses of the weld. See Table 8.10 in EN 1993-1-9 

(3) If the rail is welded to the flange, the local stresses in the welds connecting the rail to the nange should be 
taken into account ~ without assuming contact between flange and rail @j] . 

9.3.4 Local stresses due to underslung trolleys 
(1) The local bending stresses in the bottom flange due to wheel loads from underslung trolleys, see 5.8, 
should be taken into account. 

9.4 Fatigue assessment 

9.4.1 General 
(1) See section 8 of EN 1993-1-9. 

9.4.2 Multiple crane actions 

(1) For a member loaded by two or more cranes, the total damage should satisfy the criterion: 

where: 

Di + Ddup :s; 

is the damage due to a single crane i acting independently~ 

D dup is the additional damage due to combinations of two or more cranes occasionally acting 
together. 

(9.3) 
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(2) The damage Di due to a single crane i acting independently should be calculated from the direct stress 
range or the shear stress range or both, depending upon the constructional detail, see EN 1993-1-9, using: 

is the equivalent constant amplitude direct stress range for a single crane i; 

is the equivalent constant amplitude shear stress range for a single crane i. 

(3) The additional damage Ddup due to two or more cranes occasionally acting together should be 
calculated from the direct stress range or the shear stress range or both, depending on the constructional 
detail, see EN 1993-1-9, using: 

where: LiO"E2,Jup 

Li TE2,Jup 

is the equivalent constant amplitude direct stress range due to two or more cranes 
acting together; 

is the equivalent constant amplitude shear stress range due to two or more cranes 
acting together. 

(9.4) 

(9.5) 

(4) If two cranes are intended to act together (in tandem or otherwise) to a substantial extent, the two cranes 
should be treated as comprising one single crane. 

(5) In the absence of better information, the equivalent constant amplitude stress range LiO"E2 due to two or 

more cranes occasionally acting together may be obtained by applying damage equivalence factors Adllp, 

NOTE: The National Annex may define the values of the factors It is recommended to take a value of 
Adllp equal to the values A; from table 2.12 of EN 1991-3 for a loading class Sj as follows: 

- for 2 cranes: 

- for 3 or more cranes: 

2 classes below the loading class of the crane with the lower loading class; 

3 classes below the loading class of the crane with the lowest loading class. 

9.5 Fatigue strength 

( I) See tables 8.1 to 8.10 of EN 1993-1-9. 
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Annex A [informative] - Alternative assessment method for lateral
torsional buckling 

NOTE: Where specified in the National Annex, the method given in this Annex A may he used as an allernative 
to the method given in 6.3.2.3(1). 

A.1 General 
(I) This method may be used to check the lateral-torsional buckling resistance of a simply supported runway 
beam of uniform cross-section, with vertical actions and lateral horizontal actions applied eccentrically 
relative to its shear centre. 

(2) The actions should be expressed as vertical and horizontal forces applied through the shear centre, 
together with a warping torsional moment Tw. 

A.2 Interaction forrriula 
(1) Members that are subjected to combined bending and torsion should satisfy: 

~ + em;: + 
XLT M y,Rk/rMJ M Z,Rk/rMI 

kw kzw ku BEd 

BRk / Y\1J 

(A. I) 

where: Cmz 

= 

= 

My.Ed and Mz.Ed 

is the equivalent uniform moment factor for bending about the z-z axis, 
according to EN ] 993-] -I Table B.3; 

° 2B pd ' -, @11 

BRk/rMl 
0,7 -

1 -
M z,Rk/rMl 

1 - M y,Ed/M y,cr 

are the design values of the maximum moments about the y-y and z-z axis 
respectively; 

My,Rk and M z.Rk are the characteristic values of the resistance moment of the cross-section about 
its y-y and z-z axis respectively, from EN 1993-1-1 Table 6.7; 

~BEd @11 

~ BRk @11 

XLT 

is the elastic critical lateral-torsional buckling moment about the y-y axis; 

is the design value of the warping torsional moment; 

is the characteIistic value of the warping torsional resistance moment; 

is the reduction factor for lateral-torsional buckling according to 6.3.2 of 
EN 1993-1-1. 

(2) The reduction factor XLT may be determined from 6.3.2.3 of EN 1993-1- J for rolled or equivalent 
welded sections with equal flanges, or with unequal flanges, taking b as the width of the compression 
flange, provided that: 

where: Iz.c and lz.t are the second moments of area about the z-z axis for the compression and 
tension flanges respectively. 
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Foreword 

This Europcan Standard EN 1993, EUfocode 3: Design of steel structurcs, has been prepared by Technical 
Committee CEN/TC250 « Structural Eurocodes », the Secretariat of which is held by BSI. CEN/TC250 is 
responsible for all Structural Eurocodcs. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 
text or by endorsement, at the latest by October 2005, and cont1icting National Standards shall bc withdrawn at 
latest by March 20 10. 

This Eurocode supersedcs ENV 1993-1-2. 

According to thc CEN-CENELEC Intcrnal Regulations, the National Standard Organizations of thc 
following countries are bound to implement these European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Dcnmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ircland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Nethcrlands, Norway, Poland, Portugal, Slovakia, Slovenia, Spain, Swedcn, 
Switzerland and United Kingdom. 

Background to the Eurocode programme 

In 1975, the Commission of thc European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonization of tcchnical specifications. 

Within this action programme, thc Commission took the initiative to establish a set of harmonized technical 
rules for the design of construction works which, in a first stage, would servc as an alternative to the national 
rules in force in thc l\1ember States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of Membcr 
States, conducted the developmcnt of the Eurocodes programme, which led to thc first generation of 
Europcan codes in thc 1980s. 

In 1989, the Commission and the l\1ember Statcs of the EU and EFTA decided, on the basis of an agreement! 
bctwecn the Commission and to transfer the preparation and the publication of the Eurocodes to CEN 
through a series of Mandates, in order to provide them with a future status of European Standard (EN). This 
links de facto thc Eurocodes with the provisions of all the Council's Directives and/or Commission's 
Decisions dealing with European standards (e.g. the Council Directive 89/1 06/EEC on constl1Jction products 
- CPD - and Council Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of setting up the internal market). 

The Stmcturai Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 
EN 1991 
EN 1992 
EN 1993 
EN 1994 
EN 1995 
EN 1996 
EN 1997 
EN 1998 
EN 1999 

Eurocodc 0: 
Eurocode 1: 
Eurocodc 2: 
Eurocode 3: 
Eurocode 4: 
Eurocode 5: 
Eurocode 6: 
Eurocode 7: 
Eurocode 8: 
Eurocode 9: 

Basis of Structural Design 
Actions on structurcs 
Design of concrcte stmctures 
Design of stecl stmctures 
Design of composite steel and concrete structures 
Design of timber stmctures 
Design of masonry stmctures 
Geotechnical design 
Design of stmctures for earthquake resistance 
Design of aluminium structurcs 

1 Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (BC/CEN/03/89). 
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Eurocode standards recognize the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatOlY matters at national level where these 
continue to ValY from State to State. 

Status and field of application of eurocodes 

The Member States of the EU and EFTA '·Ot"An,-.VJ'(,' that Eurocodes serve as reference documents for the 
following purposes: 

as a means to prove compliance of building and civil engineering works with the essential requirements 
of Council Directive particularly Essential Requirement N° I I'v1ccbanical resistance and 
stability and Essential Requirement N°2 - Safety in case of fire; 

as a basis for specifying contracts for construction works and related engineering 

as a framework for drawing up harmonized technical specifications for construction products (ENs and 
ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they are of a different nature from 
harmonized product standards3

• Therefore, technical aspects arising from the Eurocodcs work need to bc 
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product 
standards with a view to achieving full compatibility of these technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or design conditions are not specifically covered and additional expert consideration will be 
required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and 
may be followed by a National annex. 

The National annex may only contain information on those parameters which are left open in the Eurocode 
for national choice, known as Nationally Determined Parameters, to be used for the design of buildings and 
civil works to be constructed in the country concerned, i.e. : 

values and/or classes where alternatives arc given in the Eurocode, 
values to be used where a symbol only is given in the Eurocode, 
country data (geographical, climatic, etc.), e.g. snow map, 

the procedure to be used where alternative procedures are given in the Eurocode. 
It may contain 

decisions on the application of informative annexes, 
references to non-contradictory complementary information to assist the user to apply the Eurocodc. 

2 According to Art. 3.3 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative documents for the 
creation of the necessary links between the essential requirements and the mandates for harmonized ENs and ET AGs/ET As. 

According to Art. 12 of the CPO the interpretative documents shall: 
a) give concrete form to the essential requirements by harmonizing the terminology and the technical bases and indicating classes or levels for each 

requirement where 
b) indicate methods these classes or levels of requirement with the technical methods or ccllcubtion and of proof, 

technical rules for etc, ; 
c) serve as a rcfercnce eSI[lbJI:;1111"lcnt of harmonized standards nnd guidelines lor European technical 8pprovals. 

The Eurocodes, delacto, play simi lar role in the ficld or the ER I and a part of ER 
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Links between Eurocodes and harmonized technical specifications (ENs and ETAs) for 
products 

There is a need for consistency between the harmonized technical specifications for construction products 
and thc tcchnical rulcs for \vorks-+. Furthermore, all the information accompanying the CEMarking of the 
construction products \vhich refer to Eurocodes should clearly mention which Nationally Detel111ined 
Parametcrs have been taken into account. 

Additional information specific to EN 1993-1-2 

EN 1993-) -2 describes the principles, requirements and rules for the structural design of steel buildings 
exposed to fire, including the following aspects. 

Safety requirements 

EN 1993-1-2 is intended for clients (e.g. for the formulation of their specific requirements), designers, 
contractors and relevant authorities. 

The general objectives of fire protection are to limit risks with respect to the individual and society, 
neighbouring property, and where required, environment or directly exposed property, in the case of fire. 

Construction Products Directive 8911 06/EEC gives the following essential requirement for the limitation of 
fire risks: 

"The construction works must be designed and build in such a way, that in the event of an outbreak of fire 

the load bearing resistance of the construction can be assumed for a specified period of time 
the generation and spread of fire and smoke within the works are limited 
the spread of fire to neighbouring construction works is limited 
the occupants can leave the works or can be rescued by other means 
the safety of rescue teams is taken into consideration". 

According to the Interpretative Document N° 2 "Safety in case of fire" the essential requirement may be 
observed by following various possibilities for fire safety strategies prevailing in the Member States like 
conventional fire scenarios (nominal fires) or "natural" (parametric) fire scenarios, including passive and/or 
active fire protection measures. 

The fire parts of Structural Eurocodes deal with specific aspects of passive fire protection in terms of 
designing structures and parts thereof for adequate load bearing resistance and for limiting fire spread as 
relevant. 

Required functions and levels of performance can be specified either in terms of nominal (standard) fire 
resistance rating, generally given in national fire regulations or by rcferring to fire safety engineering for 
assessing passive and active measures. 

Supplementary requirements concerning~ for example 

the possible installation and maintenance of sprinkler systems, 
conditions on occupancy of building or fire compartment, 
the use of approved insulation and coating materials, including their maintenance, 

are not given in this document, because they are subject to specification by the competent authority. 

Numerical values for partial factors and other reliability elements are given as recommended values that 
provide an acceptable level of reliability. They have been selected assuming that an appropriate level of 
workmanship and of quality management applies. 

4 sec Art.3.3 and Arl.l2 of the CPO, as well as clauses 4.2, 4.3.1, 4,J.2 and 5.2 orIO I. 
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A full analytical procedure for structural fire design would take into account the behaviour of the structural 
at elevated temperatures, the potential heat exposure and the beneficial effects of active and passive 

fire protection systems, together with the uncertainties associated with these three features and the 
importancc of the structure (consequences of failure). 

At the present time it is possible to undertake a procedure for determining adequate performancc which 
incorporates some, if not all, of these parameters and to demonstrate that the structure, or its components, 
will give adequate performance in a real building fire. However, where the procedure is based on a nominal 
(standard) fire the classification system, which calJs for specific periods of fire resistance, takes illto account 
(though not explicitly), the features and uncertainties described above. 

Application of this Part 1-2 is illustrated in Figure 1. The prescriptive approach and the performance-based 
approach are identified. The prescriptive approach uses nominal fires to thermal actions. The 
performance-based approach, using fire safety engineering, refers to thermal actions based on physical and 
chemical parameters. 

For design according to this part, EN 1991-1-2 is required for the determination of thermal and mechanical 
actions to the structure. 

Design aids 

Where simple calculation models are not available, the Eurocode fire parts give design solutions in terms of 
tabulated data (based on tests or advanced calculation models), which may be used within the specified limits 
of validity. 

It is expected, that design aids based on the calculation models given in EN 1993-]-2, will be prepared by 
interested external organizations. 

The main text of EN 1993-1-2 together with normative Annexes includes most of the principal concepts and 
mles necessary for structural fire design of steel structures. 

National Annex for EN 1993-1-2 

This standard gives altemative procedures, values and recommendations for classes with notes indicating 
where national choices may have to be made. Therefore the National Standard implementing EN 1993-1-2 
should have a National annex containing all Nationally Determined Parameters to be used for the design of 
steel structures to be constmcted in the relevant countly. 

National choice is allowed in EN 1993-1-2 through paragraphs: 

2.3 (1) 
2.3 (2) 
4.1 (2) 
4.2.3.6 (1) 
4.2.4 (2) 
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1. General 

1.1 Scope 

1.1.1 Scope of EN 1993 
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(l) EN 1993 applies to the design of buildings and civil engineering works in steel. It complies with the 
principles and requirements for the safety and serviceability of structures, the basis of their design and 
verification that are given in EN 1990 Basis of structural design. 

(2) EN 1993 is only concerned with requirements for resistance, serviceability, durability and fire 
resistance of steel stmctures. Other requirements, e.g concerning thermal or sound insulation, are not 
considered. 

(3) EN 1993 is intended to be used in conjunction with: 

EN 1990 "Basis of structural design" 

EN 1991 "Actions on stmctures" 

hEN's for construction products relevant for steel structures 

EN 1090 "Execution of steel structures" 

EN 1998 
regions 

of structures for earthquake resistance", where steel structures are built in seismic 

(4) EN 1993 is subdivided in six parts: 

EN 1993-1 

EN 1993-2 

EN 1993-3 

EN 1993-4 

EN 1993-5 

EN 1993-6 

Design of Steel Structures: Generic rules. 

Design of Steel Structures: Steel bridges. 

of Steel Structures: Towers, masts and chimneys. 

of Steel Structures: Silos, tanks and pipelines. 

of Steel Structures: Piling. 

Design of Steel Structures: Crane supporting structures. 

1.1.2 Scope of EN 1993-1-2 

(1) EN 1993-1-2 deals with the design of steel structures for the accidental situation of fire exposure and is 
intended to be used in conjunction with EN 1993-1-1 and EN 1991-1-2. EN 1993-1-2 only identifies 
differences from, or supplements to, n01111al temperature design. 

(2) EN 1993-1-2 deals only \\lith passive methods of fire protection. 

(3) EN 1993-1-2 applies to steel structures that are required to fulfil this load bearing function if exposed to 
fire, in terms of avoiding premature collapse of the stmcture. 

NOTE: This part does not include rules for separating elements. 

(4) EN 1993-1-2 gives principles and application rules for designing stmctures for specificd requirements 
in respect of the load bearing function and the levels of performance. 

(5) EN 1993-1-2 applies to structures, or parts of structures, that are within the scope oLEN 1993-1 and are 
designed accordingly. 
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(6) The methods given are applicable to structural steel grades S235, S275, S420 and S460 of 
EN 10025 and all of EN 10210 and EN 10219. 

(7) The methods given are also applicable to cold-formed steel members and sheeting within the scope of 
EN 1993-1-3. 

(8) The methods given are applicable to any steel gradc for w'hich material properties at elevated 
temperatures arc available, based on harmonized European standards. 

(9) The methods given arc also applicable stainless steel members and sheeting within the scope of EN 
1993-1-4. 

NOTE: For the fire resistance of composite steel and concrete structures, see EN 1994-1-2. 

1.2 Normative references 

(l) This Europcan Standard incorporatcs by dated or undated reference, provIsIOns from other 
publications. These normative references arc cited at the appropriate places in the text and the publications 
are listed hereafter. For dated references subsequent amendments to or revisions of any of these publications 
apply to this European Standard only when incorporated in it by amendment or revision. For undated 
references the latest edition of the publication refcrred to applies (including amendments). 

EN 10025 Hot rolled products of structural steels; 

[§) Text deleted 

EN 10210 

Part I: 

EN 10219 

Part 1: 

EN 1363 

EN 13501 

Part 2 

ENV 13381 

Part 1: 

Part 2 

Part 4: 

EN 1990 

EN 1991 

Part 1-2: 

EN 1993 

Part 1-1: 

Part 1-3: 

Part 1-4: 

Pm1 }-8: 

EN ]994 

Part 1-2: 

ISO 1000 

10 

Hot finished structural hollow sections of non-alloy and fine grain structural steels: 

Technical delivelY conditions; 

Cold formed welded structural hollow sections of non-alloy and fine grain structural 
steels: 

Technical deliverv 

Fire resistance: General requirements; 

Fire classification of construction products and building elements 

Clas5;ification datafj'omfire resistance tests 

Fire tcsts 011 elements ofbuilding construction: 

Test method/c)r determining the contribution to the/ire resistance orstructllral members: 
horizontal protective membranes; 

Test rnethod/()]< determining the contribution to the/ire re5;istance (~lstructl/ral members: 
vertical protective 1no'n7fl1'/l!170~" 

Test methodfor determining the contribution to the fire resistance of structural members: 
applied protection to steel structural elements; 

Eurocode: Basis of structural design 

Eurocode 1. Actions on structures: 

Actions on structures exposed to/ire; 

Eurocode 3. Design of steel structures: 

General rllles : General rules and rules/or buildhlgs; 

General rules: Slipplementmy rulesfor coldformed steel members and sheeting; 

General rules: Supplementmy rulesfor stainless steels 

General Rules: Design q(joints 

Eurocodc 4. Design of composite steel and concrete structures: 

General rules: Structural/ire design; 

SI units. 
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1.3 Assumptions 

(1) In addition to the general assumptions of EN 1990 the following assumption applies: 
Any passive fire protection systems taken into account in the design should be adequately maintained. 

1.4 Distinction between principles and application rules 

(1) The 11l1es given in clause 1.4 ofENl990 and EN1991-1-2 apply. 

1.5 Terms and definitions 

(1) The rules in EN 1990 clause 1.5 apply. 

(2) The following terms and definitions are llsed in EN 1993-1-2 with the following meanings: 

1.5.1 Special terms relating to design in general 

1.5.1.1 Braced frame 
A frame may be classified as braced if its sway resistance is supplied by a bracing system with a response to 
in-plane horizontal loads which is sufficiently stiff for it to be acceptably accurate to assume that all 
horizontal loads are resisted by the bracing system. 

1.5.1.2 Part of structure 
Isolated part of an entire structure with appropriate support and bound31y conditions. 

1.5.2 Terms relating to thermal actions 

1.5.2.1 Standard temperature-time curve 
A nominal curve, defined in EN 13501-2 for representing a model ofa fully developed fire in a compartment. 

1.5.3 Terms relating to material and products 

1.5.3.1 Carbon steel 
In this standard: steel grades according to in EN1993-1-1, except stainless stcels 

1.5.3.2 Fire protection material 
Any material or combination of matcrials applied to a structural member for the purpose of increasing its fire 
resistance. 

1.5.3.3 Stainless steel 
All steels referred to in EN 1993-1-4. 

1.5.4 Terms relating to heat transfer analysis 

1.5.4.1 Configuration factor 
The configuration factor for radiative heat transfer from surface A to surface B is defined as the fraction of 
diffusely radiated energy surface A that is incident on surface B. 

1.5.4.2 Convective heat transfer coefficient 
Convective heat flux to the member related to the difference between the bulk temperanIre of gas bordering the 
relevant surface of the member and the temperature of that surface. 

1.5.4.3 Emissivity 
Equal to absorptivity of a surface, i.e. thc ratio between the radiative heat absorbed by a given surhlce, and that 
of a black body surface. 
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1.5.4.4 Net heat flux 
Energy per unit time and surface area definitely absorbed by members. 

1.5.4.5 Section factor 
For a steel member, the ratio between the exposed surface arca and the volume of steel; for an enclosed 
member, the ratio between the intemal surface area of the exposed encasement and the volume of stee1. 

1.5.4.6 Box value of section factor 
Ratio between the exposed surface area of a notional bounding box to the scction and the volume of steel. 

1.5.5 Terms relating to mechanical behaviour analysis 

1.5.5.1 Critical temperature of structural steel element 
For a load level, the temperature at which failure is expected to occur in a structural steel element for a 
uniform tempcrature distribution. 

1.5.5.2 Effective yield strength 
For a given temperature, the stress level at which the stress-strain relationship of steel is truncated to provide 
a yield plateau. 

1.6 Symbols 

(1) For the purpose oLEN 1993-1-2, the following symbols apply: 

Latin upper case letters 

Ai an elemental area of the cross-section with a temperature ~; 

Am the surface area of a member per unit length; 

V the section factor for unprotected steel members; 

C j the protection coefficient of member face i ; 

Ap the appropriate area of firc protection material per 11l1it length of the member IE1) [m2/m] @II; 

Ell the modulus of elasticity of steel for normal temperature design; 

the slope of the linear elastic range for steel at elevated temperature ()a; 

Eti.d the design effect of actions for the fire situation, determined in accordance with EN 1991-1-2, 

including the effects of thermal expansions and deformations; 

Fb,Rd the design bearing resistance of bolts; 

F bJ,Rd the design bearing resistance of bolts in fire; 

fv,Rd the design shear resistance of a bolt per shear plane calculated assuming that the shear plane 

passcs through the threads of the bolt; 

F v.1. Rd the fire design resistance of bolts loaded in shear; 

Fw. Rd the design resistance per unit length of a fillet weld; 

Fw ,[, Rd the design resistance per unit length of a fil1et weld in fire; 

Ok the characteristic value of a permanent action; 

h the radiative heat flux from an opening; 

}z the radiative heat tlux from a flame; 

the radiative heat flux from a flame to a column face i; 

L the system length of a column in the relevant storey 
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A1bJiJ,Rd the design buckling resistance moment at time 

Ni;'i,t,Rd the design moment resistance at time t 

the design moment resistance of the cross-section for a uniform temperature 0.1 which is cqual to 

the uniform temperature Be at time f in a cross-section which is not thermally influenced by the 

supports.; 

the plastic moment resistance of the gross cross-section 

elastic moment resistancc of the gross cross-section 

for normal temperatnrc 

for normal temperature design; 

NbJi,LRd the design buckling resistance at time f of a compression member 

the 

the design resistance of the cross-section for normal temperature design, according to EN 

1993-1-1. 

rhe design resistance of a tension member a uniform temperature f)a 

the design resistance at time t of a tension member with a non-uniform temperature distribution 

across the cross-section 

Qk.l the principal variable load; 

Rfi,d,{ the corresponding design resistance in the fire situation. 

Rfi,d,O the value of Rti.d.l for time t = 0; 

Tr the temperature of a fire [K]; 

To the flame temperature at the opening [K]; 

Tx the flame temperature at the flame tip [813 K]; 

Tz the flame temperature [K]; 

the flame temperature [KJ from annex B of EN 1991-1-2, level with the bottom ofa beam; 

the flame temperature from annex B of EN 1991-1-2, level with the top of a beam; 

V the volume of a member per unit length; 

Vli,[,Rd the design shear resistance at time t 

VRd the shear resistance of the gross cross-section for normal temperature design, according to EN 

1993-1-1; 

the characteristic value of a strength or deformation property 

temperature design to EN 1993-1-1; 

1UJl101','1IJ'1) fA or Ek) for normal 

Latin lower case leftel~) 

az the absorptivity of flames; 

c the specific heat; 

Ca the specific heat of steel; 

cp the temperature independent specific heat of the fire protection material; 

di the cross-sectional dimension of member face i; 

~) the thickness offire protection material; 

dr the thickness of the fire protection materiaL (dr 0 for unprotected members,) 

f~,e the propo11ionallimit for steel at elevated temperature 0.1; 
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.I;, the yield strength at 20°C 

fy,o the effective yield strength of steel at elevated temperature 8..\; 

f~,i the nominal yield strength f~, for the elemental area Ai taken as positive on the compression side 

of the plastic neutral axis and negative on the tension side; 

f~,o 

hnet.d 

the ultimate strength at elevated temperature, allowing for strain-hardening. 

the design value of the net heat flux per unit area; 

the height of thc top of the flame above the bottom of the beam; 

the column face indicator (I ), (2), (3) or (4); 

~ kb, e @l] the reduction factor determined for the appropriate bolt temperature; 

the reduction factor from section 3 for the slope of the linear elastic range at the steel temperature 

8..1 reached at time t. 

kE,fJ,com the reduction factor fi'om section 3 for the slope of the linear elastic range at the maximum steel 

temperature in the compression flange reached at time t. 

k sh correction factor for the shadow effect; 

ko the relative value of a strength or deformation property of steel at elevated temperature 8..1; 

ko the reduction factor for a strength or deformation property (XU) I Xk ) , dependent on the material 

temperature, see section 3; 

kw,0 @l] the strength reduction factor for wclds; 

ky.e the reduction factor from section 3 for the yield strength of steel at the steel temperature 8..1 

reached at time t. 

the reduction factor from section 3 for the yield strength of steel at the maximum temperature in 

the compression flange 8..1.<:0111 reached at time t. 

ky.o) the reduction factor for the yield strength of steel at temperature 0;,; 

the reduction factor for the yield strength of steel at the maximum steel temperature 

reached at time t; 

ky,f),weh the reduction factor for the yield strength of steel at the steel temperature ()web ,see section 3. 

ky the interaction factor; 

kz the interaction factor; 

kLT the interaction factor; 

m the number of openings on side 111; 

n the number of openings on side n; 

the length at 20°C; a distance from an opening, measured along the flame axis; 

In the buckling length of a column for the fire design situation; 

s the horizontal distance from the ccntreline of acolumn to a wall of a fire compartment; 

the time in fire exposure; 

Wi the width of an opening; 

Zi the distance from the plastic neutral axis to the centroid of the elemental area Ai; 
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Greek upper case letters 

Lit the time interval; 

111 the temperature induced expansion; 

I1Bg,t the increase of the ambient gas temperature during the time interval !J..t; 

¢r,i the configuration faetor of member face i for an opening; 

¢r the overall configuration factor of the member for radiative heat transfer from an opening; 

¢z the overall configuration factor of a member for radiative heat transfer from a flame; 

r/Jz,i the configuration factor of member face i for a flame; 

¢z,m the overall configuration factor of the column for heat from flames on side m; 

¢z,n the overall configuration factor of the column for heat from flames on side n; 

Greek lower case letters 

a the convective heat transfer coefficient; 

0M the equivalent uniform moment faetors; 

YG the partial factor for permanent actions; 

YM2 the partial factor at normal temperature; 

IM,fi the partial factor for the relevant material property, for the fire situation. 

Yo, I the partial factor for variable action 1; 

Sf the emissivity of a tlame; the emissivity of an opening; 

5z the emissivity of a flame; 

5z,m the total emissivity of the flames on side 111; 

5z,n the total emissivity of the flames on side n; 

~ a reduction factor for unfavourable permanent actions G; 

rJfi the reduction factor for design load level in the fire situation; 

B the temperature; 

~l the steel temperature [OC]. 

~l.Cf critical temperature of steel 

Bg,t the ambient gas temperature at time t; 

Bweb the average temperature in the web of the section; 

~ the temperature in the elemental area Ai' 

K the adaptation factor; 

KI an adaptation factor for non-uniform temperature across the cross-section; 

K2 an adaptation factor for non-uniform temperature along the beam; 

}" the thermal conductivity; 
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Ai the flame thickness for an opening i; 

Ap the thermal conductivity of the fire protection 

AI' the effective thermal conductivity of thc fire protection material. 

flo the degree ofutilization at tinie f O. 

(J the Stefan Boltzmann constant [5,67 x lO-x W/ny2K4]; 

PI the unit mass of steel; 

Pp the unit mass of the fire protection material; 

Xli the reduction factor for flexural buckling in the fire design situation; 

XLI.li the reduction factor for lateral-torsional buckling in the fire design situation; 

Xmin,fj the minimum value of and XZ.ji ; 

Xl)! the reduction factor for flexural buckling about the z-axis in the fire design situation; 

Xy.fi the reduction factor for flexural buckling about the y-axis in the fire design situation; 

the combination factor for frequent values, either by 'l/u or '1h..l ; 

2 Basis of design 

2.1 Requirenlents 

2.1.1 Basic requirements 

(1)P Where mechanical resistance in the case of fire is required, steel structures shall be designed and 
constructed in such a way that they maintain their load bearing function the relevant fire exposure. @il 

(2) Deformation criteria should be applied where the protection aims, or the design criteria for separating 
elements, require consideration of the deformation of the load bearing structure. 

(3) Except from (2) consideration of the deformation of the load bearing structure is not necessaty in the 
following cases, as relevant: 

the efficiency of the means of protection has been evaluated according to section 3.4.3~ 
and 

the separating elements have to fulfil requirements according to a nominal fire exposure. 

2.1.2 Nominal fire exposure 

(I) For the standard fire exposure, members should comply with criteria R as follows: 
load bearing only: mechanical resistance (criterion R). 

(2) Criterion "R" is assumed to be satisfied where the load bearing function is maintained during the 
required time of fire exposure. 

(3) With the hydrocarbon fire exposure curve the same criteria should apply, however the reference to this 
specific curve should be identified the letters "HC". 

2.1.3 Parametric fire exposure 

(1) The load-bearing function is ensured if collapse is prevented during the complete duration of the fire 
including the decay phase or during a required period of time. 
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(1) The thermal and mechanical actions should be taken from EN 1991-1-2. 
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(2) In addition to EN 1991-1-2, the emissivity related to the steel surface should be equal to 0) for carbon 
steel and equal to 0,4 for stainless steels according to aImex C. 

2.3 Design values of material properties 

(1) Design values of mechanical (strength and deformation) material properties are defined as tollows: 

where: 
Xk is the characteristic value of a strength or defonnation prope11y 

temperature design to EN 1993-1-1; 

(2.1) 

for normal 

kG IS the reduction factor for a or deformation property (,-\:1<.0 / Xk) , dependent on the 
material temperature, see section 3; 

f,vl,fi is the partial factor for the relevant material property, for the fire situation. 

NOTE: For the mechanical properties of steel, the partial factor for the fire situation is given in the national 
annex. The use of n.1.fi 1.0 is recommended. 

(2) Design values of thermal material properties XUi are defined as follows: 

if an increase of the propel1y is favourable for safety: 

Xd,ti Xk,o/ }\Ui (2.2a) 
if an increase of the property is unfavourable for safety: 

)I'vUiXk,O (2.2b) 

where: 

IS the value of a material property in fire 
temperature, see section 3; 

generally dependent on the material 

n,1.fi IS the partial factor for the relevant material property, for the fire situation. 

NOTE: For thermal properties of 
Yf'vtfi 1.0 is recommended. 

the partial factor for the fire situation see national annex. The llse of 

2.4 Verification methods 

2.4.1 General 

(1) The model of the structural system adopted for design to this Part 1-2 of EN1993 should reflect the 
expected performance of the structure in fire. 

NOTE: Where rules given in this Part 1-2 of EN 1993 are valid only for the standard tire exposure, this is 
identified in the relevant clauses. 

~ (2)P It shall be verified that, during the relevant duration of fire exposure t: @11 

(2.3) 

where: 
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EJi .d is the design effect of actions for the fire situation, determined in accordance with 
EN 1991-1-2, including the effects of thermal expansions and deformations; 

Rfi .J .1 is the corresponding design resistance in the fire situation. 

(3) The structural analysis for the fire situation should be calTied out according to EN 1990 5.1A (2). 

NOTE 1: For member analysis, see 2A.2; 
For analysis of parts of the structure, see 2A.3; 
For global structural analysis, see 2AA. 

NOTE 2: For verifying standard fire resistance requirements, a member analysis is sufficient. 

(4) As an alternative to design by calculation, fire design may be based on the results of fire tests, or on fire 
tests in combination with calculations. 

2.4.2 Member analysiS 

(1) The effect of actions should be determined for time t=0 using combination factors If/u or 1//].,1 according 
to EN 1991-1-2 clause 4.3.1. 

(2) As a simplification to (1), the effect of actions EtUi may be obtained from a struchlral analysis for normal 
temperahlre design as: 

where: 

(2.4) 

is the design value of the corresponding force or moment for nonnal temperature design, 
for a fundamental combination of actions (see EN 1990); 

is the reduction factor for the design load level for the fire situation. 

(3) The reduction factor 11 Ii for load combination (6.10) in EN 1990 should be taken as: 

18 

G k + If/ .Ii Q k,I 

Gk + YO.IQk,l 

(2.5) 

or for load combination (6.10a) and (6.1 Ob) in EN 1990 as the smaller value given by the two 
following expressions: 

'7fi 

where: 
Qk.1 
Gk 

YG 

YQ.I 

l/fJi 
; 

r 0.1 Vlo.1 Qk,1 

IS characteristic value of the leading variable action; 
is the characteristic value of a permanent action; 
IS the paliial factor for permanent actions; 

is the partial factor for variable action 1; 

(2.5a) 

(2.5b) 

IS the combination factor for values, given either by 1f/J.1 or 1f/2.1 ,see EN 1991-1 
is a reduction factor for unfavourable permanent actions G. 
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NOTE 1: An example of the variation of the reduction factor llli versus the load ratio Qk,I/Gk for 
different values of the combination factor \V Ii = \1'1 ,1 according to expression (2,5), is shO\vn in figure 
2.1 with the following assumptions: YG = 1,35 and Yo = 1,5. Partial factors are specified in the relevant 
National annexes of EN 1990. Equations (2 .5a) and (2,5b) give slightly higher values. 

11 fi 

Figure 2.1: 
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NOTE 2: As a simplification the recommended value of1ln = 0,65 may be used, except for imposed 
load according to load category E as given in EN 1991-1-1 (areas sLlsceptible to accumulation of 
goods, including access areas) where the recommended value is 0,7. 

(4) Only the effects of thermal deformations resulting from thermal gradients across the cross-section 
need to be considered. The effects of axial or in-plain thermal expansions may be neglected. 

(5) The boundary conditions at supports and ends of member may be assumed to remain unchanged 
throughout the fire exposure. 

(6) Simplified or advanced calculation methods given in clauses 4.2 and 4.3 respectively are suitable for 
verifying members under fire conditions. 

2.4.3 Analysis of part of the structure 

(1) 2.4.2 (1) applies 

(2) As an alternative to canying out a stl1lctural analysis for the fire situation at time t = 0, the reactions at 
supports and internal forces and moments at boundaries of part of the stl1lcturemay be obtained from a 
structural analysis for normal temperature as given in 2.4.2. 

(3) The p311 of the stmcture to be analysed should be specified on the basis of the potential thermal 
expansions and deformations such, that their interaction with other parts of the stl1lcture can be approximated 
by time-independent support and bound31Y conditions during fire exposure. 

(4) Within the part of the structure to be analyzed, the relevant failure mode in fire exposure , the 
temperature-dependent material properties and member stiffness, effects of thermal expansions and 
deformations (indirect fire actions) should be taken into account 
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(5) The boundary conditions at supports and forces and moments at boundaries of part of the structure 
may be assumed to remain unchanged throughout the fire exposure. 

2.4.4 Global structural analysis 

(]) Where a global structural analysis for the fire situation is can-ied out, the relevant failure mode in fire 
exposure, the temperature-dependent material properties and member stiffness , effects of thermal 
deformations (indirect fire actions) should be taken into account. 

3 Material properties 

3.1 General 

(1) Unless given as design values, the values of material properties given in this section should be treated as 
characteristic valucs. 

(2) The mechanical properties of steel at 20 °e should be taken as those given in EN 1993-1-1 for normal 
temperature design. 

3.2 Mechanical properties of carbon steels 

3.2.1 Strength and deformation properties 

(1) F or heating rates between 2 and 50 K/min, the strength and defonnation properties of steel at elevated 
temperatures should be obtained from the stress-strain relationship given in figure 3.1. 

NOTE: For the rules of this standard it is assumed that the heating rates fall within the specified limits. 

(2) The relationship given in figure 3.1 should be used to determine the resistances to tension, 
compression, moment or shear. 

(3) Table 3.1 gives the reduction factors for the stress-strain relationship for steel at elevated temperatures 
given in figure 3.1. These reduction factors are defined as follows: 

- effective yield strength, relative to yield strength at 20 oe: 
- proportional limit, relative to yield strength at 20 oe: 
- slope of linear elastic range, relative to slope at 20 oe: 

NOTE: The variation of these reduction factors with temperature is illustrated in figure 3.2. 

(4) Alternatively, for temperatures below 400 oe, the stress-strain relationship specified in (1) may be 
extended by the strain-hardening option given in annex A, provided local or member buckling does not lead 
to premature collapse. 

3.2.2 Unit mass 

(l) The unit mass of steel pcl may be considered to be independent of the steel temperature. The 
following value may be taken: 

pa 7850kg/m3 
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Strain range Stress (J 

Cp,e < C < Cy.O 

0,00 

Parameters 

Functions a cp,e) (8 y/) - t' p.O 

- cp/J)Ea,g + Z/ c 

c 
(fy.B - f p,o) 2 

Stress a 

-------------------'=---:=.---,--------,. 

f 0' p,' 

= tan a 

Key: effective yield strength; 

f p,8 proportional limit; 

Ea,e slope of the linear elastic range; 

C'p.8 strain at the proportional limit; 

cy,e yield strain; 

Ct,S limiting strain for yield strength; 

Cll,e ultimate strain. 
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Tangent modulus 

E~LO 

l ~ (' )'J 11,5 a a- - t: yJ) - 8 -

o 

CtJ-) 0,15 Cu.O = 0,20 

E U,O Strain E 

Figure 3.1: Stress-strain relationship for carbon steel at elevated 
tern peratu res. 
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Table 3.1: Reduction factors for stress-strain relationship of 
carbon steel at elevated temperatures 

Reduction factors at temperature ea relative to the value of.h or 
at 20 0e 

Steel Reduction factor Reduction factor Reduction factor 
Temperature (relative to f;!) (relative to j~) (relative to Ea) 

for effective yield for proportional limit for the slope of the 

8:1 strength linear clastic range 

kv.o /; .. 01 /~ kn.o f'~.81 f~ /(E.O E~l.f'! E:l 

20 0 e 1,000 1,000 1,000 

1000e 1,000 1,000 ],000 

200 0e 1,000 0,807 0,900 

300 0e 1,000 0,613 0,800 

400 0 e 1,000 0,420 0,700 

500 0e 0,780 0,360 0,600 

600 0e 0,470 0,180 0,310 

700 0 e 0,230 0,075 0,130 

800 0e 0,110 0,050 0,090 

900 0 e 0,060 0,0375 0,0675 

lOOOoe 0,040 0,0250 0,0450 

1l00oe 0,020 0,0125 0,0225 

12000e 0,000 0,0000 0,0000 

NOTE: For intermediate values of the steel temperature, linear interpolation may 
be used. 
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Reduction factor 
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ky.o = fy.o / fy 

Slope of linear elastic range 

kE,o = Ea.o / Ea 
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Figure 3.2: 

Temperature [OC] 

Reduction factors for the stress-strain relationship of carbon steel 
at elevated temperatures 

3.3 Mechanical properties of stainless steels 

(l) The mechanical properties of stainless steel may be taken from annex C. 

3.4 Thermal properties 

3.4.1 Carbon steels 

3.4.1.1 Thermal elongation 

(l) The relative thermal elongation of steel t'111l should be determined from the following: 

- for 20°C ()a 750°C: 

t'1// I x 10-5 ()a + 0,4 x 1 0-8 ~1 - 2,416 x 10-4 

t'111l 1,1 X 10-2 

- for 860°C < ()a:S: 1200°C: 

t'111l = 2 x 10-5 Ba - 6,2 X 10-3 

where: 

t'11 

~1 

is 

is 

is 

the at 

the temperature induced elongation; 

the steel temperature [OC]. 

NOTE: The variation of the relative thenual elongation with temperature is illustrated in 3.3. 

1 a) 

(3.lb) 

(3.1 c) 
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Figure 3.3: Relative thermal elongation of carbon steel as a function of the 
temperature 
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3.4.1.2 Specific heat 

(l) The specific heat of steel c" should be determined fro111 the following: 

- for 20°C s (Ja < 600°C: 

Ca = 425 7,73 x 10- 1 00 - 1,69 X 10-3 8,.12 + 2,22 X 10-6 8,.1 J/kgK 

- for 600°C s 00 < 735°C: 

C
a 

666 + 13002 J/kgK 
738 - ea 

- for 735°C s 00 900°C: 

C
a 

545 + 17820 J/kgK 
ea -731 

650 J/kgK 

where: 

Oa is the steel temperature [DC]. 

NOTE: The variation of the specific heat with temperature is illustrated in figure 3.4. 

Specific heat [J I kg K] 

5000~----~----------------~~-----------. 

4500 

4000+------..... ~-~--~-----------+-~··~-----~------~--1 

3500 

3000+-----~----------------#--~----------~--···--i 

2500+-----~----------------1~+---------~·---1 

2000 

1500 

1000+-----~----------~---~-++-~----~-----4 

500 -1-= ____ -+==:--:-:-:::::-::=== .. 
O+-----~----~----~~----+------------; 

o 200 400 600 800 1000 1200 

Temperature rOC] 

(3.2a) 

(3.2b) 

(3.2c) 

(3.2d) 

Figure 3.4: Specific heat of carbon steel as a function of the temperature 
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3.4.1.3 Thermal conductivity 

(1) The thermal conductivity of steel Aa should be determined from the following: 

- for 20°C {);j 800°C: 

Aa 54 3,33 x 10-1 ()a W/mK 

for 800°C::::; 8..1 ::::; 1200°C: 

Aa 27,3 \V/mK 

where: 

is the steel temperature [OC]. 

NOTE: The variation of the thermal conductivity with temperature is illustrated in figure 3.5. 

Thermal conductivity [W / mK] 

60 

50 
~ 
~ 

~ 
~ 
~ 
~ 

40 

30 

20 

10 

200 400 600 800 1000 1200 
Temperature [OC ] 

Figure 3.5: Thermal conductivity of carbon steel as a function of the 
temperature 

3.4.2 Stainless steels 

(l) The thermal properties of stainless steels may be taken from annex C. 

3.4.3 Fire protection materials 

(3.3a) 

(3.3b) 

(1) The properties and performance of fire protection materials used in design should have been assessed 
using the test procedures given in ENV 13381-1, ENV t3381-2 or ENV 13381-4 as appropriate. 

NOTE: These standards include a requirement that the fire protection materials should remain coherent and 
cohesive to their supports throughout the relevant fire exposure. 
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4 Structural fire design 

4.1 General 

(l) This section gives rules for steelwork that can be either: 

- unprotected; 

- insulated by fire protection material; 

- protected by heat screens. 

NOTE: Examples of other protection methods are water filling or partial protection in walls and floors. 

(2) To determine the fire resistance the follO\ving design methods are permitted: 

- simplified calculation models; 

- advanced calculation models; 

- testing. 

NOTE: The decision on use of advanced calculation models in a Country may be found in its National Annex. 

(3) Simple calculation models are simplified design methods for individual members, which are based on 
conservative assumptions. 

(4) Advanced calculation models are design methods 111 which engineering principles are applied in a 
realistic manner to specific applications. 

4.2 Simple calculation models 

4.2.1 General 

~ (l)P The load-bearing function of a steel member shall be assumed to be maintained after a time t in a 
given fire if: @il 

s Rn.d.t (4.1 ) 

where: 

the design effect of actions for the fire design situation, according to EN 1991-En.d IS 

RIi,d.1 is the corresponding design resistance of the steel member, for the fire design situation, at 
time t. 

(2) The design resistance Rti .d.t at time t should be determined, usually in the hypothesis of a uniform 
temperature in the cross-section, by modifYing the design resistance for normal temperature design to 
EN 1993-1-1, to take account ofihe mechanical properties ofstcel at elevated temperatures, see 4.2.3. 

NOTE: In 4.2.3 Rti.d.t becomes .1ifli,t,Rd, 

values of "MtiJ.::d , etc represent Eti•d • 

etc (separately or in combination) and the corresponding 

(3) If a non uniform temperature distribution is used, the design resistance for normal temperature design 
to EN1993-1-1 is modified on the base of this temperature distribution. 

(4) Alternatively to (1), by using a unifol111 temperature distribution, the verification may be carried out in 
the temperature domain, see 4.2.4. 

(5) Net-section failure at fastener holes need not be considered, provided that there is a fastener in each 
hole, because the steel temperature is lower at joints due to the presence of additional material. 
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(6) The fire resistance of a bolted or a welded joint may be assumed to be sufficient provided that the 
following conditions arc satisfied: 

1. The thermal resistance (drlli.j)c of the joint's fire protection should be equal or greater than the 
minimum value of thermal resistance (drl )~f)11l of fire protection applied to any of the jointed 
members; 

Where: 
dr is the thickness of the fire protection materiaL (dr = 0 for unprotected members.) 
AI' is the effective thermal conductivity of the fire protection material. 

2. The utilization of the joint should be equal or less than the maximum value of utilization of any of 
the connected members. 

3. The resistance of the joint at ambient temperature should 
EN 1993-1.8. 

the recommendations given in 

(7) As an alternative to the method given in 4.2.1 (6) the fire resistance of a joint may be determined using 
the method given in Annex D. 

NOTE: As a simplification the comparison of the level of utilization within the joints and joined members 
may be performed for room temperature. 

4.2.2 Classification of cross-sections 

(1) For the purpose of these simplified rules the cross-sections may be classified as for n01111al 
tcmperaturc design with a reduced value for r; as in (4.2). 

[; 0,85 [235 If;.] (l.S (4.2) 

where: 

f IS the yield strength at 20°C 

NOTE 1: See EN1993-1-1 
NOTE 2: The reduction factor 0,85 considers influences due to increasing temperature. 

4.2.3 Resistance 

4.2.3.1 Tension members 

(1) The resistance Nti.O.Rd of a tension member with a uniform temperature B..l should be 
determined from: 

where: 

is the reduction factor for the yield strength of steel at temperature B..Hreached at 
time t see section 3; 

(4.3) 

is the design resistance of the cross-section for nonnal temperature design, 
according to EN 1993-1-1. 

(2) The design resistance NII.t.Rd at time t of a tension member with a non-uniform temperature 
distribution across the cross-section may be determined from: 
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Nfi,t,Rd L Ai ky ,8,i /l' / (4.4) 
i=l 

where: 

is an elemental area of the cross-section with a temperature e.; 
IS the reduction factor for thc yield strength of steel at temperature e., see section 3; 

is the temperature in the elemental area 

(3) The design resistance Nfi,t,Rd at time t of a tension member with a non-uniform temperature 
distribution may conservatively be taken as equal to the design resistance Nti.O,Rd of a tension member with a 
uniform steel temperature Ba equal to the maximum steel temperature ~Llnax reached at time t. 

4.2.3.2 Compression membe.·s with C1ass I, Class 2 or Class 3 cross-sections 

(1) The design buckling resistance Nb,fiJ.Rd at time t of a compression member \\lith a Class 1, Class 2 or 
Class 3 cross-section with a uniform temperature ~1 should be determined from: 

= Xn A ky,of;'; YM,ti 

where: 

Xfi IS the reduction factor for ±1exural buckling in the fire design situation; 

ky,o is the reduction factor from section 3 for the yield strength of steel at the steel 
temperature Bu reached at time t. 

(4.5) 

(2) The value of Xft should be taken as the lesser of the values of Xy,fi and Xz,fi determined according to: 

Xli =-----;==== 

with 

and 

I 
If' =-[l+alvB 

B 2 

The non-dimensional slenderness k for the temperature ~1' is by: 

Ae = A [k\"o / 

where: 

ky,e is the reduction factor from section 3 for the yield strength of steel at the steel 

temperature Ba reached at time t; 

(4.6) 

(4.7) 

IS the reduction factor from section 3 for the slope of the linear elastic range at the 

steel temperature Bn reached at time t. 
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(3) The buckling length /r; of a column for the fire design situation should generally be determined as for 
normal temperature design. However, in a braced frame the buckling length lu of a eolumn length may be 
determined by considering it as fixed in direction at eontinuous or semi-eontinuous joints to the eolumn 
lengths in the fire compartments above and below, provided that the fire resistanee of the building 
components that separate these fire eompartments is not less than the fire resistance of the column. 

(5) In the case of a braced frame in which each storey comprises a separate fire compartment with 
suffieient fire resistance, in an intermediate the buekling length h of a continuos column may be taken 
as hi = O,5L and in the top storey the buckling length may be taken as In = 0,7L, where L is the system 
length in the relevant storey, see figure 4.1. 

( 
\ 

Figure 4.1: Buckling lengths hi of columns in braced frames 

(6) When designing using nominal fire exposure the design resistance at time t of a compression 
member with a non-uniform temperature distribution may be taken as equal to the design resistance 
of a compression member with a uniform steel temperature B..I equal to the maximum steel temperature 

reached at time t. 

4.2.3.3 Beams with Class 1 or Class 2 cross-sections 

(l) The design moment resistance A1;1.0.Rd of a Class 1 or Class 2 cross-section with a uniform 
temperature B..I should be determined from: 

\vhere: 
lWRd IS 

IS 

(4.8) 

the plastic moment resistance of the gross cross-section A~)l,Rd for normal 
temperature design, according to EN 1993-1-1 or the reduced moment resistance 
for normal temperature design, allowing for the effects of shear if neeessary, 
according to EN 1993-1-1; 

the reduction factor for the yield strength of steel at temperature see section 3 

(2) Thc design moment resistance JV!ti.tRJ at time t of a Class 1 or Class 2 cross-section with a 
non-uniform temperature distribution across the cross-section may be determined from: 
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(4.9) 

is the distance from thc plastic neutral axis to the centroid of the elemental area Ai; 

is the nominal yield strength .I;, for the elemental area Ai taken as positive on the 

compression side of the plastic neutral axis and negative OIl the tension side; 

Ai and ky,o,i are as defined in 4.2.3.1 (2). 

(3) Alternatively, the design moment resistance Mfi,t.Rd at time t of a Class 1 or Class 2 cross-section in a 
member with a non-uniform temperature distribution, may be determined from: 

(4.1 0) 

~ Jilli,8.Rd S i\1Rd @IJ 

where: 

IS 

is 

K2 IS 

the design moment resistance of the cross-section for a uniform temperature 8;1 
which is equal to the uniform temperature f3..1 at time t in a cross-section which is 
not thermally influenced by the support.; 

an adaptation factor for non-uniform temperature across the cross-section, see (7); 

an adaptation factor for non-uniform temperature along the beam, see (8). 

(4) The design lateral torsional buckling resistance moment J\,lb.l i .t,RJ at time t of a laterally unrestrained 
member with a Class 1 or Class 2 cross-section should be determined from: 

where: 

ZLT,fi 

XU.1i TVpl •y / YM.fi (4.11) 

IS the reduction factor for lateral-torsional buckling in the fire design situation; 

is the reduction factor from section 3 for the yield strength of steel at the maximum 
temperature ill the compression t1ange f3..1,com reached at time t. 

NOTE: Conservatively can be assumed to be equal to the uniform temperature f3..\. 

(5) The value of XLT,fi should be determined according to the following equations: 

with 

and 

where: 

Xu,.!! (4.] 2) 

1 [ -
= 2 1 + a)"LT,0,(oll! + (4.] 3) 

a = O.65~235/fY (4.14) 

,B,com 
0.5 (4.15) 

IS the reduction factor from section 3 for the slope of the linear elastic range at the 
maximum steel temperature in the compression flange f3..l.t.:om reached at time t. 
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(6) The design shear resistance at time f of a Class 1 or Class 2 cross-section should be 
determined from: 

V t1.LRd 

where: 

B.,l'cb 

is 

is 

is 

(4.16) 

the shear resistance of the gross cross-section for normal temperature design, 
according to EN 1993-1-1~ 

the average temperature in the web of the section: 

the reduction factor for the yield strength of steel at the steel temperature Bweb , 

see section 3. 

(7) The value of the adaptation factor Kj for non-uniform temperature distribution across a cross-section 
should be taken as follows: 

for a beam exposed on all four sides: K] 1,0 

for an unprotected beam exposed on three sides, with a composite or concrete slab on side four: 

Kj 0,70 

- for an protected beam exposed on three sides, with a composite or concrete slab on side four: Kj 0,85 

(8) For a non-uniform temperature distribution along a beam the adaptation factor K2 should be taken as 
follows: 

- at the supports of a statically indeterminate beam: 

in all other cases: 

0,85 

1,0. 

4.2.3.4 Beams with Class 3 cross-sections 

(1) The design moment resistance N~l.t.Rd at time t of a Class 3 cross-section with a uniform temperature 
should be determined from: 

where: 
A1Rd is 

(4.17) 

the elastic moment resistance of the gross cross-section for normal 
temperature design, according to EN 1993-1-1 or the reduced moment resistance 
allowing for the effects of shear if necessalY according to EN 1993-1-1; 

is the reduction factor for the yield strcngth of steel at the steel temperature 8..1 ,see 
section 3. 

(2) The design moment resistance at time f of a Class 3 cross-section with a non-uniform 
temperature distribution may be determined from: 

Mfi,t.Rd (4.18) 

@ .Mjl,B.ReI S MRd ~ 

where: 
MRd 

K] 

32 

is 

IS 

is 

the elastic moment resistance of the gross cross-section for normal 
temperature design or the reduced moment resistance allowing for the effects of 
shear if necessmy according to EN 1993 -1-1; 

the reduction factor for the yield strength of steel at the maximum steel temperature 
reached at time t, @ text deleted ~ ; 

an adaptation factor for non-uniform temperature in a cross-section, see 
4.2.3.3 (7); 
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is an adaptation factor for non-uniform temperature along the beam, see 4.2.3.3 (8). 

(3) The design buckling resistance moment k1l1.fi.t.Rd at time of a laterally unrestrained beam with a 
Class 3 cross-section should be determined from: 

(4.19) 

where: 

XLT.fi is as given in 4.2.3.3 (5). 

NOTE: Conservatively can be assumed to be equal to the maximum temperature 

(4) The design shear resistance Vti,t.Rd at time t of a Class 3 cross-section should be determincd from: 

( 4.20) 

where: 

VRd is the shear rcsistance of the gross cross-scction for normal tcmpcraturc design, 
according to EN 1993-1-1. 

4.2.3.5 ~1embers with Class 1, 2 or 3 cross-sections, subject to combined bending and axial compression 

(1) The design buckling resistance Rti,t,d at time t of a mcmber subject to combined bending and axial 
compression should be vcrified by satisfying expressions (4.21a) and (4.21b) for a membcr with a Class 1 or 
Class 2 cross-section, or cxpressions (4.21c) and (4.21d) for a member with a Class 3 cross-scction. 

A kvJ) 

---------------+ -----'---

X ,Ak ::./1 )i.e W k pl.:: yJ) 

-----'------+ ---'--...:...;.;.--'---- + -----'---'---

rM.ji 

k[T 
-------''----- + ------'-...::.....;..--- + ---'----

Xz,Ji A k 1 •e 

where: 

Xl11inJi 

Xz.ti 

XLT.!! 

rM,Ji 

is 

is 

is 

YtvI.jl 

as defincd in 4.2.3.2; 

as dcfincd in 4.2.3.2; 

as defincd in 4.2.3.3 (5); 

( 4.21a) 

(4.21b) 

(4.21c) 

(4.21d) 
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with: J.i LT 5 f3M.LT -0,15:::;0,9 

k ------:::;3 
fl' 

;C .. p A k 
rill,li 

with: For the strong axis: 

fl.1' = (2/J,\1,), 5)~J'.o + 0, 44/JM,). + 0,29::;; 0,8 with ::;; 1,1. 

X::,/i A 
rMJi 

with: [§) For the weak axis: 

,liz =(1.2jJ",t,:: -3)~t.e +0.71jJM,z -0.29 S; 0,8 @il 

NOTE: For the equivalent uniform moment factors 0,YI see figure 4.2. 
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Equivalent uniform moment factor 

~M 

~M,\I' = 1,8 - 0,7 \I' 

~M ,Q = 1,3 

~M,Q = 1,4 

MQ = I max M I due to lateral load only 

ImaxMI 

~M 

I maxM I + I minM I 

for moment diagram 

without change of sign 

for moment diagram 

with change of sign 

Figure 4.2: Equivalent uniform moment factors. 
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4.2.3.6 l\1embers with Class 4 cross-sections 

(l) For members with class 4 cross-sections other than tension members it may be assumed that 4.2.1 (l) is 
satisfied jf at time t the steel temperature e a at all cross-sections is not more than e crit . 

NOTE 1: For further information see annex E. 
NOTE 2: The limit erritmay be chosen in the National Annex. The value Seri[ = 350°C is recommended. 

4.2.4 Critical temperature 

(l) As an alternative to 4.2.3, verification may be carried out in the temperature domain. 

(2) Except when considering deformation criteria or~ when instability phenomena have to be taken 
into account, the critical temperature OcLCl< of carbon steel according to 1.1.2 (6) at time t for a uniform 
temperature distribution in a member may be determined for any degree of utilization po at time t ° 
using: 

fJ..Lcr 39,191n __ 1 __ -1J + 482 
O}9674 jio 

where Po must not be taken less than 0,013. 

NOTE: Examples for values of for values of Po from 0,22 to 0,80 are given in table 4.1. 

( 4.22) 

(3) For members with Class 1, Class 2 or Class 3 cross-sections and for all tension members, the degree of 
utilization Po at time t ° may be obtained from: 

po (4.23) 

where: 

Rfi .d.O is the value of Rn.d.t for time to, from 4.2.3; 

Ell.d and Rn,d,t are as defined in 4.2.1(1). 

(4) Alternatively for tension members, and for beams where lateral-torsional buckling is not a potential 
failure mode, Po may conservatively be obtained from: 

Po '7n (4.24) 

where: 

'7n IS the reduction factor defined in ~ 2.4.2 (3) @l) . 
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Table 4.1: Critical temperature ()a,cr for values of the utilization factor flo 

1'0 Ba.cr 1'0 l1..1.cr 1'0 B~u:r 

0,22 711 0,42 612 0,62 549 

0,24 698 0,44 605 0,64 543 

0,26 685 0,46 598 0,66 537 

0,28 674 O,4u 591 0,68 531 

0,30 664 0,50 585 0,70 526 

0,32 654 0,52 578 0,72 520 

0,34 
I 

645 0,54 572 514 

0,36 636 0,56 566 0,76 508 

0,38 628 0,58 560 ~ 502 

0,40 620 0,60 554 496 

NOTE: The national annex may give default values for critical temperatures. 

4.2.5 Steel temperature development 

4.2.5.1 Unprotected internal steelwork 

(1) For an equivalent uniform temperature distribution in the the increase of temperature 
IJBa.t in an unprotected steel member during a time interval IJt should be determined from: 

where: 

k 

k sh 
AmlV 
Am 
V 

IJt 

pa 

IS 

is 
is 
is 
is 
IS 

is 
is 

con-ectlon factor for the shadow effect, see (2) 
the section factor for unprotected steel members [lImJ; 
the surface area of the member per unit length [m2/mJ; 
the volume of the member per unit length [m3/111J; 
the specific heat of from section 3 [J/kgKJ; 
the design value of the net heat flux per unit area [W/m2J; 

the time interval [ seconds]; 
the unit mass of steel, from section 3 

(4.25) 

(2) For I-sections under nominal fire actions, the correction factor for the shadow effect may be 
determined from: 

( 4.26a) 

where: 

IS box value of the section factor 

In all other cases, the value of ksh should be taken as: 

(4.26b) 
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~OTE (1): For cross sections with a convex shape (e.g. rectangular or circular hollow sections) fully 
embedded in fire, the shadow effect does not play role and consequently the correction factor ksh equals 
unity. 

NOTE (2): Ignoring the shadow effect (i.e.: ksh l), leads to conservative solutions. 

(3) The value of hnet,d should be obtained from EN 1991-1-2 using &f= 1,0 and &m according to 2.2(2), 

where &1', &;11 are as defined in EN 1991-1-2. 

(4) The value of /j.t should not be taken as more than 5 seconds. 

(5) In expression (4.26) the value of the section faetor Ami V should not be taken as less than 10m']. 

NOTE: Some expressions for calculating design values of the section factor Ami V for unprotected steel 
members are given in table 4.2. 
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Table 4.2: Section factor Am IV for unprotected steel members. 

Open section exposed to fire on all sides: 

v cross- section area 

Open section exposed to fire on three sides: 
Am surface to fire 

V cross- section area 

I-section tlange exposed to fire on three sides: 
Ami V= (b + 2tf)/(btr) 

If 1« b: V:::::; I/tr 

Angle exposed to fire on all sides: 
Ami V= 21t 

Flat bar exposed to fire 011 all sides: 
Ami V = 2(b + 1)1 (bl) 

If t« b: 

I 

Tube exposed to fire on all sides: lit 

t 

Hollow section (or welded box section of uniform 
thickness) exposed to fire on all sides: 

[f 1« b: v:::::; lit 

Welded box section exposed to fire on all sides: 
Am _ 2(b + h) 

V cross- section area 

I-section with box reinforcement, exposed to fire on 

all sides: 
V cross- section area 

! 

Flat bar exposed to fire on three sides: 
Ami V= (b + 2t)/(bt) 

lft«b: AmlV:::::;l/t 

I 
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4.2.5.2 Internal steelwork insulated by fire protection material 

(l) For a uniform temperature distribution in a cross-section, the temperature increase ~ Bcu of an 
insu lated steel member during a time interval ~t should be obtained from: 

~e - ApAp / V (Sg,t - Sa,t) .6.t _ (e(I)/ 10 _ I )~Bg.l 
d.t dpcaPa (1 + ~/3) 

( but ~B:J.t 2 0 if ~Bg,t > 0 ) ( 4.27) 

with: 

where: 

Ap/V is the section factor for steel members insulated by fire protection material; 

Ap 

V 

is 

is 

the appropriate area of fire protection material per unit length of the member [m2/m]; 

the volume of the member per unit length [m3/m]; 

Ca 

CJl 

dp 

~t 

Bcl.l 
Bg,t 

~Bg.l 

Ap 

PI 

Pp 

IS 

IS 

IS 

is 

is 

is 

is 

is 

is 

is 

the temperature dependant specific heat of steel, from section 3 [J/kgK]; 

the temperature independent specific heat of the fire protection material [J/kgK]; 

the thickness of the fire protection material [m]; 

the time interval [seconds]; 

the steel temperature at time t[OCl; 

the ambient gas temperature at time t[OC]; 

the increase of the ambient gas temperature during the time interval ~t[K]; 

the thermal conductivity of the fire protection system [W/mK]; 

the unit mass of steel, from section 3 [kg/m3]; 

the unit mass of the fire protection material [kg/m3
]. 

(2) The values of cp , ~) and Pp should be determined as specified in section 3. 

(3) The value of ~t should not be taken as more than 30 seconds. 

(4) The area Ap of the fire protection material should generally be taken as the area of its inner surface, 
but for hollow encasement with a clearance around the steel member the same value as for hollow 
encasement without a clearance may be adopted. 

NOTE: Some design values of the section factor Ap/ V for insulated steel members are given in table 4.3. 

(5) For moist fire protection materials the calculation of the steel temperature increase ~Bcl may be 
modified to allow for a time delay in the rise of the steel temperature when it reaches 100°C. This delay 
time should be determined by a method conforming with ENV 13381-4. 

(6) As an alternative to 4.2.5.2 (1), the uniform temperature of an insulated steel member after a given 
time duration of standard fire exposure may be obtained using design flow charts derived in conformity with 
ENV 13381-4. 
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Table 4.3: Section factor ApI V for steel members insulated by fire protection 
material 

Sketch 

/ ....... 

Description 

Contour encasement 
of uniform thickness 

Hollow encasement 
of uniform thickncss)] 

Contour encasement 
of uniform thickness, 
exposed to fire 
on three sides 

Hollow encasement 
of uniform thickness, 
exposed to fire 
on three sides) 1 

)1 The clearance dimensions and c] should not normally cxceed hl4 

Section t~lctor (Api V) 

stccl perimetcr 

steel cross-section area 

2(b + h) 

steel cross-section area 

steel perimeter - b 

steel cross-scction arca 

211 b 

steel cross-section area 
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4.2.5.3 Internal steelwork in a void that is protected by heat screens 

(I) The provisions below apply to both of the following cases: 

- stcel membcrs in a void that have a floor on top and by a horizontal heat screen below, and 

- steel members in a void that have vertical heat screens on both sides, 

provided in both cases that there is a gap between the heat screen and the member. They do not apply if the 
heat screen is in direct contact with the member. 

(2) For intemal steelwork protected by heat screens, the calculation of the steel temperature increase b..Ba 

should be based on the methods given in 4.2.5.1 or 4.2.5.2 as appropriate, taking the ambient gas temperature 
as equal to the gas temperature in the void. 

(3) The properties and performance of the heat screens used in design should have been determined using 
a test procedure conforming with ENV 13381-1 or ENV 13381-2 as appropriate. 

(4) The temperature development in the void in which the steel members are situated should be 
determined from measurement according to ENV 13381-1 or ENV 1338\ -2 as appropriate. 

4.2.5.4 External steelwork 

(1) The temperature of external steelwork should be determined taking into account: 

the radiative heat flux from the fire compartment; 

- the radiative heat flux and the convective heat flux from the flames emanating from openings; 

- the radiative and convective heat loss from the steelwork to the ambient atmosphere; 

- the sizes and locations of the structural members. 

(2) Heat screens may be provided on one, two or three sides of an external steel member in order to 
protect it ti'0111 radiative heat transfer. 

(3) Heat screens should be either: 

- directly attached to that side of the steel member that it is intended to protect, or 

large enough to fully screen that side from the expected radiative heat flux. 

(4) Heat screens referred to in annex B should be non-combustible and have a fire resistance of at least E1 
30 according to EN [SO 13501-2. 

(5) The temperature in external steelwork protected by heat screens should be determined as required in 
4.2.5.4(1), assuming that there is no radiative heat transfer to those sides that are protected by heat screens. 

(6) Calculations may be based on steady state conditions resulting from a stationary heat balance using the 
methods given in annex B. 

(7) Design using annex B of this Part 1-2 of EN 1993 should be based on the model given in annex B of 
EN 1991-1-2 describing the compartment fire conditions and the flames emanating from openings, 011 which 
the calculation of the radiative and convective heat fluxes should be based. 
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4.3 Advanced calculation models 

4.3.1 General 

(1) Advanced calculation methods should provide a realistic analysis of structures exposed to fire. They 
should be based on fundamental physical behaviour in such a way as to lead to a reliable approximation of 
the behaviour of the relevant structural component under fire conditions. 

(2) Any potential failure modes not covered by the advanced calculation method (including local buckling 
and failure in should be eliminated by appropriate means. 

(3) Advanced calculation methods should include separate calculation models for the determination of: 
the development and distribution of the temperature within structural members (thermal 
response model); 
the mechanical behaviour of the structure or of any part of it (mechanical response model). 

(4) Advanced calculation methods may be used in association with any heating curve, provided that the 
material properties are known for the relevant temperature range. 

(5) Advanced calculation methods may be used with any type of cross-section. 

4.3.2 Thermal response 

(l) Advanced calculation methods for thermal response should be based on the acknowledged principles 
and assumptions of the theOlY of heat transfer. 

(2) The thermal response model should consider: 
the relevant thermal actions specified in EN 1991-
the variation of the thermal properties of the material with the temperature, sec section 3. 

(3) The effects of non-uniform thermal exposure and of heat transfer to adjacent building components 
may be included where appropriate. 

(4) The influence of any moisture content and of any migration of the moisture within the fire protection 
material may conservatively be neglected. 

4.3.3 Mechanical response 

(1) Advanced calculation methods for mechanical response should be based on the acknowledged 
principles and assumptions of the theory of structural mechanics, into account the changes of 
mechanical properties with temperature. 

(2) The effects of thermally induced strains and stresses both due to temperature rise and due to 
temperature differentials, should be considered. 

(3) The model for mechanical response should also take account of: 

- the combined effects of mechanical actions, geometrical imperfections and thermal 

- the temperature dependent mechanical properties of the material, see section 3; 

- geometrical non-linear 

- the effects of non-linear material properties, including the unfavourable effects of loading and unloading 
on the structural stifIness. 

(4) Provided that the stress-strain relationships given in section 3 are used, the effects of transient thermal 
creep need not be given explicit consideration. 
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(5) The deformations at ultimate limit state implied by the calculation method should be limited to ensure 
that compatibility is maintained between all parts of the structure. 

(6) The design should take into account the ultimate limit state beyond which the calculated deformations 
of the structure would cause failure due to the loss of adequate support to one of the members. 

(7) For the analysis of isolated vertical members a sinusoidal initial imperfection with a maximum value 
of hi I 000 at mid-height should be used, when not specified by relevant product standards. 

4.3.4 Validation of advanced calculation models 

(1) A verification of the accuracy of the calculation models should be made on basis of relevant test 
results. 

(2) Calculation results may refer to temperatures, deformations and fire resistance times. 

(3) The critical parameters should be checked to ensure that the model complies with sound engineering 
principles, by means of a sensitivity analysis. 

(4) Critical parameters may refer, for example to the buckling length, the size of the elements, the load 
level. 
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Annex A [normative] Strain-hardening of carbon steel at elevated 
temperatures 

(1) For temperatures below 400°C, the alternative strain-hardening option mentioned in 3.2 may be used 
as follows: 

- for 0,02 < /:: < 0,04: 

50(f~.8 -/'.y,e) & + 2f~,8 - (A.la) 

- for 0,04::; &::;0,15: 

Oil (A.lb) 

- for 0,15 < & < 0,20: 

[1 - 20(& 0,15)] (A.Ie) 

for & z 0,20: 

0,00 (A.ld) 

where: 
IlI,8 is the ultimate strength at elevated temperature, allowing for strain-hardening. 

NOTE: The alternative stress-strain relationship for steel, allowing for strain hardening, is illustrated in 
figure A.I. 

(2) The ultimate strength at elevated temperature, allowing for strain hardening, should be determined as 
follows: 

IlI.8 1,25j~.e (A.2a) 

(2 - 0,0025 ea ) @1] (A.2b) 

IlI,e = Iy,o (A.2c) 

NOTE: The variation of the altenlative stress-strain relationship with temperature is illustrated in figure A.2. 
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Figure A.1: Alternative stress-strain relationship for steel allowing for strain
hardening 
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Figure A.2: Alternative stress-strain relationships for steel at elevated 
temperatures, allowing for strain hardening 



Annex B [normative] Heat transfer to external steelwork 

B.1 General 

B.1.1 Basis 

BS EN 1993 ... 1 .. 2:2005 
EN 1993-1-2:2005 (E) 

(1) In this aImex the fire compaIiment is assumed to be confined to one storey only. All windows or 
other similar openings in the fire compartment are assumed to be rectangular. 

(2) The determination of the temperature of the compartment fire, the dimensions and temperatures of tbe 
flames projecting from the openings, and the radiation and convection parameters should be performed 
according to annex B of EN 1991-1-2. 

(3) A distinction should be made between members not engulfed in flame and members engulfed in flame, 
depending on their locations relative to the openings in the walls of the fire compartment. 

(4) A member that is not engulfed in flame should be assumed to receive radiative heat transfer from all 
the openings in that side of the fire compartment and from the flames projecting fl'0111 all these openings. 

(5) A member that is engulfed in flame should be assumed to receive convective heat transfer from the 
engulfing flame, plus radiative heat transfer from the engulfing flame and from the fire compartment opcning 
from which it projects. The radiative heat transfer from other flames and from other openings may be 
neglected. 

B.1.2 Conventions for dimensions 

(1) The convention for geometrical data may be taken from figure B. 1. 

B.1.3 Heat balance 

(1) F or a member not engulfed in flame, the average temperature of the steel member Till [K] should be 
determined from the solution of the following heat balance: 

(B. 1 ) 

where: 

(J' IS the Stefan Boltzmann constant x 10. 12 kW/m2K4]; 

a is the convective heat transfer coefficient [kW/m2K]; 

1z is the radiative heat flux from a flame [kW/m2]; 

h is the radiative heat flux from an opening [k\V/m2]. 

(2) The convective heat transfer coefficient a should be obtained from annex B of EN 1991-1-2 for the 
no forced draught' or the 'forced draught' condition as appropriate, using an effective cross-sectional 

dimension d = (dl d2 )/2. 
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d 
1 
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Q 
1) Column opposite opening 2) Column between openings 

a) Columns 

1..- s 
.... 1 

section section 

1) Beam parallel to wall 2) Beam perpendicular to wall 

b) Beams 

Figure B.1: Member dimensions and faces 
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(3) For a member engulfed in flame, the average temperature of the steel member Till [K] should be 
determined from the solution of the following heat balance: 

where: 

IS 

is 

IS 

the flame temperature [K]; 

the radiative heat flux from the flame [kW/m2]; 

the radiative heat flux from the corresponding opening [kWltn~]. 

(B.2) 

(4) The radiative heat flux Iz from flames should be determined according to the situation and type of 
member as follows: 

- Columns not engulfed in flame: 

- Beams not engulfed in flame: 

Columns engulfed in flame: 

- Beams fully or partially engulfed in flame: 

see B.2; 

see B.3; 

see B.4; 

see B.S. 

Other cases may be treated analogously, using appropriate adaptations of the treatments given in B.2 to B.S. 

(S) The radiative heat flux Ir from an opening should be determined from: 

If (8.3) 

where: 

CPr is the overall configuration factor of the member for radiative heat transfer from that 
opening; 

Tf 

IS 

is 

IS 

the emissivity of the opening; 

the absorptivity of the flames; 

the temperature of the fire [K] from annex B of EN 1991-1-2. 

(6) The emissivity Cf of an opening should be taken as unity, see annex B of EN 1991-1-2. 

(7) The absorptivity az of the flames should be determined from B.2 to B.S as appropriate. 
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B.1.4 Overall configuration factors 

(l) The overall configuration factor ¢f of a member for radiative heat transfer from an opening should be 
determined from: 

¢r 

where: 

is 

IS 

is 

(B.4) 

the configuration factor of member face i for that opening, see annex G of EN 
1991-1 

the cross-sectional dimension of member face i; 

the protection coefficient of member face as fol1ows: 

for a protected face: C 0 

- for an unprotected face: C 

(2) The configuration factor for a member face from which the opening is not visible should be taken 
as zero. 

(3) The overall configuration factor ¢z of a member for radiative heat transfer from a flame should be 
determined from: 

( C I cP ::, 1 + C'2 CP::,1 ) d I + ( C 3 CP:.3 + C 4 cP ::,4 ) d '2 

where: 

is 

(C 1 + )dl+(C3+C4)d2 

the configuration factor of member face 
EN 1991-1-2. 

(B.5) 

for that flame, see annex G of 

(4) The configuration factors of individual member faces for radiative heat transfer from flames may 
be based on equivalent rectangular flame dimensions. The dimensions and locations of equivalent rectangles 
representing the front and sides of a flame for this purpose should be determined as given in B.2 for columns 
and B.3 for beams. For all other purposes, the flame dimensions from annex B of EN 1991-1-2 should be 
used. 

(5) The configuration factor for a member face from which the flame is not visible should be taken as 
zero. 

(6) A member face may be protected by a heat screen, see 4.2.5.4. A member face that is immediately 
adjacent to the compartment wall may also be treated as protected, provided that there are no openings in that 
part of the wall. All other member faces should be treated as unprotected. 
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B.2.1 Radiative heat transfer 
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(l) A distinction should be made between a column located opposite an opening and a colullln located 
between openings. 

NOTE: Illustration are given in B.2 

(2) If the column is opposite an opening the radiative heat flux lz from the flame should be determined 
from: 

(B.6) 

where: 

is 

IS 

the overall conflguration factor of the column for heat from the flame, see B. 1.4; 

the emissivity of the flame, see B.2.2; 

IS the flame temperahlre [K] from B.2.3. 

NOTE: Illustration are given in B.3. 

(3) If the column is between openings the total radiative heat flux lz from the flames on each side should 
be determined from: 

(B.7) 

where: 

is the overall configuration factor of the column for heat from flames on side m, see B.I.4; 

is the overall configuration factor of the column for heat from flames on side 11, see B. 1.4; 

&'z.m IS the total emissivity of the flames on side 111, see B.2.2; 

IS the total emissivity of the flames on side n, see B.2.2. 

NOTE: Illustration are given in B.4. 

B.2.2 Flame em issivity 

(1) [f the column is opposite an opening, the flame emIsSIVIty &'z should be determined from the 
expression for &' given in annex B of EN 1991-1-2, using the tlame thickness }" at the level of the top of the 
openings. Provided that there is no awning or balcony above the opening ;~ may be taken as follows: 

- for the 'no forced draught' condition: 

2h/3 (B.8a) 

for the' forced draught' condition: 

A x but A ::; hx/z (B.8b) 

where h, x and z are as given in annex B of EN 1991 1-2. 
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Figure B.2: Column positions 
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(2) If the column is between two openings, the total emissivities &Z.111 and &z.11 of the flames on sides 111 

and n should be determined from the expression for & given in annex B of EN 1991 1-2 using a value for 
the total name thickness A as follows: 

m 
for side 111: }v = L I,j 

i=1 

n 
- for side n: A L Ivj 

where: 

m 

n 

Ai 

IS 

IS 

is 

i=1 

the number of openings on side 77'1; 

the number of openings on side n; 

the flame thickness for opening i. 

(3) The flame thickness Ai should be taken as follows: 

for the' no forced draught' condition: 

- for the' forced draught' condition: 
Wi + 0,4s 

where: 

H'j the width of the opening; 

(B.9a) 

(B.9b) 

(B.10a) 

(B.IOb) 

s 

is 

is the horizontal distance from the centreline of the column to the wall of the fire 
compartment, see figure B.1. 

8.2.3 Flame temperature 

(1) The flame temperature Tz should be taken as the temperature at the flame axis obtained from the 
expression for Tz given in annex B of EN 1991-1-2, for the 'no forced draught' condition or the 'forced 
draught' condition as appropriate, at a distance ! from the opening, measured along the flame as 
follows: 

- for the' no forced draught' condition: 

! hl2 (B.ll a) 

- for the 'forced draught' condition: 

- for a column opposite an opening: 

! 0 (B.llb) 

- for a column between openings is the distance along the flame axis to a point at a horizontal distance 
s from the wall of the fire compartment. Provided that there is no awning or balcony above the opening: 

sXlx (B.llc) 

where X and x are as in annex B of EN 1991-1-2. 
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B.2.4 Flame absorptivity 

(l) For the 'no forced draught' condition, the flame absorptivity az should be taken as zero. 

(2) For the 'forced draught' condition, the flame absorptivity Gz should be taken as equal to the emissivity 
&z of the relevant flame, see B.2.2. 

B.3 Beam not engulfed in flame 

B.3.1 Radiative heat transfer 

(l) Throughout B.3 it is assumed that the level of the bottom of the beam is not below the level of the top 
of the openings in the fire compartment. 

(2) A distinction should be made between a beam that is parallel to the external wall of the fire 
compartment and a beam that is perpendicular to the external wall of the fire compartment, see figure B.S. 

(3) if the beam is parallel to the external wall of the fire compartmcnt, the average temperature of the steel 
member Till should be determined for a point in the length of the beam directly above the centre of the 
opening. For this case the radiative heat flux 1z from the flame should be determined from: 

where: 

is 

is 

is 

(B,12) 

the overall configuration factor for the flame directly opposite the beam, see B.IA; 

the flame emissivity, see B.3.2; 

the flame temperature from B.3.3 [K]. 

(4) If the beam is perpendicular to the external wall of the fire compartment, the average temperature in 
the beam should be determined at a series of points every 100 mm along the length of the beam. The 
average temperature of the steel member TI11 should then be taken as the maximum of these values. For this 
case the radiative heat flux Iz from the flames should be determined from: 

where: 

is 

¢Z,11 is 

&z.111 is 

&z.11 

Tz 
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+ ¢z,n &Z.11 ) aT z (B.13) 

the overall configuration factor of the beam for heat from flames on side m, see B.3.2; 

the overall configuration factor of the beam for heat from flames on side 11, see B.3.2; 

the total emissivity of the flames on side m, see B.3.3; 

IS the total emissivity of the flames on side n, see B.3.3; 

is the flame temperature [K], see B.3A. 
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B.3.2 Flame emissivity 

(1) If the beam is parallel to the external wall of the fire compartment, above an opening, the flame 
emissivity L-z should be determined from the expression for & given in annex B of EN 1991-1-2, using a 
value for the flame thickness A at the level of the top of the openings. Provided that there is no awning or 
balcony above the opening A may be taken as follows: 

for the 'no forced draught' condition: 

A 2h/3 (B.14a) 

for the' forced draught' condition: 

A x but A :; hxlz (B.14b) 

where h, x and z are as in annex B of EN 1991-1-2 

(2) If the beam is perpendicular to the external wall of the fire compartment, betvv'een two openings, the 
total emissivities &Lm and &z,11 of the flames on sides 111 and n should be detel111ined from the expression 
for & given in annex B of EN 1991-1-2 using a value for the flame thickness A as follows: 

- for side 111: A 

- for side n: )l, 

where: 

m is 

11 is 

Ai is 

the number of openings on side 111; 

the number of openings on side n; 

the width of opening i. 

(3) The flame thickness Ai should be taken as follows: 

- for the 'no forced draught' condition: 

Ai H'i 

- for the' forced draught' condition: 
Ai leVi + O,4s 

where: 

the width of the opening; 

(B.15a) 

(B.15b) 

(B.16a) 

(B.16b) 

s 

is 

is the horizontal distance from the wall of the fire compartment to the point under 
consideration on the beam, see figure B.S. 
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8.3.3 Flame temperature 

(l) The flame temperature Tz should be taken as the temperature at the flame axis obtained from the 
expression for Tz given in annex B of EN 1991-1 for the 'no forced draught' or 'forced draught' condition 
as appropriate, at a distance I from the opening, measured along the flame axis. as follows: 

- for the 'no forced draught' condition: 

I hl2 (B.17a) 

- for the 'forced draught' condition: 

- for a beam parallel to the external wall of the fire compartment. above an opening: 

I 0 (B.17b) 

- for a beam perpendicular to the external wall of the fire compartment, between openings I is the distance 
along the flame axis to a point at a horizontal distance s from the wall of the fire compartment. Provided 
that there is no awning or balcony above the opening: 

sXlx (B.17c) 

where X and x are as given in annex B of EN 1991-1-2. 

8.3.4 Flame absorptivity 

(l) F or the' no forced draught' condition, the flame absorptivity Gz should be taken as zero. 

(2) For the 'forced draught' condition, the flame absorptivity Gz should be taken as equal to the emissivity 
Cz of the relevant flame, see B.3.2. 

8.4 Column engulfed in flame 

(1) The radiative heat flux 1z from the flames should be determined from: 

with: 

1z,1 

1z,3 

1z,4 

where: 
j-

Z,I 

cz.i 

C 
Tz 

To 

is 

15 

is 

IS 

is 

IS 

4 

C3Cz.30To4 

C4 CZAOTz
4 

the radiative beat flux from the flame to column face i; 

the emissivity of the flames with respect to face i of the column; 

the column face indicator (l), (2), (3) or (4); 

the protection coefficient of member face i, see B.l.4; 

the flame temperature [K]; 

the flame temperature at the opening [K] from annex B of EN 1991-1-2. 

(B.18) 
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(2) The emissivity of the flames [;zj for each of the faces 1, 2, 3 and 4 of the column should be 
determined from the expression for & given in annex B of EN 1991-1 using a flame thickJleSS A equal to 
the dimension }~i indicated in figure R6 corresponding to face i of the column. 

(3) For the 'no forced draught' condition the values of Ai at the level of the top of the opening should be 
used, see figure B.6(a). 

(4) For the 'forced draught' condition, if the level of the intersection of the flame axis and the column 
centreline is below the level of the top of the opening, the values of Ai at the level of the intersection should 
be used, see figure B.6(b)(1). Otherwise the values of Ai at the level of the top of the opening should be 
used, see figure B.6(b)(2), except that if A4 < ° at this the values at the level where ° should 
be used. 

(5) The flame temperature Tz should be taken as the temperature at the flame axis obtained from the 
expression for Tz given in annex B of EN 1991-1-2 for the 'no forced draught' or 'forced draught' condition 
as appropriate, at a distance I from the opening, measured along the flame axis, as follows: 

- for the 'no forced draught' condition: 

I hl2 (B.19a) 

- for the' forced draught' condition, I is the distance the flame axis to the level where /l, i is 
measured. Provided that there is no balcony or awning above the opening: 

(A3 + 0,5dl )Xlx but I 0,5hXlz (R19b) 

where h, X, x and z are as given in annex B of EN 1991-1-2. 

(6) The absorptivity Oz of the flames should be determined from: 

3 
(B.20) 

where [;z.l, [;z.2 and [;z,3 are the emissivities of the flame for column faces 1, 2, and 3. 
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B.5 Beam fully or partially engulfed in flame 

B.5.1 Radiative heat transfer 

B.5.l.] General 

(J) Throughout B.5 it is assumed that the level of the bottom of the beam is not below the level of the top 
of the adj acent openings in the fire compartment. 

(2) A distinction should be made between a beam that is parallel to the external wall of the fire 
compartment and a bcam that is perpendicular to the external wall of the fire compartment, see figure B.7. 

(3) I f the beam is parallel to the external wall of the fire compartment, its average temperature Tm should 
be determined for a point in the length of the beam directly above the centre of the opening. 

(4) I f the beam is perpendicular to the external wall of the fire compartment, the value of the average 
temperature should be determined at a series of points every lOO mm along the length of the beam. The 
maximum of these values should then be adopted as the average temperature of the steel member 

(5) The radiative heat flux 1z from the flame should be determined from: 

(B.2l) 

where: 

IS the radiative heat flux from the flame to beam face i; 

IS the beam face indicator (1), (2), (3) or (4). 

B.5.1.2 'No forced draught' condition 

(l) F or the' no forced draught' condition, a distinction should be made between those cases where the top 
of the flame is above the level of the top of the beam and those where it is below this level. 

(2) If the top of the flame is above the level of the top of the beam the following equations should be 
applied: 

where: 

C1 &z.1 a'To4 

&z,2 crTz.2
4 

(B.22a) 

(B.22b) 

(B.22e) 

(B.22d) 

C3 6z.3 a( + Tz/)/2 

is 

IS 

is 

IS 

a(Tz/ 

the emissivity of the flame with respect to face i of the beam, see B.5.2; 

the temperature at the opening [KJ from annex B of EN ] 991 1-2; 

the flame temperature [K] from annex B of EN 1991-1-2, level with the bottom of 
the beam; 
the flame temperature [K] from annex B of EN 1991-1-2, level with the top of the 
beam. 

(3) J n the case of a beam parallel to the external wall of the fire eompatiment C4 may be taken as zero if 
the beam is immediately adjacent to the wall, see B. 7. 
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(4) If the top of the flame is below the level of the top of the beam the following equations should be 
applied: 

where: 

B.S.].3 

o 
(hzlchJ 6z.ja(Tz.1

4 + r/)/2 

(h) d)J ez.4 a(1~/ + T,4
) 12 

is 

is 

the flame temperature at the flame tip [813 KJ; 

the height of the top of the flame above the bottom of the beam. 

'Forced draught' condition 

(8.23a) 

(8.23b) 

(B.23c) 

(B.23d) 

(l) For the 'forced draught' condition, in the case of beams parallel to the external wall of the fire 
compartment a distinction should be made between those immediately adjacent to the wall and those not 
immediately adjacent to it. 

NOTE: lllustrations are given in figure B.7. 

(2) For a beam parallel to the wall, but not immediately adjacent to it, or for a beam perpendicular to the 
wall the following equations should be applied: 

1z.1 C1 CZ. JaTo 4 (B.24a) 

1z.2 6z.2 (B.24b) 

Cj C,,3 C5( Tz.1
4 + 1~/) 12 (B.24c) 

11..4 C4 6z.4 C5( TZ• 1 :.I + Tz.2:.1) 12 (B.24d) 

(3) If the beam is parallel to the wall and inm1ediately adjacent to it, only the bottom face should be taken 
as engulfed in flame but one side and the top should be taken as exposed to radiative heat transfer from the 
upper surface of the flame, see figure B.7(b)(2). Thus: 

¢z') C3 CLJ M 4 + Tz.1
4 )/2 

o 

(8.25a) 

(B.25b) 

(B.25c) 

(B.25d) 

where ¢z.j is the configuration factor relative to the upper surface of the flame, for face of the beam, from 
annex G of EN 1 991-1-2. 

B.5.2 Flame emissivity 

(1) Thc emissivity of the flame eli for each ofthc faces 1,2,3 and 4 of the beam should be determined 
from the expression for e given in annex B of EN 1991-1-2, using a flame thickness A equal to the 
dimension Ai indicated in figure B.7 corresponding to face i of the beam. 

B.5.3 Flame absorptivity 

(1) The absorptivity of the flame Oz should be determined from: 

I - (B.26) 

~ whcrc: 

h is the hcight of the opening. See figure B.7b) (height is noted as ~). @2] 
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Annex C [informative] Stainless steel 

C.1 General 

(1) The thermal and mechanical properties of following stainless arc given in this annex: 1.4301, 1.4401, 
1.4571, 1.4003 and 1.4462. 

Note: For other stainless steels according to EN 1993-1-4 the mechanical properties given in 3.2 may be 
used. The thermal properties may be taken from this annex. 

(2) The values of material properties given in this annex should be treated as characteristic. 

(3) The mechanical properties ofstee} at 20°C should be taken as those given in EN 1993-1-4 for normal 
temperature design. 

C.2 Mechanical properties of steel 

C.2.1 Strength and deformation properties 

(1) For heating rates between 2 and 50K/min, the strength and deformation properties of stainless steel at 
elevated temperatures should be obtained from the stress-strain relationship given in figure C.l. 

NOTE: For the rules of this standard it is assumed that the heating rates fall within the specified limits. 

(2) This relationship should be used to determine the resistances to tension, compression, moment or 
shear. 

(3) Table C.l gives reduction factors, relative to the appropriate value at 20 for the stress-strain 
relationship of several stainless steels at elevated temperatures as follows: 

- slope of linear elastic range, relative to slope at 20°C: 

- proof strength, relative to yield strength at 20 °C: 

tensile strength, relative to tensile strength at 20°C: 

(4) For the use of simple calculation methods table C.l gives the correction factor for the 
determination of the yield strength using: 

([u,8 - /0,21',0 ) (C.1) 

(5) For the use of advanced calculation methods table C.2 gives additional values for the stress-strain 
relationship of several stainless steels at elevated temperatures as follows: 

- slope at proof strength, relative to slope at 20°C: 

ultimate strain: 

C.2.2 Unit mass 

(1) The unit mass of steel pa may be considered to be independent of the steel temperature. The 
following value may be taken: 

pa 7850kg/m3 
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Strain range Stress (J Tangent modulus Et 
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is 

is 

tensile strength; 

Figure C.1: 
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IS 

is 

is 

IS 

the proof strength at 0.2% plastic strain; 

the slope of the linear elastic range; 

the slope at proof strength; 

the total strain at proof strength; 

the ultimate strain. 

Stress-strain relationship for stainless steel at elevated 
tern peratu res. 
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Table C.1: Factors for determination of strain and stiffness of stainless steel at 
elevated temperatures 

Steel Reduction factor Reduction factor Reduction factor Factor for 
Temperature (relative to Ea) (relative tofJ (relative to.t:l) detcrmi nation 

for the slopc of the for proof strength for tensile strcngth of the yield 

~l linear elastic range 

kLO = ~ll.fJ lEa ko 1p.0 .ft;.1p.e U;· 
• 

ku.o = .t:I.n 'f:l k1,!:,.o 

Grade 1.4301 
20 1,00 1,00 1,00 0,26 
100 0,96 0,82 0.87 0.24 
200 0,92 0.68 0,77 0,19 
300 0,88 0,64 0.73 0.19 
400 0,84 0,60 0.72 0,19 
500 0,80 0,54 0,67 0,19 
600 0,76 0,49 0,58 0.22 
700 0,71 0,40 0.43 0,26 
800 0,63 0.27 0,27 0,35 
900 0,45 0,14 0,15 0,38 
1000 0,20 0,06 0.07 0,40 
1100 0,10 0,03 0.03 0,40 
1200 0,00 0,00 0,00 0,40 

Grade] .4401 / 1.4404 
20 1,00 1,00 1,00 0,24 
100 0,96 0,88 0,93 0,24 
200 0,92 0,76 0,87 0,24 
300 0,88 0,71 0,84 0.24 
400 0,84 0,66 0,83 0,21 
500 0,80 0.63 0,79 0.20 
600 0,76 0,61 0,72 0,19 
700 0,71 0,51 0.55 0,24 
800 0,63 0,40 0.34 0,35 
900 0,45 0,19 0,18 0,38 
1000 0,20 0,10 0,09 0,40 
]100 0,10 0,05 0,04 0,40 
1200 0,00 0,00 0,00 0,40 

Grade 1.4571 
20 1,00 1,00 1,00 0.25 
100 0,96 0,89 0,88 0.25 
200 0,92 0,83 0,81 0,25 
300 0,88 0,77 0,80 0,24 
400 0,84 0,72 0,80 0,22 
500 0,80 0,69 0,77 0,21 
600 0,76 0,66 0,71 0,21 
700 0,71 0,59 0,57 0,25 
800 0,63 0,50 0,38 0,35 
900 0,45 0,28 0,22 0,38 
1000 0,20 0.15 0,11 0,40 
1100 0,10 0,075 0,055 0,40 
1200 0,00 0,00 0,00 0.40 

Continued 
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Steel Reduction factor 
Temperature (relative to Ea) 

for the slope of the 

Ba linear elastic range 

kE.O = Ea.o! Ea 
Grade 1.4003 

20 1,00 
100 0,96 
200 0,92 
300 0,88 
400 0,84 
500 0,80 
600 0,76 
700 0,71 
800 0,63 
900 0,45 
1000 0,20 
1100 0,10 
1200 0,00 

Grade 1.4462 
20 1,00 
100 0,96 
200 0,92 
300 0,88 
400 0,84 
500 0,80 
600 0,76 
700 0,71 
800 0,63 
900 0,45 
1000 0,20 
110O 0,10 
1200 0,00 
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Table C.1 continued 

Reduction faetor Reduction factor Factor for 
(relative to.t;) (relative to.t~) determination 

for proof strength for tensile strength of the yield 
strength f~.e 

ko.2p,e ,k2p.OU;, ku.e j~I.0!AI k]'()/o.8 

1,00 1,00 0,37 
1.00 0,94 0,37 
1,00 0,88 0,37 
0,98 0,86 0,37 
0,91 0,83 0,42 
0,80 0,81 0,40 
0,45 0,42 0,45 
0,19 0,21 0,46 
0,13 0,12 0,47 

0,1 ° 0,11 0,47 
0,07 0,09 0,47 
0,035 0,045 0,47 
0,00 0,00 0,47 

1,00 1,00 0,35 
0,91 0,93 0,35 
0,80 0,85 0,32 
0,75 0,83 0,30 
0,72 0,82 0,28 
0,65 0,71 0,30 
0,56 0,57 0,33 
0,37 0,38 0,40 
0,26 0,29 0,41 
0.10 0,12 0,45 
0,03 0,04 0,47 

0,015 0,02 0,47 
0,00 0,00 0,47 
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Table C.2: Reduction factor and ultimate strain for the 
use of advanced calculation methods 

Steel Reduction factor Ultimate strain 
Temperature (relative to CU.li 

for the slope of the linear [- ] 
fJ..l clastic range 

kEcl. fJ Ectel Ea 
Grade 1.4301 

20 0,11 0,40 
100 0,05 0,40 
200 0,02 0,40 
300 0,02 OAO 
400 0,02 0,40 
500 0,02 0,40 
600 0,02 0,35 
700 0,02 0,30 
800 0,02 0,20 
900 0,02 0,20 
1000 0,02 0,20 
1100 0,02 0,20 
1200 0,02 0,20 

Grade 1.4401 / 1.4404 
20 0,050 0,40 
100 0,049 OAO 
200 0,047 0,40 
300 0,045 0,40 
400 0,030 0,40 
500 0,025 0,40 
600 0,020 0,40 
700 0,020 0,30 
800 0,020 0.20 
900 0,020 0,20 
1000 0,020 0,20 
1100 0,020 0,20 
1200 0.020 0,20 

Grade 1.4571 
20 0,060 0,40 
100 0,060 0,40 
200 0,050 0,40 
300 0,040 0,40 
400 0,030 0,40 
500 0,025 0,40 
600 0,020 0,35 
700 0,020 0,30 
800 0,020 0,20 
900 0,020 0,20 
1000 0,020 0,20 
1100 0,020 0,20 
1200 0,020 0,20 

Continued 
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Steel 
Temperature 

Ba 

Grade 1.4003 
20 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 

Grade 1.4462 
20 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
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Table C.2 continued 

Reduction factor Ultimate strain 
(relative to Cu,Q 

for the slope of the linear [-] 
elastic range 

kEcr.o = E<:,.eIEa 

0,055 0,20 
0,030 0,20 
0,030 0,20 
0,030 0,20 
0,030 0,15 
0,030 0,15 
0,030 0,15 
0,030 0,15 
0,030 0,15 
0,030 0,15 
0,030 0,15 
0,030 0,15 
0,030 0,15 

0,100 0,20 
0,070 0,20 
0,037 0,20 
0,035 0,20 
0,033 0,20 
0,030 0,20 
0,030 0,20 
0,025 0,15 
0,025 0,15 
0.025 0,15 
0,025 0,15 
0,025 0,l5 
0,025 0,15 
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C.3 Thermal properties 

C.3.1 Thermal elongation 

(1) The thermal elongation of austenitic stainless steel f....lll may be determined from the following: 

f....lIl 

where: 

f....1 

is the length at 20°C; 

IS 

is 

the temperature induced expansion; 

the steel temperature [OC]. 

NOTE: The variation of the thermal elongation with temperature is illustrated in figure C.2. 

Elongation AlII [-] 
25 10-3~~ ___ -~-------r-------~--------~-------'--------, 

5 1 0 -3+ __ .. ___ --; __ ----:71i'C. ..... _--+-.. _._ ... _ ... ____ -+-_______ .. _.i---_~_ .... ----'----.. --.------1 

o ~~--~------_r------~------~----_+----~ 
o 

Figure C.2: 

200 400 600 800 1000 1200 

Temperature [OC] 

Thermal elongation of stainless steel as a function of the 
temperature 

C.3.2 Specific heat 

(1) The specific heat of stainless steel Ca may be determined from the following: 

450 + 0,280 x Ba - 2,91 X lOA ~l + 1,34 X 10-7 ~13 J/kgK 

where: 

IS the steel temperature [OC]. 

NOTE: The variation of the specific heat with temperature is illustrated in figure C.3. 

(C. 1 ) 

(C.2) 
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Specific heat [J I kg K ] 

700~~·~~~·····-~-~-------·----~·----·---r----~-~--·--·~--------------

600 

500 

300 

O+-----~------~----~------r-----~----~ 

o 200 400 600 800 1000 1200 

Temperature [OC] 

lEV Figure C.3:@lI Specific heat of stainless steel as a function of the temperature 

C.3.3 Thermal conductivity 

(l) The thermal conductivity of stainless steel Aa may be determined from the following: 

Aa = 14,6 + .1 ,27 X 10-2 f)a W/mK 

where: 

(1\ is the steel temperature [OC]. 

NOTE: The variation of the thermal conductivity with temperature is illustrated in figure C.4. 
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Thermal conductivity [W I mK ] 
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Annex 0 [informative] Joints 

0.1 Bolted joints 

(1) Net-section failure at fastener holes need not be considered, provided that there is a fastener in each 
hole, because the steel temperature is lower at joints due to the presence of additional material. 

01.1 Design Resistance of Bolts in Shear 

D1.1.1 Category A: Bearing Type 

(1) The fire design resistance of bolts loaded in shear should be determined from: 

(D. 1) 

where 
(§) is the reduction factor determined for the appropriate bolt temperature from Table D.l; 

is the design shear resistance of the bolt per shear plane calculated assuming that the shear 
plane passes tluough the threads of the bolt (table 3.4 of EN 1993-1-8); 

YM2 

YM,ti 

is the partial factor at normal temperature; 

is the partial factor for fire conditions. 

(2) The design bearing resistance of bolts in fire should be determined from: 

~,I.Rd F.k 
b,Rd b,O Y At, fl 

where 
Fb,Rd is determined from table 3.4 EN 1993-1 

(§) @.il is the reduction factor determined for the appropriate bolt temperature from Table D.I 

(D.2) 

D1.1.2 Category B: Slip resistance at serviceability and category C Slip resistance at ultimate 
state 

(1) Slip resistant joints should be considered as having slipped in fire and the resistance of a bolt 
should be determined as for bearing type bolts, see D 1.1. ] . 

01.2 Design Resistance of Bolts in Tension 

D1.2.1 Category D and E: Non-preloaded and preloaded bolts 

(1) The design tension resistance of a single bolt in fire should be detennined from: 

~en,l,Rd (D.3) 
Y M,p 

where 
Ft.Rd is determined from table 3.4 of EN 1993-1 

(§) kb•e ~ is the reduction factor determined for the appropriate bolt temperature from Table D.I 
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Table D.1: Strength Reduction Factors for Bolts and Welds 

Temperature Reduction factor for Reduction factor for 
bolts, ~ welds, ~ kw.e @l] 

~\ (Tension and shear) 

20 1,000 1,000 
100 0,968 1,000 
150 0,952 1,000 
200 0,935 1,000 
300 0,903 1,000 
400 0,775 0,876 
500 0,550 0,627 
600 0,220 0,378 
700 0,100 0,130 
800 0,067 0,074 
900 0,033 0,018 
1000 0,000 0,000 

D.2 Design Resistance of Welds 

D2.1 Butt Welds 

(1) The design strength of a full penetration butt weld, for temperatures up to 700°C, should be taken as 
equal to the strength of the weaker part joined using the appropriate reduction factors for structural steel. 
For temperatures> 700°C the reduction factors for fillet welds can also be applied to butt welds. 

D2.2 Fillet Welds 

(1) The design resistance per unit length of a fillet weld in fire should be determined from: 

FlI.I,/?d 
rllJ.li 

where 
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~ kw.e ~ is obtained form Table D.I for the appropriate weld temperature; 
Fw.Rd is determined from clause 4.5.3. ~ EN 1993-1-8 
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D.3 Temperature of joints in fire 

D3.1 General 

(1) The temperature of a joint may be assessed using the local A/V value of the parts forming that joint. 

(2) As a simplification an uniform distributed temperature may be assessed within thc joint; this 
temperature may be calculated using the maximum value of the ratios A/V of the connected stccimcmbcrs in 
the vicinity of the joint. 

(3) For beam to column and beam to beam joints, where the beams are supporting any type of concrete 
floor, the temperature for the joint may be obtained from the temperature of the bottom flange at mid span. 

(4) In applying the method in 4.2.5 the temperature of the joint components may be determined as 
follows: 

a) If the depth of the beam is less or equal than 400mm 

8h = 0,8880 [1 - 0,3(h/D)] (0.5) 

where 

8h is the temperature at height h (mm) of the steel beam (Figure D.I); 

8 0 is the bottom flange temperature of the steel beam remote from the joint; 
h is the height of the component being considered above the bottom of the beam in (mm); 
D is the depth of the beam in (mm). 

b) I f the depth of the beam is greater than 400mm 

i) When h is less or equal than D/2 

(D.6) 

ii) When h is greater than D/2 

8 h = 0,8880 [1 + 0,2 (1 - 2h/D)] (0.7) 

where 

\:-~."<7'':'-=--

8 0 is the bottom flange temperature of the steel beam remote from the joint; 
h is the height of the component being considered above the bottom of the beam in (mm); 
D is the depth of the beam in (mm). 

Temperature Temperature 
Profile Profile 

D:s; 400mm 0> 400mm 

0.62 0.70 I Dth 
9h 

0.75 0.88 

0.88 0.88 

Figure 0.1 Thermal gradient within the depth of a composite joint 
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Annex E [informative] Class 4 cross-sections 

E.1 Advanced calculation models 

(I) Advanced calculation models may be used for the design of class 4 sections when all stability effects 
are taken into account. 

E.2 Simple calculation models 

(1) The resistance of members with a class 4 cross section should be verified with the equations given in 
4.2.3.2 for compression members, in 4.2.3.4 for beams in bending, and in 4.2.3.5 for members subject to 
bending and axial compression, in which the area is replaced by the effective area and the section modulus is 
replaced by the effective section modulus. 

(2) The effective cross section area and the effective section modulus should be determined in accordance 
\vith EN 1993-1-3 and EN 1993-] i.e. based on the material proper1ies at 20°e. 

(3) For the design under firc conditions the design yield strength of steel should be taken as the 0,2 
percent proof strength. This design yield strength may be used to determine the resistance to tension, 
compression, moment or shear. 

(4) Reduction factors for the design yield strength of carbon steels relative to the yield strength at 20°C 
may be taken from table E.l : 

- design yield strength, relative to yicld strength at 20°C: 

slope of linear clastic range; relative to slope at 20°C: 

NOTE: These reductions factors are illustrated in figure E.l. 

kpO.2JJ 

ku ) 

(5) Reduction factors [§) for the design proof strength of stainless steels relative to the proof strength @l] 
at 20°C may be taken from annex C. 
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Table E.1: Reduction factors for carbon steel for the 
design of class 4 sections at elevated temperatures 

Steel Reduction factor Reduction factor 
Temperature (relative to/;,) (relative 

for the design yield strength of for the design yield strength 

B..l hot rolled and welded of cold formed 
class 4 sections class 4 sections 

~ @il= .t;}{/,:!. r/j;'b 

20 0 e 1,00 

1000e 1~00 

200 0 e 0,89 

300 0 e 0,78 

400°C 0,65 

500°C 0,53 

600 0 e 0,30 

700 0 e 0,13 

800 0 e 0,07 

900 0 e 0,05 

1000 0 e 0,03 

1l00°C 0,02 

1200°C 0,00 

NOTE 1: For intermediate values of the steel temperature, linear 
interpolation may be used. 

NOTE 2: The definition for/;.<b should be taken from EN 1993-1-3 
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Reduction factor 

ko 1.000 

0.800 

0.600 

0.400 

0.200 

Slope of linear elastic range 

kE,e = Ea,e/ Ea 

0.000 +---~----r-------.------r---r---===-' 

a 200 400 600 800 1000 1200 

Temperature [OC] 

Figure E.2: Reduction factors for the stress-strain relationship of cold formed 
and hot rolled class 4 steel sections at elevated temperatures 
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Foreword 

This European Standard EN 1993-1 Eurocode 3: Design of steel structures: Part 1-3 General rules 
Supplementary rules for cold formed members and sheeting, has been prepared by Technical Committee 
CEN/TC2S0 « Structural Eurocodes », the Secretariat of which is held by BSI. CEN/TC2S0 is responsible for 

all Structural EUfocodes. 

This European Standard shall be gi ven the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by April 2007, and contlicting National Standards shall be withdrawn at 

latest by March 20]0. 

This Eurocode supersedes ENV 1993-1-3. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the following 
countries are bound to implement this European Standard: Austria, Belgium, Cyprus, Czech Republic, 
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, 
Luxembourg, Malta, Netherlands, Norway, Poland, P011ugal, Romania, Slovakia, Slovenia, Spain, Sweden, 
Switzerland and United Kingdom. 

National annex for EN 1993-1-3 

This standard alternative procedures, values and recommendations for classes with notes indicating 
where national choices may have to be made. Therefore the National Standard implementing EN 1993-1-3 
should have a National Annex containing all Nationally Determined Parameters to be used for the design of 
steel structures to be constructed in the relevant country. 

National choice is allowed in EN 1993-1-3 through clauses: 

2(3)P 

- 2(5) 

3.1 (3) Note I and Note 2 

5.3(4) 

8.3(5) 

I) 

- 8.3( 13), Table 8.1 

8.3( 13), Table 8.2 

- 8.3( 13), Table 8.3 

- 8.3( J 3), Table 8,4 

- 8,4(5) 

-8.5.1(4) 

9(2) 

- 10.1.1 (I) 

10.1.4.2(1 ) 

- A.I(I), NOTE 2 

- A.I(I), NOTE 3 

A.6,4(4) 

- E(l) 
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1 Introduction 

1.1 Scope 
~ (I) EN 1993-1-3 desi £n requirements for cold~formed members and sheeti ng. It appl ies to 

cold-fofmed steel products made from coated or uncoated hot or cold rolled sheet or strip, that have 
been cold-formed by such processes as cold~rolled forming Of press-braking. It Illay also be used for the 
of profiled steel sheeting for cOIllPosite steel and concrete slabs at the construction stage, see EN 1994. The 
execution of steel structures made of cold-formed members and sheeting is covered in EN 1090. 

NOTE: The rules in Ihis part complement the rules in other parts of EN 1993-1. 

(2) Methods are also given for stressed-skin design using steel sheeting as a structural diaphragm. 

(3) This part does not apply to cold-formed circular and rectangular structura1 hollow sections supplied to EN 
10219, for which reference should be made to EN 1993-1-1 and EN 1993-1-8. 

(4) EN 1993-1-3 methods for design by calculation and for design assisted by testing. The methods for 
design by calculation apply only within stated ranges of material propel1ies and geometrical proportions for 
which sufficient experience and test evidence is available. These limitations do not apply to design assisted by 
testing. 

(5) EN 1 ] -3 does not cover load arrangement for testing for loads during execution and maintenance. 

(6) The calculation rules given in this standard are only valid if the tolerances of the cold formed members 
comply with EN 1090-2 

1.2 Normative references 
The following normative documents contain provISIOns which, through reference in this text, constitute 
provisions of this European Standard. For dated references, subsequent amendments to, or revisions of, any of 
these publications do not apply. 

However, parties to agreements based on this European Standard are encouraged to the possibility 
of applying the most recent editions of the normative documents indicated below. For undated references, the 
latest edition of the normative document referred to appl ies. 

EN 1993 Eurocode 3 - Design of steel :·;tructllres 

Pm1 lIto part 1-] 2 

EN 10002 Metollic moterioLs - Tensile testing: 

Part 1: Method (~ftest (ot ombient temperature)~ 

EN 10025-] Hot-rolled prodllcts qj".'Nructllral steels Part 1: General delil'elY conditions; 

EN 10025-2 Hot-rolled products of strllcturol steels - Port 2: Technical delire/~Y conditions for non-alloy 
structurol steels: 

EN 10025-3 Hot-rolled products (~f strllctllrLt/ steels - Part 3: TechnicoL delivel~v conditions for nornwlized 
I normalized rolled lveldoblefine groin strllctllral steel,,'; 

EN 10025-4 Hot-rolled products structural steels - Part 4: Technical delivery conditions for 
thermomeclwnical rolled 'weldable fine grain structural 

EN 10025-5 Hot-rolled products strllcturol steels - Port 5: Technical delivery conditions for structural 
steels lvith improl'ed atmospheric corrosion resistance; 

EN 10]43 

EN 10149 

Part 2: 

Pm13: 

EN 10204 

EN 10268 

Continuollsly hot-dip metal coo ted steel sheet and strip Tolerances on dimensions and !·Jwpe; 

Hot rolledflat products made q{ high yield steels for cold-forming: 

Delivery conditions for 11Ol771aliz.edlnormaliz.ed rolled steels; 

Delivel), conditions for thennomechanicol rolled steels; 

Metallic products. Types (~rinspectioll doclllllents (includes amendment A J: ]995); 

Cold-rolled flat prodllcts made of high yield strength micro-alloyed steels f()]' cold forming -
General delivery conditions; 
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EN 10292 Continllously hot-dip coated ,)'trip and sheet (~f steels }vith higher 
- Technical delivery conditions; 

strength for cold 

EN ]0326 

EN 10327 

Continllollsly hot-dip coated strip and sheet structural steels Technical delivef:Y conditions; 

Continuollsly hot-dip coated strip and sheet qf Imv carhon steels for cold forming Technical 
delil'er~v conditiolls; 

EN-ISO 12944-2 Paints and vanishes'. Corrosion protection (~j"steel structures by protective paint systems. 
Part 2: Class{fication qj"enviromnents (ISO 12944-2:1998); 

EN 1090-2 Execlltion ,)'teel structures and aluminium structures 
Part 2: Teclmical requirements for ,vteel structures: 

EN 1994 Eurocode 4: Design (?f composite steel and cOllcrete !Nructures; 

EN ISO ]478 Tapping screvvs thread; 

EN ISO 1479 Hexagon head tapping screlVS; 

EN ISO 2702 Heat-treated steel tapping screws - Mechanical properties; 

EN ISO 7049 Cro,)'s recessed pall head tapping screvvs; 

EN ISO 10684 Fasteners hot deep galvani::.ed coatings 

ISO 4997 Cold reduced steel sheet (if structural quality; 

EN 508-1 Roofing productsfi'om metal sheet Spec~f'icationfor se(f~sllpporting products of steel, 
allllninium or stainless steel sheet Part I: Steel; 

FEM 10.2.02 Federation Europeenne de la l7lanutentiol1, Secion X, Equipment et proceedes de stockage, 
FEM 10.2.02, The design static steel pallet racking, Racking design code, April 2001 
Version 1.02. 

1.3 Terms and definitions 
Supplementary to EN 1993-1-1, for the purposes of this Part 1-3 of EN 1993, the fo11owing terms and 
definitions apply: 

1.3.1 
basic material 
The flat sheet steel material out of which cold-formed sections and profiled sheets are made by cold-forming. 

1.3.2 
basic yield strength 
The tensile yield strength of the basic material. 

1.3.3 
diaphragm action 
Structural behaviour involving in-plane shear in the sheeting. 

1.3.4 
liner tray 
Profiled sheet with 1ipped edge stiffeners, suitable for interlocking with adjacent liner trays to form a 
plane of ribbed sheeting that is capable of suppOlting a parallel plane of profiled sheeting spanning 
perpendicular to the span of the liner trays. 

1.3.5 
partial restraint 
Restriction of the lateral or rotational movement, or the torsional or warping deformation, of a member or 
element, that increases its buckling resistance in a similar way to a spIing SUppOIt, but to a lesser extent than a 
rigid support. 
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1.3.6 
relative slenderness 
A normalized non-dimensionatslenderness ratio. 

1.3.7 
restraint 
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Restriction of the lateral or rotational movement, or the torsional or \varping deformation, of a member or 
element, that increases its buckling resistance to the same extent as a rigid support. 

1.3.8 
stressed-skin design 
A design method that allows for the contribution made by diaphragm action in the sheeting to the stiffness and 
strength of a structure. 

1.3.9 
support 
A location at which a member is able to transfer forces or moments to a foundation, or to another member or 
other structural component. 

1.3.10 
nominal thickness 
A target average thickness inclusive zinc and other metallic coating layers when present rolled and defined by 
the steel supplier (tnom not including organic coatings), 

1.3.11 
steel core thickness 
A nominal thickness minus zinc and other metallic coating layers (tcm). 

1.3.12 
design thickness 
the steel core thickness used in design by calculation according to 1.5.3(6) and 3.2.4. 

1.4 Symbols 
(1) In addition to those given in EN 1993-1-1, the following main symbols are used: 

h yield strength 

j~a average yield strength 

/yb basic yield strength 

design core thickness of steel material before cold forming, exclusive of metal and organic coating 

tnom nominal sheet thickness after cold forming inclusive of zinc and other metallic coating not including 
organic coating 

tcor the nominal thickness minus zinc and other metallic coating 

K spring stiffness for displacement 

C spring stiffness for rotation 

(2) Additional symbols are defined where they first occur. 

(3) A symbol may have several meanings in this part. 
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1.5 Terminology and conventions for dimensions 

1.5.1 Form of sections 

(I) Cold-formed members and profiled sheets have within the permitted tolerances a constant nominal 
thickness over their entire length and may have either a uniform cross section or a tapering cross section along 
their length. 

(2) The cross-sections of cold-formed members and profiled sheets essentially comprise a number of plane 
elements joined by curved elements. 

(3) Typical forms of sections for cold-formed members are shown in figure 1.1. 

NOTE: The calculation methods of this Part J -3 of EN 1993 does not cover all the cases shown in figures 1.1 1.2. 

~ 1 I I Z 
] ] ] ] J 
nIIIT 

a) Single open sections 

II 
b) Open built-up sections 

[J ] [ 
c) Closed built-up sections 

Figure 1.1: Typical forms of sections for cold-formed members 

(4) Examples of cross-sections for cold-formed members and sheets are illustrated in figure 1.2. 

8 

NOTE: All rules in this Part J -3 of EN 1993 relate to the main axis properties, which are defined by the main axes y y 
and z - z for symmetrical sections and u - u and v - v for unsymmetrical sections as e.g. angles and Zed-sections. In some 
cases the bending axis is imposed by connected structural elements whether the cross-section is symmetric or not. 
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I I I I I 

-]-- -EEl -I- Jt8--
I I I I I 

I a:;--
I 

-$-
I 

a) Compression members and tension members 

1 -1f- JE JC -I-
-~- -x- -x- -~-

b) Beams and other members subject to bending 

c) Profiled sheets and liner trays 

Figure 1.2: Examples of cold-formed members and profiled sheets 

(5) Cross-sections of cold-formed members and sheets may either be unstiffened or incorporate longitudinal 
stiffeners in their webs or flanges, or in both. 

1.5.2 Form of stiffeners 

(I) Typical forms of stiffeners for cold-formed members and sheets are shown in figure 1.3. 
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' .... _-

a) Folds and bends 

v 
v 

b) Folded groove and curved groove 

c) Bolted angle stiffener 

Figure 1.3: Typical forms of stiffeners for cold-formed members and sheeting 

(2) Longitudinal flange stiffeners may be either edge stiffeners or intermediate stiffeners. 

(3) Typical edge stiffeners are shown in figure 1.4. 

, ] II 
a) Single edge fold stiffeners b) Double edge fold stiffeners 

Figure 1.4: Typical edge stiffeners 

(4) Typical intermediate longitudinal stiffeners are illustrated in figure] .5. 

a) Intermediate flange stiffeners b) Intermediate web stiffeners 

Figure 1.5: Typical intermediate longitudinal stiffeners 

1.5.3 Cross-section dimensions 

(1) Overall dimensions of cold-formed members and sheeting, including overall width b, overall height h, 
internal bend radius r and other external dimensions denoted by symbols without subscripts, such as a, cor d, 
are measured to the face of the material, unless stated otherwise, as illustrated in figure 1.6. 
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b 
( ) 

I I 

h 

Figure 1.6: Dimensions of typical cross-section 

(2) Unless stated otherwise, the other cross-sectional dimensions of cold-formed members and sheeting, 
denoted by symbols with subscripts, such as bct, h\\ or sw, are measured either to the midline of the material or 
the midpoint of the corner. 

(3) In the case of sloping elements, such as webs of trapezoidal profiled sheets, the slant height s is measured 
parallel to the slope. The slope is straight line between intersection points of tlanges and web. 

(4) The developed height of a web is measured along its midline, including any web stiffeners. 

(5) The developed width of a tlange is measured along its midline, including any intermediate stiffeners. 

(6) The thickness t is a steel design thickness (the steel core thickness extracted minus tolerance if needed as 
specified in clause 3.2.4), if not otherwise stated. 

1.5.4 Convention for member axes 
(1) In general the conventions for members is as used in Part 1 1 of EN 1993, see Figure 1.7. 

y 

Z 
I 

I 
/ 

, I / 

U 
/ 

.~'---.- Y 
/'. " 

. I . 

z v 

Z 
I U 

V, I / , / 
I / 

y-- ~'.---'- Y 
I 
, 

/ 

U/ I , 
Z 

V 

Figure 1.7: Axis convention 

(2) For profiled sheets and liner trays the following axis convention is used: 

- y - y axis parallel to the plane of sheeting; 

- z - z axis perpendicular to the plane of sheeting. 

2 Basis of design 

V Z 
I 

\ 

\ 
U 

,-
,-

y_.-.> -.- y 
,- \ 

U'-
\ 

\ 

Z V 

(1) The design of cold formed members and sheeting should be in accordance with the general rules given in 
EN 1990 and EN 1993-1-1. For a approach with FE-methods (or others) see EN 1993-1 Annex C. 

(2)P Appropriate paxtial factors shall be adopted for ultimate limit states and serviceability limit states. 
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(3)P For verifications by calculation at ultimate limit states the paI1ial factor 1\1 sha11 be taken as follows: 

- resistance of cross-sections to excessive yielding including local and dist0I1ional buckling: )i1O 

- resistance of members and sheeting where failure is caused global buckling: li11 

- resistance of net sections at fastener holes: A!J:2 

NOTE: Numerical values for Xli may be defined in the National Annex. The following numerical values are 
recommended for the use in huildings: 

I\K)= 1,00: 

1\'11 = 1,00; 

]id2::::: I 

(4) For values of Iii for resistance of connections, see Section 8. 

(5) For verifications at serviceability limit states the pal1ial factor lM.ser should be used. 

NOTE: Numerical value for 1\1.\C'1 may be defined in the National Annex. The following numerical value is 
recommended for the use in buildings: 

Y~b::l 1,00, 

(6) For the design of structures made of cold formed members and sheeting a distinction should be made 
between "structural classes" associated with failure consequences according to EN 1990 - Annex B defined as 
follows: 

Structura1 Class I: Construction where cold-formed members and sheeting are "..,C'lnt'l"''' to contribute 
to the avera]] strength and stability of a structure; 

Structural C1ass II: Construction where cold-formed members and sheeting are designed to contribute 
to the strength and stability of individual structural elements; 

Structural Class III: Construction where cold-formed sheeting is used as an element that only transfers 
loads to the structure. 

NOTE 1: During different construction stages different structural classes may be considered. 
NOTE 2: 1:"or requirements for execution of sheeting see EN 1 090. 

3 Materials 

3.1 General 
(1) All steels used for cold-formed members and profiled sheets should be suitable for cold-forming and 
welding, if needed. Steels used for members and sheets to be galvanized should also be suitable for 
galvanizing. 

(2) The nomina] values of material properties given in this Section should be adopted as characteristic values 
in design calculations. 

(3) This part of EN 1993 covers the design of cold formed members and profl1es sheets fabricated from steel 
material conforming to the steel listed in table 3.1 a. 
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Table 3.1a: Nominal values of basic yield strength f~b and ultimate tensile strength fu 
Type of sleel 

HOI rolled produch 

struClural sleek Pari 
delivery condition" 
structur~11 .~Icels 

of non-alloy 
.,. Technical 

ror non alloy 

Standard 

EN 10025: Part 2 

HOI-rolled prodllct~ of structural stccls. EN 10025: P~lIt 3 

Pari 3: Technical delivery conditions for 
normalized/normalized rolled weldable 
fine grain structural steels 

Hot-rolled products of structural steels. EN 10025: Palt 4 
Part 4: Technical deli \'Cry conditions for 
tbermomechanical rolled weldable tine 
grain "trllclural stccls 

Cradc 

S 235 

S 275 

S 355 

S 275 N 

S 355 N 

S 420 N 

S 460:--'; 

S 275 NL 

S 355 :'-JL 

S 420 NL 

S 460 NL 

S 275 M 

S 355 M 

S420M 

S460M 

S 275 ML 

S 355 ML 

S ML 

S 460 ML 

/ib N/I1lI1l~ J~I N/mm2 

235 360 

430 

355 510 

275 :170 

355 470 

420 520 

460 550 

275 :\70 

355 470 

420 520 

460 550 

360 

355 450 

420 son 
460 530 

275 360 

355 450 

420 500 

460 530 

NOTE 1: For steel strip less than 3 mm thick conforming to EN 10025, if the width of the original strip is greater than or 
equal to 600 mm, the characteristic values may be given in the National Annex. Values equal to 0,9 limes those given in 
Table 3. I a are recommended. 

NOTE 2: For other steel materials and products see the National Annex. Examples ror steel 
the requirements of this standard are given in Table 3.1 b. 

that Illay conform to 
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Table 3.1b: Nominal values of basic yield strength .tvb and ultiInate tensile strength .f~ 
Type of steel Standard Grade J;h N/mm" /~l N/mm2 

Cold reduced steel sheet of structural ISO 4997 CR 220 220 300 
qualily CR 250 250 330 

CR 320 320 400 

Continuous hOI dip zinc coated carbon EN 10326 S220GD+Z 220 300 
steel sheet of structural quality 

S250GD+Z 250 330 

S280GD+Z 280 360 

S320GD+Z 320 390 

S350GD+Z 3S0 420 

Hot-rolled flat products made of high EN 10149: Palt2 S 315 MC 31S 390 
yield strength s(cels fix cold fonning. Part 

S 3SS MC 3SS 430 
2: Delivery conditions for 
thermomeehanieally rolled steels S 420 MC 420 480 

S 460 MC 460 S20 

S 500 MC 500 550 

S 5S0 MC 5S0 600 

S 600 MC 600 6S0 

S 6S0 MC 6S0 700 

S 700 MC 700 750 

EN 10149: Palt3 S 260 NC 260 370 

S 31S NC 315 430 

S 3S5 NC 35S 470 

S 420 NC 420 530 

Cold-rolled flat products made of high EN 10268 H240LA 240 340 
yield strenglh micro-alloyed steels ("or 

H280LA 280 370 
cold forming 

H320LA 320 400 

H360LA 360 430 

H400LA 400 460 

Continuously hot-dip coated strip and EN 10292 H260LAD 24(2) 34(2) 
sheet of steels with higher yield strength H300LAD 28(2) 37(2) 
for cold forming 

H340LAD 32(2) 40(2) 

H380LAD 36(2) 43(2) 

H420LAD 40(2) 46(2) 

Continuously hot-dipped zinc-aluminiulll EN 10326 S220GD+ZA 220 300 
(ZA) coated steel strip and sheet 

S2S0GD+ZA 2S0 330 

S280GD+ZA 280 360 

S320GD+ZA 320 390 

S350GD+ZA 3S0 420 

Continuously hot-dipped aluminium-zinc EN 10326 S220GD+AZ 220 300 
(AZ) coated .steel strip and .sheet S2S0GD+AZ 250 330 

S280GD+AZ 280 360 

S320GD+AZ 320 390 

S350GD+AZ 3S0 42() 

Continuously hot-dipped zinc coated EN 10327 DXSID+Z 140 I) 270 I) 
strip and sheet of mild sleel for cold DXS2D+Z 140 I) 270 I) 
forming 

DX53D+Z 140 I) 27(1) 

I) Minimulll values of the yield .strength and ultirnate tensile strength are not given in the standard. For all .steel grades a minimum value of 140 N/mm 2 for 
yield .strength Jnd 270 N/mrn" for ultimate tensile strength may be assumed. 

2) The yield strength values given in lhe name.s of the materials correspond to tranwersal tension. The values for longiluciinallension are given inlhe table. 
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3.2 Structural steel 

3.2.1 Material properties of base material 

(I) The nominal values of yield strength or ~ ultimate tensile strength ~ .1:1 should be obtained 

a) either by adopting the va]ues.!~, = ReI! or Rpo.2 and.!:1 = Rill direct from product standards, or 

b) by using the values given in Table 3.1a and b 

c) by appropriate tests. 

(2) Where the characteristic values are determined from tests, sllch tests should be carried OLlt in accordance 
with EN \ 0002-1. The number of test coupons should be at least 5 and should be taken from a lot in 
following way: 

I. Coils: a. For a lot from one production (one pot of melted steel) at least one coupon per coil of 30% of 

the number of coils; 

b. For a lot from different productions at least one coupon per coil; 

2. Strips: At least one coupon per 2000 kg from one production. 

The coupons should be taken at random from the concerned lot of steel and the orientation should be in the 
length of the structural element. The characteristic values should be determined on basis of a statistical 
evaluation in accordance with EN 1990 Annex D. 

(3) It may be assumed that the properties of steel in compression are the same as those in tension. 

(4) The ductility requirements should comply with 3.2.2 of EN 1993-\-1. 

(5) The design values for material coefficients should be taken as given in 3.2.6 of EN 1993-1 

(6) The material properties for elevated temperatures are given in EN \993-1-2. 

3.2.2 Material properties of cold formed sections and sheeting 

(l) Where the yield strength is specified using the symbol .!~ the average yield strength may be used if (4) 
to (8) apply. In other cases the basic yield strength f;b should be used. Where the yield strength is specified 
using the symbol .rb the basic yield strength should be used. 

(2) The average yield strength of a cross-section due to cold working may be determined from the results 
of full size tests. 

(3) Alternatively the increased average yield strength may be determined by calculation using: 

but ... (3.1) 

where: 

Ag is the gross cross-sectional area~ 

k is a numerical coefficient that depends on the type of forming as follows: 

k = 7 for roll forming; 

k = 5 for other methods of formjng~ 

17 is the number of 90° bends in the cross-section with an internal radius r S 5t (fractions of 
90° bends should be counted as fractions of 11); 

is the design core thickness of the steel material before cold-forming, exclusive of metal and 
organic coatings, see 3.2.4. 

(4) The increased yield strength due to cold forming may be taken into account as follows: 
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- in axially loaded members in which the effective cross-sectional area 

in determining At'l/" the yield strength /v should be taken as 

(5) The average yield strength may be utilised in determining: 

- the cross-section resistance of an axially loaded tension member; 

equals the gross area 

the cro~s-section resistance and the buckling resistance of an axially loaded compression member with a 

fully effective cross-section; 

- the moment resistance of a cross-section with fu Ily effective flanges. 

(6) To determine the moment resistance of a cross-section with fully effective llanges, the cross-section may 
be subdivided into III nominal plane elements, slIch flanges. Expression I) may then be used to obtain 
values of increased yield strength separately for each nominal plane element i, provided that: 

j=l t' -----Ill--- :s; , y<I ... (3.2) 

I 
i=1 

where: 

1S the gross cross-sectional area of nominal plane element i, 

and when calculating the increased yield strength using the expression I ) the bends on the edge of the 
nominal plane elements should be counted with the half their angle for each area 

(7) The increase in yield strength due to cold forming should not be utilised for members that are subjected to 
heat treatment after forming at more than 580°C for more than one hour. 

NOTE: For further information see EN 1090, Part 2. 

(8) Special attention should be paid to the fact that some heat treatments (especially annealing) might induce a 
reduced yield strength lower than the basic yield strength 

NOTE: For welding in cold formed areas see also EN 1993-1-8. 

3.2.3 Fracture toughness 

(I) See EN 1993-1 I and EN 1993-1-10. 

3.2.4 Thickness and thickness tolerances 
(]) The provisions for design by calculation given in this Part 1-3 of EN 1993 may be used for steel within 
given ranges of core thickness tcor. 

NOTE: The ranges of core thickness 
values arc recommended: 

for sheeting and members may be given in the National Annex. The following 

for sheeting and memhers: 0,45 mill ::;; tcor ::;; 15111111 

- for connections: 0,45 111m tcor::;; 4 111m , see 8.1 (2) 

(2) Thicker or thinner material may also be used, provided that the load bearing resistance is determined by 
design assisted by testing. 
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(3) The steel core thickness teor should be used as design thickness, where 

= tcor if tol ~ 5% 

~t 
100 tol 

tcor 
95 

if 10/ > 

with tCOl' 

where tol is the minus tolerance in ck. 

NOTE: For the usual Z 275 zinc 111111. 
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... (3.3a) 

... (3.3b) 

... (3.3c) 

(4) For continuously hot-dip metal coated members and sheeting supplied with negative tolerances less or 
equal to the "speCial tolerances (S)" given in EN 10143, the design thickness according to (3.3a) may be used. 
If the negative tolerance is beyond "special tolerance (S)" given in EN 1 0 143 then the design thickness 
according to (3.3b) may be used. 

(5) f nom is the nominal sheet thickness after cold forming. It may be taken as the value to filum of the original 
sheet, if the calculative cross-sectional areas before and after cold forming do not differ more than 
otherwise the notional dimensions should be changed. 

3.3 Connecting devices 

3.3.1 Bolt assemblies 

(1) Bolts, nuts and washers should conform to the requirements given in EN 1993-1-8. 

3.3.2 Other types of mechanical fastener 

(1) Other types of mechanical fasteners as: 

self-tapping screws as thread forming self-tapping screws, thread cutting self-tapping screws or self-drilling 

self-tapping screws, 

- cartridge-fired pins, 

blind rivets 

may be used where they comply with the relevant European Product Specification. 

(2) The characteristic shear resistance and the characteristic minimum tension resistance FCRk of the 
mechanical fasteners may be taken from the EN Product Standard or ET AG or ETA. 

3.3.3 Welding consumables 

(l) Welding consumables should conform to the requirements given in EN 1993-1-8. 

4 Durability 
(1) For basic requirements see section 4 of EN 1993-1-1. 

NOTE: ~ EN 1090-2,9.3.1 @J] lists the factors affecting execution that need to be specified during design. 

(2) Special attention should be given to cases in which different materials are intended to act compositely, jf 
these materials are such that electrochemical phenomena might produce conditions leading to corrosion. 

NOTE 1: For corrosion resistance of fasteners for the environmental class following EN-ISO 12944-2 see Annex B. 

NOTE 2: For roofing products see EN 508-1. 

NOTE 3: For other products see Part 1- J of EN 1993. 

NOTE 4: For hot dip galvanized fasteners see EN ISO 10684. 
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5 Structural analysis 

5.1 Influence of rounded corners 
(1) In cross-sections with rounded corners, the notional flat widths bp of the plane elements should be 
measured from the midpoints of the adjacent corner elements as indicated in figure 5.1. 

(2) In cross-sections with rounded corners, the calculation of section properties should be based upon the 
nominal geometry of the cross-section. 

(3) Unless more appropriate methods are used to determine the section properties the following approximate 
procedure may be used. The influence of rounded corners on cross-section resistance may be neglected if the 
internal radius r:S 5 t and r:S 0, I ° bp and the cross-section may be assumed to consist of plane elements with 
sharp corners (according to figure 5.2, note bp for all flat plane elements, inclusive plane elements in tension). 
For cross-section stiffness properties the influence of rounded corners should always be taken into account. 
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(a) midpoint of corner or bend 

X is intersection of midlines 

P is midpoint of corner 

I'm r+tl2 

gr = I'm 

(c) notional flat width bp for a \veb 

(bp = slant height sw) 

(d) notional flat width bp of plane 

patts adjacent to web stiffener 

b
p U b

p 

J - - - ~ ~;~':;;::~i,l -
I '~'/7' 
~ 

(e) notional flat width bp of flat parts 

adjacent to flange stiffener 

h 

Figure 5.1: Notional widths of plane cross section parts bp allowing for corner radii 

(4) The influence of rounded corners on section properties may be taken into account by reducing the 
propeliies calculated for an otherwise similar cross-section with sharp corners, see figure using the 
following approximations: 

with: 

~ A g.sh (l - 8) 

I g ~ I g.sh (I - 2 8) 

Iw ~ I w.sh (1 - 48) 

... (5.1 a) 

... (5.lb) 

... (S.lc) 
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11 

'r L...J j 900 
Ii) 

Lbp.i 
i=1 

where: 

A.l' IS the area of the gross cross-section; 

Ag.,h IS the value of Ag for a cross-section with sharp corners; 

... (S.ld) 

bpJ IS the notional flat width of plane element i for a cross-section with sharp corners; 

Ig is the second moment of area of the gross cross-section; 

IS the value of Ig for a cross-section with sharp corners; 

I" is the warping constant of the gross cross-section; 

is the value of Iw for a cross-section with sharp corners; 

cjJ is the angle between two plane elements; 

111 IS the number of plane elements; 

n is the number of curved elements; 

I~i is the internal radius of curved element j . 

(5) The reductions by expression (5.1) may also be appJied in calculating the effective section properties 
Ael1 , Iy,el't, Iz.r:ll and , provided that the notional flat widths of the plane elements are measured to the 
points of intersection of their midlines. 

Actual cross-section 

,..- .... ~ .,.--'" 
I ..., '-

I 
~ 

) 
[ 

U 
II 
II 
B 
U 

) 
( 

,... f 

'---"'" "'--"'" 

Idealized cross-section 

Figure 5.2: Approximate allowance for rounded corners 

(6) Where the internal radius r> 0,04 t E / j~ then the resistance of the cross-section should be determined by 
tests. 

5.2 Geometrical proportions 
(1) The provisions for design by calculation given in this Part 1-3 of EN 1993 should not be applied to cross-
sections outside the range of width-to-thickness ratios bit, hit, cit and dlt in Table 5.1. 
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NOTE: These limits bIt, hIt, cit and dlt given in table 5.1 may be assumed to represent the field I'or which sulTiciem 
experience and verification by testing is already available. Cross-sections with larger width-lo-thickness ratios may also 
be used, provided that their resistance at ultimate limit states and their behaviour at serviceability limit slales are veriFied 
by testing andlor by calculations, where the results are confirmed by an appropriate number or tests. 

Table 5.1: Maxhnunl width-to-thickness ratios 

Element of cross-section Maximum value 

1< b >1 1< b >1 bIt::; SO 

b 1< >11 
,..----....... c 

bit::; 60 

T 

dlt::; SO 

1< b >1 1< b >1 hIt::; 500 

hIt::; 500 sln¢ 

(2) In order to provide sufficient stiffness and to avoid primary buckling of the stiffener itself, the sizes of 
stiffeners should be within the following ranges: 

0,2 ::; c / b ::; 0,6 ... (S.2a) 

0, I ::; d / b ::; 0,3 ... (S.2b) 

in which the dimensions b, c and d are as indicated in table 5.1. If c / b < 0,2 or d / b < 0, I the lip should be 

ignored (c = 0 or d = 0). 

NOTE 1: Where efFective cross-section properties are determined by testing and by calculations, these limits do not 
appJy. 

NOTE 2: The lip measure c is perpendicular to the flange if the lip is not perpendicular to the flange. 

NOTE 3: For FE-methods see Annex C of EN 1993-1-5. 
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5.3 Structural modelling for analysis 
(I) Unless more appropriate models are llsed according to EN 1993-1-5 the elements of a cross-section may be 
modelled for analysis as indicated in table 5.2. 

(2) The mutual influence of mUltiple stiffeners should be taken into account. 

(3) Impelt'ections related to flexural buckling and torsional flexural buckling should be taken from table 5.1 of 
EN 1993-1-1 

NOTE: Sec also clause 5.3.4 of EN 1993-1- J. 

(4) For imperfections related to lateral torsional buckling an initial bow imperfections eo of the weak axis of 
the profile may be assumed without taking account at the same time an initial twist 

NOTE: The rnagniludc of the imperfection may be taken from the National Annex. The values = 1/600 for elastic 
analysis and e,/L = 1/500 for plastic analysis are recommended for sections assigned to LTB huckling curve a rakcn from 
EN 1993-1-1, section 6.3.2.2. 

Table 5.2: lVlodelling of elements of a cross-section 

Type of element Model Type of element Model 

1 «) 1 ~ 
r «) I , r ~ 
~ u «) IJ ~ U ~ 
I 1 ~ 11 ~ 

f J 
1 

5.4 Flange curling 
(l) The effect on the loadbearing resistance of curling (i.e. inward curvature towards the neutral plane) of a 
very wide flange in a profile subjected to flexure, or of a flange in an arched profile subjected to flexure in 
which the concave side is in compression, should be taken into account unless such curling is less than 5% of 
the depth of the profile cross-section. If curling is larger, then the reduction in loadbearing resistance, for 
instance due to a decrease in the length of the lever ann for parts of the wide flanges, and to the possible effect 
of the bending of the webs should be taken into account. 

NOTE: For liner trays this effect has been laken into account in 10.2.2.2. 
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(2) Calculation of the curling may be carried out as follows. The formulae apply to both compression and 
tensile flanges, both with and without stiffeners, but without closely spaced transversal stiffeners at flanges. For 
a profile which is straight prior to application of loading (see figure 5.3). 

u 2 ... (5.3a) 

For an arched beam: 

where: 

... (5.3b) 

it is bending of the flange towards the neutral axis (curling), see figure 5.3; 

bs is one half the distance between webs in box and hat sections, or the width of the portion of flange 

projecting frol11 the web, see figure 5.3; 

is flange thickness; 

z is distance of flange under consideration from neutral axis; 

r is radius of curvature of arched beam; 

0;-1 is mean stress in the flanges calculated with gross area. If the stress has been calculated over the 

effective cross-section, the mean stress is obtained by multiplying the stress for the effective cross

section by the ratio of the effective flange area to the gross flange area. 

Figure 5.3: Flange curling 

5.5 Local and distortional buckling 

5.5.1 General 

(I) The effects of local and distortional buckling should be taken into account in determining the resistance 
and stiffness of cold-formed members and sheeting. 

(2) Local buckling effects may be accounted for by using effective cross-sectional properties, calculated on the 
basis of the effective widths, see EN ] 993-1-5. 

(3) In determining resistance to local buckling, the yield strength f~ should be taken as .Ab when calculating 
effective widths of compressed elements in EN 1993-1-5. 

NOTE: For resistance sec 6.1 I). 

(4) For serviceability verifications, the effective width of a compression element should be based on the 
compressive stress llco rn. Ed,scr in the element under the serviceability limit state loading. 

(5) The distortional buckling for elements with edge or intermediate stiffeners as indicated in figure 5.4(d) are 
considered in Section 5.5.3. 
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a) b) d) 

Figure 5.4: Examples of distortional buckling modes 

(6) The effects of distortional buckling should be allowed for in cases such as those indicated in 5.4(a), 
(b) and (c). In these cases the effects of distortional buckling should be determined performing linear 
5.5.l (7» or non-linear buckling analysis (see EN 1993-1 using numerical methods or column stub tests. 

(7) Unless the simplified procedure in 5.5.3 is used and where the elastic buckling stress is obtained from linear 
buckling analysis the following procedure may be applied: 

I) For the wavelength up to the nominal member length, calculate the elastic buckling stress and identify 
the corresponding buckling modes, see figure 5.5a. 

2) Calculate the effective width(s) according to 5.5.2 for locally buckled cross-section pat1S based on the 
minimum local buckling stress, see figure 5.5b. 

3) Calculate the reduced thickness 5.5.3.1 (7» of edge and intermediate stiffeners or other cross-
section paI1S undergoing distortional buckling based on the minimum distortional buckling stress, see 
figure 5.5b. 

4) Calculate overall buckling resistance according to 6.2 (flexural, torsional or lateral-torsional buckling 
depending on buckling mode) for nominal member length and based on the effective cross-section 
from 2) and 3). 

a) Local 
buckling 

b) Distorsional 
buckling 

a) 

, .. 

b) c) 

Halve-wave length 

Figure 5.5a: Examples of elastic critical stress for various buckling Inodes as function of halve
wave length and examples of buckling nlodes. 
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Figure 5.5 b: Examples of elastic buckling load and buckling resistance as a function of 
member length 

5.5.2 Plane elements without stiffeners 
(1) The effective widths of unstiffened elements should be obtained from EN 1993-1-5 lIsing the notional flat 

width bp for b by determining the reduction factors for plate buckling based on the plate slenderness It/). 

(2) The notional flat width bp of a plane element should be determined as specified in figure 5.1 of section 
5.1.4. In the case of plane elements in a sloping webs, the appropriate slant height should be used. 

NOTE: For olltstands an alternative method for calculating effective widths is given in Annex D. 

(3) In applying the method in EN 1993-1-5 the following procedure may be used: 

The stress ratio lj/, ~ from tables 4.1 and 4.2 of EN ] 993-1-5 llsed to determine the effective width of 
flanges of a section subject to stress gradient, may be based on gross section properties. 

The stress ratio lj/. ~ from tables 4.1 and 4.2 of EN 1993-1-5 <EG] used to determine the effective width of 
web, may be obtained using the effective area of compression flange and the gross area of the web. 

The effective section properties may be refined by using the stress ratio lj/ based on the effective cross
section already found in place of the gross cross-section. The minimum steps in the iteration dealing with 
the stress gradient are two. 

The simplified method given in 5.5.3.4 may be used in the case of webs of trapezoidal sheeting under stress 
gradient. 

5.5.3 Plane elements with edge or intermediate stiffeners 

5.5.3.1 General 

(1) The design of compression elements with or intermediate stiffeners should be based on the 
assumption that the stiffener behaves as a compression member with continuous partial restraint, with a spring 
stiffness that depends on the boundary conditions and the flexural stiffness of the adjacent plane elements. 

(2) The spring stiffness of a stiffener should be determined by applying an unit load per unit length II as 
illustrated in figure 5.6. The spring stiffness K per unit length may be determined from: 

where: 

... (5.9) 

g is the deflection of the stiffener due to the unit load II acting in the centroid (hI) of the effective 
pan of the cross-section. 
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a) Actual system 

_,_I ---",--,--... -
~ 

Compression 

B 

Bending Compression 

c) Ca1culation of 8 for C and Z sections 

Figure 5.6: Determination of spring stiffness 

Bending 

(3) In determining the values of the rotational spring stiffnesses Ce, CB,] and from the geometry of the 
cross-section, account should be taken of the possible effects of other stiffeners that exist on the same element, 
or on any other element of the cross-section that is subject to compression. 

(4) For an 

with: 

stiffener, the deflection 5 should be obtained from: 

ubp :) 12(L - v 2 ) 

B 17
1
) +--. 3 

3 Er 

()= ubp/Ce 
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(5) In the case of the stiffeners of lipped C-sections and lipped Z-sections, C(-) should be determined with 
the unit loads u applied as shown in figure 5.6(c). This results in the following expression for the spring 
stiffness KI for the flange I: 

E t 3 

... (5.IOb) 

where: 

hi is the distance from the web-to-flange junction to the gravity center of the effective area of 
the edge stiffener (including effective part of the flange) of flange I, see figure 5.6(a); 

lh is the distance from the web-to-f1ange junction to the gravity center of the effective area of 
the edge stiffener (including effective part of the flange) of flange 2: 

hw IS the web depth; 

kr = 0 if flange 2 is in tension (e.g. for beam in bending about the y-y axis); 

if flange 2 is also in compression (e.g. for a beam in axial compression); 

kr = 1 for a symmetric section in compression. 

Asl and is the effective area of the edge stiffener (including effective part be) of the flange, see figure 
5.6(b» of flange I and flange 2 respectively. 

(6) For an intermediate stiffener, as a conservative alternative the values of the rotational spring stiffnesses 
Ca,1 and C(-),2 may be taken as equal to zero, and the deflection (5 may be obtained from: 

IS = ubi 217/ 12(1 - v 2 ) 

3(b l + b2 ) Et 3 
... (5.11) 

(7) The reduction factor % d for the dist0l1ional buckling resistance (flexural buckling of a stiffener) should be 

obtained from the relative slenderness Ad from: 

%d 1,0 

Xd = 1,47 - 0,723Ad if 0,65 < Ad < 1,38 

0,66 
if Ael 21,38 

where: 

where: 

lkr.s is the elastic critical stress for the stiffener(s) from 5.5.3.2, 5.5.3.3 or 5.5.3.4. 

... (5.12a) 

... (5.12b) 

... (5.12c) 

... (5.12d) 

(8) Alternatively, the elastic critical buckling stress qT.S may be obtained from elastic first order buckling 
analysis using numerical methods (see 5.5.1 (7». 

(9) In the case of a plane element with an edge and intermediate stiffener(s) in the absence of a more accurate 
method the effect of the intermediate stiffener(s) may be neglected. 
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5.5.3.2 Plane elements with edge stiffeners 

(1) The following procedure is applicable to an edge stiffener if the requirements in 5.2 are met and the angle 
between the stiffener and the plane element is between 45° and 135°. 

~====~~==~==~~~~~=T~\ 
\ 

b / t s; 60 
a) single edge fold 

Figure 5.7: Edge stiffeners 

(2) The cross-section of an edge stiffener should be taken as comprising the effective portions of the stiffener, 
element c or elements c and d as shown in figure 5.7, plus the adjacent effective portion of the plane 
element bp, 

(3) The procedure, which is illustrated in figure 5.8, should be carried out in steps as follows: 

Step 1: Obtain an initial effective cross-section for the stiffener using effective widths determined 
by assuming that the stiffener gives full restraint and that = .t~b//fvlO, see (4) to (5); 

Step 2: Use the initial effective cross-section of the stiffener to determine the reduction factor for 
distortional buckling (flexural buckling of a stiffener), allowing for the effects of the 
continuous spring restraint, see (6), (7) and (8); 

Step 3: Optionally iterate to refine the value of the reduction factor for buckling of the stiffener, see 
(9) and ( I 0). 

(4) Initial values of the effective widths bel and bc1 shown in figure 5.7 should be determined from clause 
5.5.2 by assuming that the plane element bp is doubly supported, see table 4.1 in EN 1993-1-5. 
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(5) Initial values of the effective widths CelT and deft' shown in figure 5.7 should be obtained as follows: 

a) for a single edge fold stiffener: 

... (5.13a) 

with p obtained from except using a value of the buckling factor given by the following: 

- if bp.cl 0.35: 

kG =0,5 ... (5.13b) 

- if 0,35 < bp.c I bp ::; 0,6: 

0,5 + 0,83 
13c) 

b) for a double edge fold stiffener: 

... (5.13d) 

with p obtained from 5.5.2 with a buckling factor kG for a doubly supported element from table 4.1 111 

EN 1993-1-5 

... (5.13e) 

wlth p obtained from 5.5.2 with a buckling factor kG for an oL1tstand element from table 4.2 in 

EN 1993-1-5. 

(6) The effecti ve cross-sectional area of the stiffener A~ should be obtained from: 

A, t(be2 + or 

A, = t (be2 + Cel + Ce2 + 

respectively. 

NOTE: The rounded corners should be taken into account if needed, see 5. L 

(7) The elastic critical buckling stress lkLS for an edge stiffener should be obtained from: 

where: 

K is the spring stiffness per unit length, see 5.5.3.1 (2). 

... (5.14a) 

... (5. J 4b) 

... (5. J 5) 

Is is the effective second moment of area of the stiffener, taken as that of its effective area 
about the centroidal axis a - a of its effective cross-section, see figure 5.7. 

(8) Alternatively, the elastic critical buckling stress O"CLS may be obtained from elastic first order buckling 
analyses using numeIical methods, see 5.5.1 (7). 

(9) The reduction factor X d for the distortional buckling (flexural buckling of a stiffener) resistance of an 
stiffener should be obtained from the value of lkr,s using the method given in 5.5.3.1 (7). 
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Iteration 1 

Iteration n 

a) Gross cross-section and boundary conditions 

b) Step 1: Effective cross-section for K 00 

based on <kolll.Ed = fyb / }i10 

c) Step 2: Elastic critical stress <kLS for 
effective area of stiffener from step I 

d) Reduced strength xdfyb//fvl0 for effective 
area of stiffener As, with reduction factor X d 

based on <kr.\ 

e) Step 3: Optionally repeat step I by 
calculating the effective width with a reduced 
compressive stress O;:~o1ll,Ed.i = xdf~b / (\,10 with Xd 

from previous iteration, continuing until Xd.l1::::: X 
d.(n I) but Xd.n S; X d,(n - I) . 

f) Adopt an effective cross-section with be2 , Cdl 

and reduced thickness fred corresponding to Xd,n 

Figure 5.8: Compression resistance of a flange with an edge stiffener 

(10) If X d < I it may be refined iteratively, staI1ing the iteration with modified values of p obtained using 
~ 5.5.2(1 ) @iI with <koI1l.Ed.i equal to X d ,f.b I /Mo, so that: 

... (5.16) 
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(11) The reduced effective area of the stiffener As.red allowing for flexural buckling should be taken as: 

where 

fYb/ rMO 
As.red = Xci As ---'---'---- but A s.red:S As ... (5.17) 

O'colll.Ed 

oc 0 111. Ed is compressive stress at the centreline of the stiffener calculated on the basis of the effective 
cross-section. 

(12) I n determi ning effective section properties, the reduced effecti ve area As.red should be represented by 
using a reduced thickness [red = [A,.reel / As for all the elements included in A;. 

5.5.3.3 Plane elements with intermediate stiffeners 

(1) The following procedure is applicable to one or two equal intermediate stiffeners formed by grooves or 
bends provided that all plane elements are calculated according to 5.5.2. 

(2) The cross-section of an intermediate stiffener should be taken as comprising the stiffener itself plus the 
adjacent effective portions of the adjacent plane elements bp.l and bp,1 shown in figure 5.9. 

(3) The procedure, which is illustrated in figure 5.10, should be carried out in steps as follows: 

Step 1: Obtain an initial effective cross-section for the stiffener using effective widths determined 
by assuming that the stiffener gives full restraint and that o:.~o l11. Ed = l vb/}1V10, see (4) and (5); 

Step 2: Use the initial effective cross-section of the stiffener to determine the reduction factor for 
distortional buckling (flexural buckling of an intermediate stiffener), allowing for the effects of the 
continuous spring restraint, see (6), (7) and (8); 

Step 3: Optionally iterate to refine the value of the reduction factor for buckling of the stiffener, see 
(9) and (10). 

(4) Initial values of the effective widths b1.e2 and h .el shown in figure 5.9 should be determined from 5.5.2 
by assuming that the plane elements !JP. ] and bp.2 are doubly supported, see table 4.1 in EN 1993-1-5 . 

.... " "-..... 
b p,1 

/ , ..... 
"- bp,2 

,. 
, / ,_I L, ... 
..... b / b 'I l)2,eJ.~J\ I b2,e2 , 1,eL /1 1,e~ 

, I ] 
, 

\ I I '\ 

I a--~.-.-a I 

\ "W / 
\ ·b / 

"- I S 

"" i /~A 
........ ./ S' Is ------

-- - ---..... 
./ ........ 

bp,2 

Figure 5.9: Intermediate stiffeners 

(5) The effective cross-sectional area of an intermediate stiffener As should be obtained from: 

As = [(bl,e2 + b2.e] + b s ) ... (5.18) 

in which the stiffener width bs is as shown in figure 5.9. 
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NOTE: The rounded corners should be taken into account if needed, see 5.1. 

(6) The critical buckling stress 6cr.s for an intermediate stiffener should be obtained from: 

where: 

K is the spring stiffness per unit length, see 5.5.3.1 

... (5.19) 

I~ is the effective second moment of area of the stiffener, taken as that of its effective area As 
about the centroidal axis a - a of its effective cross-section, see figure 5.9. 

(7) Alternatively, the elastic critical buckling stress 6cr.s may be obtained from elastic first order buckling 
analyses using numerical methods, see 5.5.1 (7). 

(8) The reduction factor X d for the distortional buckling resistance (flexural buckling of an intermediate 
stiffener) should be obtained from the value of 6cLS Llsing the method given in 5.5.3.1 (7). 

(9) If X d < I it may optionally be refined iteratively, staJ1ing the iteration with modified values of p obtained 

using ~ 5.5.2(1)@lI with 6com.Ed,i equal to X dJ;.b/)1vlO, so that: 

Ap.rcd 11' fXu ... (5.20) 

(10) The reduced effective area of the stiffener 
stiffener) shOll Jd be taken as: 

allowing for distortional buckling (flexural buck1ing of a 

bu t A s.red ::; J) 

where 

6com.Ed is compressive stress at the centreline of the stiffener calculated on the basis of the effective 
cross-section. 

(11) Tn determining effective section prope11ies, the reduced effective area 
using a reduced thickness trcd = t As.red / As for all the elements included in As. 
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a) Gross cross-section and boundary conditions 

b) Step 1: Effective cross-section for K 00 based on 

lk'OIll,Ed = j~b I Ji,1O 

c) Step 2: Elastic critica1 stress llcLS for effective area 
of stiffener from step 1 

d) Reduced strength X d fYb / ji.1O for effective area of 
stiffener As, with reduction factor X d based 011 llce.s 

e) Step 3: Optionally repeat step 1 by calculating the 
effective width with a reduced compressive stress llcoll1.EJ.i 

xdf;'b / Ji,1O with Xli from previolls iteration, continuing 

until .%<.1.11:::::: Xd.(11 I) but .%<.1.11'::;: Xd.(n-I). 

f) Adopt an effective cross-section with ,b2.el and 
reduced thickness tred cOlTesponding to XcI,n 

Figure 5.10: Compression resistance of a flange with an intermediate stiffener 
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5.5.3.4 Trapezoidal sheeting profiles with internlediate stiffeners 

5.5.3.4.1 General 

(I) This sub-clause 5.5.3.4 should be Llsed for trapezoidal profiled sheets, in association with 5.5.3.3 for 
flanges with intermediate stiffeners and 5.5.3.3 for webs with intermediate stiffeners. 

Interaction between the buckling of intermediate flange stiffeners and intermediate web stiffeners should 
also be taken into account Llsing the method given in 5.5.3.4.4. 

5.5.3.4.2 I~langes with intermediate stiffeners 

(I) If it is subject to uniform compression, the effective cross-section of a flange with intermediate stiffeners 
should be assumed to consist of the reduced effective areas A,.red including two strips of width 0,5be1f (or 15 
t, see figure 5.11) adjacent to the stiffener. 

(2) For one central Jlange stiffener, the elastic critical buckling stress 6cr.., should be obtained from: 

4,2k wE 
(jcr =---

A, 
... (5.22) 

where: 

bp is the notional flat width of plane element shown in figure 5.11 ; 

b, is the stiffener width, measured around the perimeter of the stiffener, see figure 5.11 ; 

As, Is are the cross-section area and the second moment of area of the stiffener cross-section 
according to figure 5.] 1; 

kw is a coefficient that allows for partial rotational restraint of the stiffened flange by the webs or 
other adjacent elements, see (5) and (6). For the calculation of the effective cross-section in 
axial compression the value kw = ] ,0. 

The equation 5.22 may be used for wide grooves provided that flat part of the stiffener is reduced due to local 
buckling and bp in the equation 5.22 is replaced by the larger of and 0,25(3bp+iJr), see 5.11. Similar 
method is valid for flange \vith two or more wide grooves. 
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(3) For two symmetrically placed flange stiffeners, the elastic critical buckling stress OCr.s should be obtained 
from: 

... (5.23a) 

with: 

where: 

hI" I is the notional flat width of an outer plane element, as shown in figure 5.1 ]; 

hp.2 is the notional flat width of the central plane element, as shown in figure 5.] 1; 

br is the overall width of a stiffener, see figure 5.11 ; 

As. I" are the cross-section area and the second moment of area of the stiffener cross-section 
according to figure 5.1 ] . 

(4) For a mUltiple stiffened flange (three or more equal stiffeners) the effective area of the entire flange is 

pbet ... (5.23b) 

where p is the reduction factor according to EN ] 993-] Annex E for the slenderness Ii p based on the 

elastic buckling stress 

O"cr,s = 1,8£ ... (5.23c) 

where: 

I s is the sum of the second moment of area of the stiffeners about the centroidal axis a-a, 

neglecting the thickness terms bt3 112 : 

bo is the width of the t1ange as shown in figure 5.11; 

be is the developed width of the flange as shown in figure 5.11. 

(5) The value of k\\' may be calculated from 

- if lbl Sw 2 2: 

compression flange buckling wavelength h, as follows: 

... (5.24a) 

k - (k -I)l~ (~J2 \vo \\'0 

Sw S 
... (5.24b) 

where: 

Sw is the slant height of the web, see figure 5.1 (c). 

(6) Altematively, the rotational restraint coefficient kw may conservatively be taken as equal to 1,0 
corresponding to a pin-jointed condition. 
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(7) The values of Lb and kwu may be determined from the following: 

- for a compression flange with one intermediate stiffener: 

with: 

L = ~ 07 4 1.\ b/ 2 b p + 3 b, ) 
h -"' ------"1 ----

kW () = s" + 2 bel 

SW + 0,5 hd 

t . 

- for a compression flange with two intermediate stiffeners: 

Ib = 3,65 7J I s bl
2 

( 3 be - 4 hi ) / f 3 

k 
11'0 

( 2 he + s\\ ) ( 3 be - 4 b] ) 

... (5.25) 

... (5.26) 

... (5.27) 

... (5.28) 

(8) The reduced effective area of the stiffener As.red allowing for distortional buckling (flexural buckling of an 
intermediate stiffener) should be taken as: 

f yb / rl\10 
As red = Xci As ---'----

O"COIll.ser 

but As.red :S As ... (5.29) 

(9) If the webs are unstiffened, the reduction factor % d should be obtained directly from i7cr.s using the 
method given in 5.5.3.1 (7). 

(10) If the webs are also stiffened, the reduction factor X d should be obtained using the method given in 
5.5.3.1 (7), but with the modified elastic critical stress i7cr.l11od given in 5.5.3.4.4. 

(II) Tn determining effective section properties, the reduced effective area Aqed should be represented by 
using a reduced thickness fred = f As.red / As for all the elements included in As. 

(12) The effective section properties of the stiffeners at serviceability limit states should be based on the 
design thickness f. 

5.5.3.4.3 Webs with up to two intermediate stiffeners 

(I) The effective cross-section of the compression zone of a web (or other element of a cross-section that is 
subject to stress gradient) should be assumed to consist of the reduced effective areas As.red of up to two 
intermediate stiffeners, a strip adjacent to the compression flange and a strip adjacent to the centroidal axis of 
the effective cross-section, see figure 5.12. 

(2) The effective cross-section of a web as shown in figure 5.12 should be taken to include: 

a) a strip of width Sell! adjacent to the compression flange; 

b) the reduced effective area As.red of each web stiffener, up to a maximum of two; 

c) a strip of width SctLn adjacent to the effective centroidal axis; 

d) the part of the web in tension. 
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at 

Figure 5.12: Effective cross-sections of webs of trapezoidal profiled sheets 

(3) The effective areas of the stiffeners should be obtained from the following: 

- for a single stiffener, or for the stiffener closer to the compression flange: 

+ 

for a second stiffener: 

in which the dimensions Serf I to Sc1t.n and and S,b are as shown in figure 5.12. 

... (5.30) 

... (5.31) 

(4) Initially the location of the effective centroidal axis should be based on the effective cross-sections of the 
flanges but the gross cross-sections of the webs. In this case the basic effective width SellO should be obtained 
from: 

0,76t 
... (5.32) 

where: 

is the stress in the compression flange when the cross-section resistance is reached. 

(5) If the web is not fully effective, the dimensions to SeWn should be determined as follows: 

... (S.33b) 

5elL~ = [1 + 0,5(ha + )I er:] SeitO 

... (S.33d) 

... (S.33e) 

SelIn = ] ... (5.33{) 

where: 

ec is the distance from the effective centroidal axis to the system line of the compression flange, 
see figure 5.12; 

and the dimensions ha, hb' hsa and h~b are as shown in fjgure 5.12. 
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(6) The dimensions Sell.l to Sell.n should initially be determined from (5) and then revised if the relevant plane 
element is fully effective, Llsing the following: 

- in an unstiffened web, if Sell I + SelIn 2 8n the entire web is effective, so revise as follows: 

- in stiffened web, if SefLl + Seff.2 2 Sa the whole of Sa is effective, so revise as follows: 

= s (1 +0,5ha /eJ 
a 2 + 0,5h

a 

... (5.34a) 

... (5.34b) 

... (5.35a) 

... (5.35b) 

in a web with one stiffener, if Sel13 + SelIn 2 Sn the whole of SI1 is effective, so revise as follows: 

[J + 0,5(h;1 + 17sa )/ ec ] 

2,5 + 0,5(ha + hsa)j ec 

SdY.n = ---~--'-'----:--

- in a web with two stiffeners: 

38 

if Self3 + SellA 2 Sb the whole of Sb 1S effective, so revise as fo11ows: 

S I + 0,5(11" + hsa )/ ec 

b 2 + 0,5(h,1 + hb )/ ec 

- if SeiLS + Scff.1l 2 Sn the whole of Sn is effective, so revise as follows: 

1 + 0,5(17b + hsb )/ ec 

= sn 2,5 + 0,5(h
b 

+ h~b )j e
c 

... (5.36a) 

... (5.36b) 

... (5.37a) 

... (5.37b) 

... (5.38a) 

... (5.38b) 
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(7) For a single stiffener, or for the stiffener closer to the compression tlange in webs with two stiffeners, the 
elastic critical buckling stress CTcT.sa should be determined using: 

1,05 kr E ~ Is t
3 

Sl 

S:2 ( Sl - S 2 

in which SI is given by the following: 

- for a single stiffener: 

... (S.39b) 

- for the stiffener closer to the compression flange, in webs with two stiffeners: 

... (S.39c) 

with: 

... (S.39d) 

where: 

kr is a coefficient that allows for partial rotational restraint of the stiffened web by the flanges; 

Is is the second moment of area of a stiffener cross-section comprisi ng the fold width Ssa and two 
adjacent strips, each of width Self!, about its own centroidal axis parallel to the plane web 
'""".,,'""' .... ,'. see figure 5.13. In calculating Is the possible difference in slope between the plane 
web elements on either side of the stiffener may be nJ'>."YIJ'>f'rp'r1 

s( as defined in Figure 5.12. 

(8) In the absence of a more detailed investigation, the rotational restraint coefficient kr may conservatively be 
taken as equal to 1,0 corresponding to a pin-jointed condition. 

Cross-section for 

determining As 

Cross-section for 

determining Is 

Figure 5.13: Web stiffeners for trapezoidal profiled sheeting 

(9) For a single stiffener in compression, or for the stiffener closer to the compression tlange in webs with two 
stiffeners, the reduced effective area should be determined from: 

A %d ASH b 
sa,red - _ ( .)/ ut ] ha + O,Shsa lee 

... (SAO) 
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(10) If the flanges are unstiffened, the reduction factor X d should be obtained directly from £kr.sa using the 
method given in 5.5.3.1 

(II) If the flanges are also stiffened, the reduction factor X d should be obtained using the method given in 
5.5.3.1 (7), but with the modified elastic critical stress £kLIllOd given in 5.5.3.4.4. 

(12) For a single stiffener in tensioll, the reduced effective area 

( 13) For webs with t\VO stiffeners. the reduced effective area 
equal to 

should be taken as equal to A,a' 

for the second stiffener, should be taken as 

(14) In determining effective section properties, the reduced effective area should be represented by 
using a reduced thickness freli XLI f for all the elements induded in A\:I' 

(I The effective section properties of the stiffeners at serviceability limit states should be based on the design 
thickness 1. 

(16) Optionally, the effective ~;ection pmperties may be refined iteratively by basing the location of the 
effective centroidal axis on the effective cross-seclions of the webs determined by the previolls iteration and the 
effective cros'I-sectiol1s of the determined using the reduced thickness fred for all the elements inclllded 
in the sti ITcllcr areas ,A~. This iteration should be based on an increased basic effective width SerLO 

obtained from: 

E 

il (J cOlll.l:d ... (5.4]) 

stiffeners 

(]) in the C.lse or wilh intermediate in the llanges and in the webs, see figure 5.14, 
nteraction behveel1 the flexural buckling of the flange stiffeners and the web stiffeners 

shouId be ailowcc! for 

from: 

a modified elastic critical stress O"cr.l1lod for both types of stiffeners, obtained 

... (5.42) 

vvhere: 

is the elas[ic critical stress for an intermediate flange stiffener, see 5.5.3.4.2(2) for a flange w"ith 

a stiffener or for ,;l flange with two stiffeners; 

is the cLlstic critical stress for a vveb stiffener, or the stiffener closer to the compression 

fll1ngein webs \vilh two see 5.5.3.4.3(7); 

is the effective area of an intermediate flange stiffener; 

is the effecti ve cross-section area of an intermediate web stiffener; 

= for a profile in bending; 

for a profile in axial compression. 
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Yeff--- -Yeff 

\ "\ 
,-_.I 

Figure 5.14: Trapezoidal profiled sheeting with f1ange stiffeners and web stiffeners 

5.6 Plate buckling between fasteners 
(1) Plate buckling between fasteners should be checked for elements composed of plates and mechanical 
fasteners, see Table 3.3 of EN 1993-1-8. 

6 Ultimate limit states 

6.1 Resistance of cross-sections 

6.1.1 General 
(1) Design assisted by testing may be used instead of design by calculation for any of these resistances. 

NOTE: Design assisted by testing is particularly likely to be beneficial for cross-sections with relatively high bp / t 
ratios, e.g. in relation to inelastic behaviour, web crippling or shear lag. 

(2) For design by calculation, the effects of local buckling should be taken into account by using effecti ve 
section properties determined as specified in Section 

(3) The buckling resistance of members should be veIified as specified in Section 6.2. 

(4) In members with cross-sections that m-e susceptible to cross-sectional dist0l1ion, account should be taken of 
possible lateral buckling of compression flanges and lateral bending of flanges generally, see and 10.1. 
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6.1.2 Axial tension 
(l) The design resistance of a cross-section for uniform tension NU<d should be determined from: 

but 

where: 

Ag is the gross area of the cross-section; 

is the net-section resistance from 8,4 for the appropriate type of mechanical fastener; 

is the average yield strength, IE]) see 3.2.2 @J]. 

... (6.1) 

(2) The design resistance of an angle for uniform tension connected through one leg~ or other types of section 
connected through outstands, should be determined as specified in IE]) EN 1993-1-8~ 3.10.3 @J]. 

6.1.3 Axial corrlpression 
( I) The design resistance of a cross-section for compression should be determined from: 

where 

- if the effective area Aefl is less than the gross area 

distortional buck] ing) 

(section with reduction due to local and/or 

.,,(6.2) 

if the effecti ve area 

distortional buckling) 

is equal to the gross area Ag (section with no reduction due to local or 

(IYb + (lya )4(1 but not more than AgfyCl / ... (6.3) 

Acil is the effective area of the cross-section, obtained from Section 5.5 by assuming a uniform 

compressive stress equal to 

is the average yield strength, see 3.2.2; 

is the basic yield strength.; 

Text deleted @J] 

For plane elements Ac ~) and 0,673, see 5.5.2~ 

For stiffened elements ~ Ad and 0,65, see 5.5.3. 

(2) The internal axial force in a member should be taken as acting at the centroid of its gross cross-section. This 
is a conservative assumption, but may be used without further analysis. FUlther analysis may give a more 
realistic situation of the internal forces for instance in case of uniformly building-up of normal force in the 
compression element. 

(3) The design compression resistance of a cross-section refers to the axial load acting at the centroid of its 
effective cross-section. If this does 110t coincide with the centroid of its gross cross-section, the shift eN of the 
centroidal axes (see figure 6.1) should be taken into account~ using the method given in 6.1.9. When the shift 
of the neutral axis gives a favourable result in the stress check, then that shift should be neglected only if the 
shift has been calculated at yield strength and not with the actual compressive stresses. 
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Effective cross-section 

Figure 6.1: Effective cross-section under compression 

6.1.4 Bending moment 

6.1.4.1 Elastic and elastic-plastic resistance with yielding at the compressed flange 

(1) The design moment resistance of a cross-section for bending abollt one principal axis A1e.ReI is determined 
as follows (see figure 6.2): 

where 

- if the effective section modulus is less than the gross elastic section modulus WeI 

M c.RtI = / YMO ... (6.4) 

- if the effective section modulus Weff is equal to the gross elastic section modulus VVd 

l11ax / 1eo»)/ YMO but not more than vVpl fYb / ... (6.S) 

max is the slenderness of the element which correspond to the largest value of Ae / AeO 

For double supported plane elements ~ 

the stress ratio, see 5.5.2; 

and O,5+~O,25-0,055(3+V) where If/ is 

For outstand e1ements and Xeo = 0,673 , see 

Text deleted @j] 

The resulting bending moment resistance as a function of a decisive element is illustrated in the figure 6.2. 

Wpl fyb 1------------.. 
Wei fyb 

n I 
r .., 

J L 
o 

o leo 
Figure 6.2: Bending monlent resistance as a function of slenderness 
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(2) Expression (6.5) is applicable provided that the following conditions are satisfied: 

a) Bending moment is applied only about one principal axes of the cross-section; 

b) The member is not subject to torsion or to torsional, torsional flexural or lateral-torsional or 
distortional buckling; 

c) The angle q) between the web (see figure 6.5) and the tlange is larger than 600
, 

ff (2) is not fulfilled the following expression may be used: 

A1d~d =Wd / YMO ... (6.6) 

(4) The effective section modulus Wefr should be based on an effective cross-section that is subject only to 
bending moment about the relevant principal axis, with a maximum stress O'max.EcI equal to / %10, allowing 
for the effects of local and distortional buckling as specified in Section 5.5. Where shear lag is relevant, 
allowance should also be made for its effects. 

(5) The stress ratio W= 01 / 0'1 used to determine the effective portions of the web may be obtained by using 
the effective area of the compression flange but the gross area of the web, see figure 6.3. 

(6) If yielding occurs first at the compression edge of the cross-section, unless the conditions given in 6.1.4.2 
are met the value of Wefr should be based on a linear distribution of stress across the cross-section. 

(7) For biaxial bending the following criterion may be used: 

M y.Ed }vI z.Ed ---+-_.-
M c)'.RcI M cz.Rd 

... (6.7) 

where: 

My.Ed is the bending moment about the major main axis; 

Mz.Ed is the bending moment about the minor main axis; 

A1cy.RcI is the resistance of the cross-section if subject only to moment about the main y - y 

Mez. ReI is the resistance of the cross-section if subject only to moment about the main z z axis. 

beff /2 beff /2 beff /2 beff /2 
r<->i [<4 [<4 R fyb / r M1 

sett,\ r -, 

Figure 6.3: Effective cross-section for resistance to bending moments 

(8) If redistribution of bending moments is assumed in the global analysis, it should be demonstrated from the 
results of tests in accordance with Section 9 that the provisions given in 7.2 are satisfied. 

6.1.4.2 Elastic and elastic-plastic resistance with yielding at the tension flange only 

(I) Provided that bending moment is applied only about one principal axis of the cross-section, and provided 
that yielding occurs first at the tension edge, plastic reserves in the tension zone may be utilised without any 
strain limit until the maximum compressive stress OCom.Ed reaches fyh/ %c1O' In this clause only the bending case 
is considered. For axial load and bending the clause 6.1.8 or 6.1.9 should be applied. 

(2) In this case, the effective partially plastic section modulus should be based on a stress distribution 
that is bilinear in the tension zone but linear in the compression zone. 
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(3) In the absence of a more detailed analysis, the effective width of an element subject to stress 
may be obtained using 5.5.2 by basing be on the bilinear stress distribution (see figure 6.4), assuming 
lj/=-L 

--cr 1 
I 

Figure 6.4: ~'leasure be for deternlination of effective width 

(4) If redistribution of bending moments is assumed in the global analysis, it should be demonstrated frolll the 
results of tests in accordance with Section 9 that the provisions given in 7.2 are satisfied. 

6.1.4.3 Effects of shear lag 

(l) The effects of shear should be taken into account according to EN 1993-1-5. 

6.1.5 Shear force 
(I) The design shear resistance should be determined from: 

where: 

fbv is the shear strength considering buckling according to Table 6.1; 

hw is the web height between the midlines of the flanges, see figure 5.1 (c); 

tjJ is the slope of the web relative to the flanges, see figure 6.5. 

Table 6.1: Shear buckling strength .til\' 

... (6.8) 

Relative web slenderness Web without stiffening at the support Web with stiffening at the support 1) 

4w ~ 0,83 O,58f~b O,S8f~'b 

-
O,48fYb/1

w 
0,83 < 4w < 1,40 0,48fyb / Aw 

4w ~ 1,40 0,67 iYb/ 0,48fyb / A w 

I) Stiffening at the supp0I1, snch as cleats, alTanged to prevent distortion of the web and designed to resist the 
support reaction. 
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(2) The relative web slenderness ;L" should be obtained from the following: 

- for webs without longitudinal stiffeners: 

0.346 ~.' J fyb 
. 1 E 

- for webs with longitudinal stiffeners, see figure 6.5: 

..1. w 0,346 ,I: ~.~4 f;, but A." 0,346 S;, t;' 
with: 

1/ 

where: 

... (6.IOa) 

... (6.IOb) 

I, is the second moment of area of the individual longitudinal stiffener as defined in 5.5.3.4.3(7), about 

the axis a - a as indicated in figure 6.5; 

Sd is the total developed slant height of the web, as indicated in figure 6.5; 

Sp is the slant height of the largest plane element in the web, see figure 6.5; 

s\\, is the slant height of the web, as shown in figure 6.5, between the midpoints of the corners, these 

points are the median points of the corners, see figure 5.1 (c). 

a 
/ 

! 
/ 

a 

Figure 6.5: Longitudinally stiffened web 

6.1.6 Torsional moment 

(I) Where loads are appl1ed eccentric to the shear centre of the cross-section, the effects of torsion should be 
taken into account. 

(2) The centroidal axis and shear centre and imposed rotation centre to be used in determining the effects of 
the torsional moment, should be taken as those of the gross cross-section. 

(3) The direct stresses due to the axial force NEd and the bending moments My.Ed and Mz.Ed should be based 
on the respective effective cross-sections used in 6.1.2 to 6.1.4. The shear stresses due to transverse shear 
forces, the shear stress due to uniform (St. Venant) torsion and the direct stresses and shear stresses due to 
warping, should all be based on the properties of the gross cross-section. 
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(4) In cross-sections subject to torsion, the following conditions should be satisfied (average yield strength is 
allowed here, see 3.2.2): 

(Jtot.Ed :s; 1 ... (6.11 a) 

~ 
f 1)3 

YI'vIO ... (6.11 b) 

~ 1,1 
... (6.11 c) 

where: 

(J,ot.Ed is the design total direct stress, calculated on the relevant effective cross-section; 

t'lOLEd is the design total shear stress, calculated on the gross cross-section. 

(5) The total direct stress (JIOLEd and the total shear stress t'(ot.Ed should by obtained from: 

where: 

(J lot. Ed = (J N.Ed + (J My.Ed + (J Mr .. Ed + (J w.Ed 

t'tOl.Ed = t'Vy.EcI+ t'Vz.EcI+ t'LEd+ 

... (6.12a) 

... (6.12b) 

(JMy.Ed is the design direct stress due to the bending moment M y.Ed (using effective cross-section); 

(JMz.EcI is the design direct stress due to the bending moment A1z.Ed (using effective cross-section); 

is the design direct stress due to the axial force (using effective cross-section); 

(Jw.Ed is the design direct stress due to warping (using gross cross-section); 

t'Vy.Ed is the design shear stress due to the transverse shear force (using gross cross-section); 

t'Vz.EcI is the design shear stress due to the transverse shear force Vz.EcI (using gross cross-section): 

is the design shear stress due to uniform (St. Venant) torsion (using gross cross-section); 

t' w.Ed is the design shear stress due to warping (using gross cross-section). 

6.1.7 Local transverse forces 

6.1. 7.1 General 

(1)P To avoid crushing, crippling or buckling in a web subject to a support reaction or other local transverse 
force applied through the flange, the transverse force shall satisfy: 

FEd:S; Rw.Rd ... (6.13) 

where: 

Rw.Rd is the local transverse resistance of the web. 

(2) The local transverse resistance of a web Rw.Rd should be obtained as follows: 

a) for an unstiffened web: 

for a cross-section with a single web: 

- for any other case, including sheeting: 

b) for a stiffened web: 

from 6.1.7.2; 

from 6.1.7.3; 

from 6.1.7.4. 

(3) Where the local load or support reaction is applied through a cleat that is arranged to prevent distortion of 
the web and is designed to resist the ]ocal transverse force, the local resistance of the web to the transverse 
force need not be considered. 

(4) In beams with I-shaped cross-sections built up from two channels, or with similar cross-sections in which 
two components are interconnected through their webs, the connections between the webs should be located as 
close as practicable to the flanges of the beam. 
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6.1.7.2 Cross-sections with a single unstiffened web 

(I ) For a cross-section with a single Llllstiffened web, see figure 6.6, the local transverse resistance of the web 
may be determined as specified in (2), provided that the cross-section satisfies the following criteria: 

h\\1 t ~ 200 

rlt ~ 6 

45° ~ ¢ ~ 90° 

where: 

h\\' is the web height between the midlines of the flanges; 

r is the internal radius of the corners; 

¢ is the angle of the web relative to the flanges [degrees]. 

Rw,Rd RW,Rd RW,Rd Rw,Rd Rw,Rd 

Figure 6.6: Examples of cross-sections with a single web 

... (6.14a) 

... (6.14b) 

... (6.14c) 

2R w,Rd 

(2) For cross-sections that satisfy the criteria specified in (1), the local transverse resistance of a web Rw,Rd 

may be determined as shown if figure 6.7. 

(3) The values of the coefficients kl to ks should be determined as follows: 

k] = I - 0,33 k 

k]=1,150J5rlt butk2?:.O,50and ~1.0 

k') 0,7 + 0,3 (~, 190)2 

k4 = 1,22 - 0,22 k 

ks 1,06 - 0,06 rlt but k5 1,0 

where: 

k =f;'b/228 [with 
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a) For a single local load or support reaction 

1) c ::s; 1,5 hw clear from a end: 

for a cross-section with stiffened flanges: 

k I 

Y!\'II 

for a cross-section with unstiffened flanges: 

if ,)'jt ::s; 60: 

s 
+ 0,0 I S fyb 

t 
Rw.Rd = ------------'----

Y)'Vll 

- if sJt > 60: 

i1) clear from a free end: 

if ::s; 60: 

YMI 

s 
1 + 0,015 s 

t 
! f' 
-. yb 

R w. Rd = ----=------==-------.:.=---
Y~vll 

- if sJt > 60: 

s 
+0.011 s 

. t 

(6.1 

(6.ISb) 

(6.ISc) 

(6.15d) 

(6.1 

Figure 6.7a): Local loads and supports - cross-sections with a single web 
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b) For two opposing local transverse forces closer together than I,S hw : 

i) c ~ I,S hw clear from a free end: 

ii) c > 1,S 

k I 
s 

+ 0,0 1 ~ 
64 t 

Rw.Rd = ---=-----==-----=---
rl\11 

clear from a free end: 

k + 0,001 

(6.1 

-c-.... , Rw.Rd =---------------

rMI 

(6.1Sg) 

Figure 6.7b): Local loads and supports - cross-sections with a single web 

(4) Tf the web rotation is prevented either by suitable restraint or because of the section geometry (e.g. I-beams, 
see fourth and fifth from the left in the figure 6.6) then the local transverse resistance of a web Rw,Rd may be 
determined as follows: 

a) for a single load or support reaction 

i) c < I ,S hw (near or at free end) 

for a cross-section of stiffened and unstiffened flanges 

k7l8,8 + 1'1~} fyb 
Rw.Rd =-=-------=--

rMI 

ii) c> I ,S h\\ (far from free end) 

for a cross-section of stiffened and unstiffened flanges 

3,2+ 

rl\11 

b) for opposite loads or reactions 

i) c < 1 ,S hw (near or at free end) 

50 

... (6.16a) 

... (6.16b) 



for a cross-section of stiffened and unstiffened flanges 

+ 

R\\i.Rd = ---=------=-----
Yrvll 

ii) c> 1,5 hI'.' (loads or reactions far from free end) 

for a cross-section of stiffened and unstiffened flanges 

+ 

R w,ReI = -----==----------'=----

Yrvll 

Where the values of coefficients k 5 to kll should be determined as follows: 

k~ 1,49 - 0,53 k but ks ~ 0,6 

k6= 0,88 0,12 t 11,9 

k7 1+hw/(tx750) if~'slt<150; k7 = 1,20 if S, It> 150 @J] 
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... (6. 16c) 

... (6.16d) 

~ k8 1 I k if Ss I t < 66,5 ; ks (1, I 0 - hw l(t x 665)) 1 k if s, I t 66,5 

k9 = 0,82 + 0,15 t 1],9 

k10 (0,98 - hw l(t x 865)) 1 k @il 

kll = 0,64 + 0,31 tll,9 

where: 

k= 228 [with 

Ss is the nominal length of stiff bearing. 

In the case of two equal and opposite local transverse forces distributed over unequal bearing lengths, the 
smaller value of s, should be used. 

6.1. 7.3 Cross-sections with two or more unstiffened webs 

(1) In cross-sections with two or more webs, including sheeting, see figure 6.8, the local transverse resistance 
of an unstiffened web should be determined as specified in (2), provided that both of the following conditions 
are satisfied: 

where: 

the clear distance c from the beating length for the support reaction or local load to a free end, see 
figure 6.9, is at least 40 mm; 

the cross-section satisfies the following criteria: 

rlt :::; 10 

:::; 200 sin cjJ 

:::; cjJ :::; 90° 

hw is the web height between the midlines of the flanges; 

r is the internal radius of the corners; 

cjJ is the angle of the web relative to the flanges [degrees). 

... (6. 17 a) 

... (6.17b) 

... (6.17c) 
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n 
Rw,Rd t f Rw,Rd l=J 

Figure 6.8: Examples of cross-sections with h\7O or more webs 

(2) Where both of the conditions specified in (I) are satisfied, the local transverse resistance Rw.Rd per web of 
the cross-section should be determined from 

atl ~ fYb E (1 -O,INt )l0,5+ ~ 0,021 a It J(2,4 + (¢190 )lrM, 
... (6.18) 

where: 

la is the effective bearing length for the relevant category, see (3); 

a is the coefficient for the relevant category, see 

(3) The values of la and a should be obtained from (4) and respectively. The maximum value for 
la = 200 mm. When the support is a cold-formed section with one web or round tube, for Ss should be taken a 
value of ] ° 111m. The relevant category (lor 2) should be based on the clear distance e between the local load 
and the nearest support, or the clear distance c from the support reaction or local load to a free end, see figure 
6.9. 

(4) T'he value of the effective bearing length la should be obtained from the following: 

a) for Category 1 : la 10mm ... (6.19a) 

b) for Category 2: 

- /3v ::; In Ss ... (6.19b) 

- flv ~ la 10 mm '" (6.1 

- 0,2 < flv < 0,3: Interpolate linearly between the values of la for 0,2 and 0,3 

with: 

in which I and IVEd.21 are the absolute values of the transverse shear on each side of the local load 
or support reaction, and WEd. I I ~ and Ss is the length of stiff bearing. 

(5) The value of the coefficent a should be obtained from the following: 

a) for Category 1 : 

- for sheeting profiles: a 0,075 ... (6.20a) 

for liner trays and hat sections: a = 0,057 ... (6.20b) 

b) for Category 2: 

- for sheeting profiles: a 0,15 ... (6.20c) 

for liner trays and hat sections: a 0,115 ... (6.20d) 
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local load applied with e ::; 1,5 hw clear from the nearest support; 

Category I 

local load applied with c ::; 1,5 hw clear from a free end; 

Category] 

- reaction at end support with c ::; 1,5 hI\' clear from a free end. 

Category 2 

- local load applied with e > 1,5 Izw clear from the nearest support; 

Category 2 

- local load applied with c > 1,5 hw clear from a free end; 

Category 2 

reaction at end suppo11 with c > 1,5 hw clear from a free end; 

Category 2 

reaction at internal support. 

Figure 6.9: Local loads and supports -categories of cross-sections with two or Inore webs 
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6.1.7.4 Stiffened webs 

(I) The local transverse resistance of a stiffened web may be determined as specified in (2) for cross-sections 
with longitudinal web stiffeners folded in sLlch a way that the two folds in the web are on opposite sides of the 
system line of the web joining the points of intersection of the midline of the web with the midlines of the 
flanges, see figure 6.10, that satisfy the condition: 

2< <12 ... (6.21) 

where: 

elll;t,X is the larger eccentricity of the folds relative to the system line of the web. 

(2) For cross-sections with stiffened webs satisfying the conditions specified in (I), the local transverse 
resistance of a stiffened web may be determined by multiplying the corresponding value for a similar 
unstiffened web, obtained from 6.1.7.2 or 6.1.7.3 as appropliate, by the factor T(l.'> given by: 

where: 

... (6.22) 

bd is the developed width of the loaded flange, see figure 6.] 0; 

eillill is the smaller eccentricity of the folds relative to the system line of the web: 

sp is the slant height of the plane web element nearest to the loaded flange, see figure 6.10. 

-~ 

sp\ 
:t 

Figure 6.10: Stiffened webs 

6.1.8 Combined tension and bending 

(I) Cross-sections subject to combined axial tension NEd and bending moments My,Ed and M z.Ed should 
satisfy the criterion: 

+ + ----::; 
M cz..Rd,ten ... (6.23) 

where: 

54 

NI.Rd is the design resistance of a cross-section for uniform tension (6.1.2); 

Mcy,Rd.lell is the design moment resistance of a cross-section for maximum tensile stress if subject only 
to moment about the y - y axis (6.1.4)~ 

A1c/,RdJCIl is the design moment resistance of a cross-section for maximum tensile stress if subject only 
to moment about the z z axis (6.1 A). 
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(2) If Mcy.Rd.colll :S or MczRd.colll :S (where Mcy.RJ.colll and N!cz.Rd.coll1 are the moment 
resistances for the maximum compressive stress in a cross-section that is subject only to moment about the 
relevant axis), the following criterion should also be satisfied: 

M 
+ 

M cy.ReI.com 

A1 LEd 

!vI cz.Rd.com 

NEd::; 1 
N LRd 

6.1.9 Combined compression and bending 

... (6.24) 

(1) Cross-sections subject to combined axial compression NEd and bending moments /Vly.Ed and 
satisfy the criterion: 

should 

NEd 

NeRd 
+ 

IV 

M cy. Rd.cOIl) 

in which NeRd is as defined in 6.1 

M z.Ed + ~M z.Ed + ::; 

... (6.25) 

NJcy.Rd.eolll and Mez.Rd.com are as defined in 6.1.8. 

(2) The additional moments LlA1y.Ed and LlMz.Ed due to shifts of the centroidal axes should be taken as: 

in which and eNz are the shifts of y-y and z-z centroidal axis due to axial forces, see 6.1.3(3), 

(3) If ~ NJey.Rd.lCIl :S @ilor :S Mcz.Rd.colll the following criterion should also be satisfied: 

M 

M cy.Rd.tcll 

in which MC)"Rd.lt'Il' 

A1 z.Ed + ~ M z.Ed 
+ 

M l"z.Rd.tcll 

are as defined in 6.1.8. 

NEd::; 1 
NeRd 

6.1.10 Combined shear force, axial force and bending moment 

... (6.26) 

(I) For cross-sections subject to the combined action of an axial force a bending moment Nlcd and a 
shear force no reduction due to shear force need not be done provided that VI~d:S 0,5 V w.Rd . If the shear 
force is larger than half of the shear force resistance then following equations should be satisfied: 

N Rd 

where: 

NRd 

Nly.Rd 

Vw.Rd 

MfRd 

+(1 
M rRd 

... (6.27) 

is the design resistance of a cross-section for uniform tension or compression given in 6. 1.2 or 
6.1 

is the design moment resistance of the cross-section given in 6.1 

is the design shear resistance of the web given in 6.1.S( 1); 

is the moment of resistance of a cross-section consisting of the effective area of flanges only, 
See EN 1993-1 

is the plastic moment of resistance of the cross-section, see EN 1993-1-5. 

For members and sheeting with more than one web Vw.RcI is the sum of the resistances of the webs. See also 
EN 1993-1-5. 
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6.1.11 Combined bending moment and local load or support reaction 

(I) Cross-sections subject to the combined action of a bending moment A4Ed and a transverse force due to a 
local load or support reaction FEd should satisfy the following: 

MEt,/ McRd 

FEd / S 

M Ed + s I 
A4 L.Rd R w.ReI 

where: 

Mc.Rd is the moment resistance of the cross-section given in 6.1.4.1 (I); 

RIV.Rd is the appropriate value of the local transverse resistance of the web from 6.1.7. 

... (6.28a) 

... (6.28b) 

... (6.28c) 

In equation (6.28c) the bending moment MEd may be calculated at the edge of the support. For members and 
sheeting with more than one web, Rw.Rdis the sum of the local transverse resistances of the individual webs. 

6.2 Buckling resistance 

6.2.1 General 
( I) In members with cross-sections that are susceptible to cross-sectional distortion, account should be taken of 
possible lateral buckling of compression flanges and lateral bending of flanges generally. 

(2) The effects of local and distortional buckling should be taken into account as specified in Section 5.5. 

6.2.2 Flexural buckling 

(1) The design buckling resistance Nb,Rd for flexural buckling should be obtained from EN 1993-1-1 using the 
appropriate buckling curve from table 6.3 according to the type of cross-section, axis of buckling and yield 
strength used, see (3). 

(2) The buckling curve for a cross-section not included in table 6.3 may be obtained by analogy. 

(3) The buckling resistance of a closed built-up cross-section should be determined using either: 

- buckl ing curve b in association with the basic yield strength /yb of the flat sheet material out of which the 
member is made by cold forming; 

- buckl ing curve c in association with the average yield strength of the member after cold forming, 
determined as specified in provided that Aeff = Ag• 

6.2.3 Torsional buckling and torsional-flexural buckling 

(1) For members with point-symmetric open cross-sections Z-purlin with equal flanges), account should 
be taken of the possibility that the resistance of the member to torsional buckling might be less than its 
resistance to flexural buckling. 

(2) For members with mono-symmetric open cross-sections, see figure 6.12, account should be taken of the 
possibility that the resistance of the member to torsional-flexural buckling might be less than its resistance to 
flexural buckling. 

(3) For members with non-symmetric open cross-sections, account should be taken of the possibility that the 
resistance of the member to either torsional or torsional-flexural buckling might be less than its resistance to 
flexural buckling. 

(4) The design buckling resistance for torsional or torsional-flexural buckling should be obtained from 
EN 1993-1-1,6.3.1.1 using the relevant buckling curve for buckling about the z-z axis obtained from table 6.3 . 
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Table 6.3: Appropriate buckling curve for various types of cross-section 

Type of cross-section Buckling Buckling 
about axis curve 

if is used Any b 

I 
-

W 
I 

I , 
- -- '- - --1-- -,1;-
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m 
1 

if is used') Any c 

£. 

i I y-y a 

,_._jE--y ~ 

y------ ] 

[ ~ b 
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I 
Any b 

rf1 I ~ 
'- / 

" _. I- .. _ .. -
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/ 
I J l,L 
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I 
Any c 

-
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I I 
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; 
; or other 

'- cross-section --
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~ 
I 

") The average yield strength should not be used unless = Ag 
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i----

I 
I 

Figure 6.12: MonosYlnmetric cross-sections susceptible to torsional-flexural buckling 

(5) 'fhe elastic critical force N cr.T for torsional buckling of simply supported beam should be determined 
from: 

NCLT 

... (6.33a) 

with: 

... (6.33b) 

where: 

G is the shear modulus; 

I, is the torsion constant of the gross cross-section; 

Iw is the warping constant of the gross cross-section; 

ly is the radius of gyration of the gross cross-section about the y y 

;z is the radius of gyration of the gross cross-section about the z z axis; 

rr is the buckling length of the member for torsional buckling; 

Yo, Zu are the shear centre co-ordinates with respect to the centroid of the gross cross-section. 

~ (6) For doubly symmetric cross-sections (e.g. Yo = 20 = 0), the elastic critical force Ncr should be determined 
from: 

... (6.34) 

where Ncr,i should be determined as minimum from three values: Ncr,y, 
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(7) For cross-sections that are symmetrical about the y y aXIS 
torsional-flexural buckling should be determined from: 

Ncr,y 

2/3 

with: 

f3 

NeLT 
1+---

NcLy 

.(.0 0), the elastic critical force 

... (6.35) 

~ Equation (6.35) is valid only if the torsional and tlexural buckling lengths are equal /, / T' 

for 

(8) The buckling length lr for torsional or torsional-flexural buckling should be determined taking into 
account the degree of torsional and warping restraint at each end of the system length Dr. 

(9) For practical connections at each end, the value of {tl LT may be taken as follows: 

- 1,0 for connections that provide partial restraint against torsion and warping, see figure 6.13(a); 

- 0,7 for connections that provide significant restraint against torsion and warping, see figure 6.13(b). 

Column to be considered 

a) connections capable of giving partial torsional and warping restraint 

Hollow sections 
or sections with 
bolts passing 
through two 
webs per 
member 

Web ~--tr-.JiIIII'i 

Column to be considered 

b) connections capable of giving significant torsional and warping restraint 

Figure 6.13: Torsional and warping restraint fronl practical connections 

6.2.4 Lateral-torsional buckling of members subject to bending 
(I) The design buckling resistance moment of a member that is susceptible to lateral-torsional buckling should 
be determined according to EN 1993-1-1, section 6.3.2.2 using the lateral buckling curve b. 

(2) This method should not be used for the sections that have a significant angle between the principal axes of 
the effective cross-section, compared to those of the gross cross-section. 

6.2.5 Bending and axial compression 

(I) The interaction between axial force and bending moment may be obtained from a second-order analysis of 
the member as specified in EN 1993-1-1, based on the properties of the effective cross-section obtained from 
Section 5.5. See also 5.3. 
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(2) As an alternative the interaction formula IEJ) (6.36) @j] may be used 

+ ~ l.0 ... (6.36) 

where Nb.Rd is the design buckling resistance of a compression member according to 6.2.2 (tlexural, torsional 
or torsional-flexural buckling) and MIl.Rd is the design bending moment resistance according to 6.2.4 and MEd 

includes the effects of shift of neutral if relevant. 

6.3 Bending and axial tension 
( I ) The interaction equations for compressive force in 6.2.5 are applicable. 

7 Serviceability limit states 

7.1 General 
(]) The rules for serviceability limit states given in Section 7 of EN 1993-1 I should also be applied to cold
formed members and sheeting. 

(2) The properties of the effective cross-section for serviceability limit states obtained from Section 5.1 should 
be used in all serviceability limit state calculations for cold-formed members and sheeting. 

(3) The second moment of area may be calculated alternatively by interpolation of gross cross-section and 
effective cross-section using the expression 

where 

... (7.1) 

is second moment of area of the gross cross-section; 

Dgr is maximum compressive bending stress in the serviceability limit state, based on the gross cross
section (positive in formula); 

I( 0J,jT is the second moment of area of the effective cross-section with allowance for local buckling 
calculated for a maximum stress (J':::: (J'gn in which the maximum stress is the largest absolute 
value of stresses within the calculation length considered. 

(4) The effective second moment of area len (or he) may be taken as variable along the span. Alternatively a 
uniform value may be used, based on the maximum absolute span moment due to serviceability loading. 

7.2 Plastic deformation 
(1) In case of plastic global analysis the combination of support moment and support reaction at an internal 
support should not exceed 0,9 times the combined design resistance, determined using Jh~er' see section 2(5). 

(2) The combined design resistance may be determined from 6.1.1 I, but using the effective cross-section for 
serviceability limit states and n1.ser' 

7.3 Deflections 
(1) The deflections may be calculated assuming elastic behaviour. 

(2) The influence of slip in the connections (for example in the case of continuous beam systems with sleeves 
and overlaps) should be considered in the calculation of deflections, forces and moments. 
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8 Design of joints 

8.1 General 
(I) For design assumptions and requirements of joints see EN 1993-1-8. 

(2) The following rules apply to core thickness tcor :s; 4 mm. not covered E~ 1993-1-8. 

8.2 Splices and end connections of members subject to compression 
(1) Splices and end connections in members that are subject to compression, shou ld either have at least the 
same resistance as the cross-section of the member, or be designed to resist an additional bending moment due 
to the second-order effects within the member, in addition to the internal compressive force and the 
internal moments Ivly.EJ and obtained frolll the global analysis. 

(2) In the absence of a second-order analysis of the member, this additional moment .dlV/[d should be taken as 
acting about the cross-sectional axis that gives the smallest value of the reduction factor X for flexural 
buckling, see [§) 6.2.2( I) , with a value determined from: 

1 I '1 WefT . J[{( 
- I -- Sin 

X J Aeff { 
~Ed = 

... (8.1 a) 

where: 

is the effective area of the cross-section; 

{( IS the distance from the splice or end connection to the nearer point of contraflexure; 

IS the buckling length of the member between points of contraflexure, for buckling about the 

relevant 

We iT is the section modulus of the effective cross-section for bending about the relevant axis. 

Splices and end connections should be designed to resist an additional internal shear force 

~ V Ed I - I ) ::;; 
... (8.1 b) 

(3) Splices and end connections should be designed in sLlch a way that load may be transmitted to the effective 
portions of the cross-section. 

(4) If the constructional details at the ends of a member are such that the line of action of the internal axial 
force cannot be clearly identified, a suitable eccentricity should be assumed and the resulting moments should 
be taken into account in the design of the member, the end connections and the splice, if there is one. 

8.3 Connections with mechanical fasteners 
(1) Connections with mechanical fasteners should be compact in shape. The positions of the fasteners should 
be arranged to provide sufficient room for satisfactory assembly and maintenance. 

NOTE: More information see Part 1-8 of EN 1993. 

(2) The shear forces on individual mechanical fasteners in a connection may be assllmed to be equal, provided 
that: 

- the fasteners have sufficient ductility; 

shear is not the critical failure mode. 
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(3) For design by calculation the resistances of mechanical fasteners subject to predominantly static loads 
should be determined from: 

table 8.1 for blind rivets; 

table 8.2 for self-tapping screws; 

table 8.3 for cartrldge flred plllS; 

- table 8.4 for bolts. 

NOTE: For determining the design resistance or mechanical fasteners by see 9(4). 

(4) In tables 8.1 to 8.4 the meanings of the symbols shou Id be taken as follows: 

A the gross cross-sectional area of a fastener; 

the tensile stress area of a fastener; 

A llel the net cross-sectional area of the connected part; 

flu the reduction factor for long joints according to EN J 993-1 

d the nominal diameter of the fastener; 

do the nominal diameter of the hole; 

dw the diameter of the washer or the head of the fastener; 

e] the end distance from the centre of the fastener to the adjacent end of the connected part, in 
the direction of load transfer, see figure 8.1 ; 

e2 the distance from the centre of the fastener to the adjacent of the connected part, 
in the direction perpendicular to the direction of load transfer, see figure 8.1 ; 

/:Ih the ultimate tensile strength of the fastener material; 

.1:1. Slip the ultimate tensile strength of the supporting member into which a screw is fixed; 

n the number of sheets that are fixed to the supporting member by the same screw or pin; 

fir the number of mechanical fasteners in one connection; 

PI the spacing centre-to-centre of fasteners in the direction of load transfer, see figure 8.1 ; 

P2 the spacing centre-to-centre of fasteners in the direction perpendicular to the direction of 
load transfer, see figure 8.1 ; 

the thickness of the thinner connected part or sheet; 

the thickness of the thicker connected pal1 or sheet; 

the thickness of the Supp0l1ing member into which a screw or a pin is fixed. 

(5) The partial factor }ivl for calculating the design resistances of mechanical fasteners should be taken as }iv12: 

NOTE: The value 1\11 may be given in the National Annex. The value ~12 1,25 is recommended. 

62 



BS EN 1993-1-3:2006 
EN 1993-1-3: 2006 (E) 

P1 

! ! ! 
I I I 

Oi rection of ... .... 
load transfer 

--~--- ------~-------~-~--
i i do ~! 
I I '1 
, . . 

---$----- ----$------------@----

Figure 8.1: End distance, edge distance and spacings for fasteners and spot welds 

(6) If the pull-out resistance Fo.RcI of a fastener is smaller than its pull-through resistance F p.Rd the 
deformation capacity should be determined from tests. 

(7) The pull-through resistances in tables 8.2 and 8.3 for self-tapping screws and cartridge fired pins 
should be reduced if the fasteners are not located centrally in the troughs of the If attachment is at a 
quarter point, the design resistance should be reduced to 0,9Fp.Rd and if there are fasteners at both quarter 
points, the resistance should be taken as 0,7 Fp•Rd per fastener, see figure 8.2. 

r: 1 \*:t l 
+ O,9Fp,Rd O,7Fp,Rd + ' + O,7Fp,Rd 

Figure 8.2: Reduction of pull through resistance due to the position of fasteners 

(8) For a fastener loaded in combined shear and tension, provided that both FU<.d and are determined by 
calculation on the basis of tables 8.1 to 8.4, the resistance of the fastener to combined shear and tension may be 
verified using: 

FLEd 
------+------~ 
min(Fp,RcI' Fo•Rd ) min(Fb.Rd , Fn.Rd ) ... (8.2) 

(9) The gross section distortion may be neglected if the design resistance is obtained from tables 8.1 to 8.4, 
provided that the fastening is through a flange not more than 150 mm wide. 

(10) The diameter of holes for screws should be in accordance with the manufacturer's guiciel1nes. These 
guidelines should be based on following criteria: 

the applied torque should be just higher than the threading torque; 

- the applied torque should be lower than the thread stripping torque or head-shearing torque: 

- the threading torque should be smaller than 2/3 of the head-shearing torque. 

(11) For long joints a reduction factor flu should be taken into account according to EN 1993-1-8, 3.8. 

(12) The design rules for blind rivets are valid only if the diameter of the hole is not more than 0, I mm larger 
than the diameter of the rivet. 

(13) For the bolts M12 and M14 with the hole diameters 2 mm 
made to EN 1993-1-8. 

than the bolt diameter, reference is 
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Table 8.1: Design resistances for blind rivets 1) 

Rivets loaded .in shear: 

In which a is given by the following: 

if I a=3,6!fid but a S; 2,1 

t: a= 2,1 

if t < tl < I: obtai 11 a by linear interpolation. 

Net-section resistance: 

Shear resistance F",Rd to be determined by testing ':"land Fv.Rd = Fv.Rk / 

Conditions: 4) F,.Rd 2 1,2 / (nr j3u) or 2 1,2 Fn.Rd 

Rivets loaded in tension: 

Pull-throm:h resistance: Pull-through resistance to be determined by testing I) 

Not relevant for rivets. 

Tension resi stance: Tension resistance Ft.Rd to be determined by testing ",I) 

Conditions: 

Range of validity: 3) 

CI 2 1,5d PI 2 3d 2,6 mm S; d S; 6,4 mm 

C2 2 1,5d P2 2 3d 

f;l~ 550 Nflnm2 

I) In this table it is assumed that the thinnest sheet is next to the preformed head of the blind rivet. 

Blind rivets are not usually used in tension. 

3) Blind rivets may be used beyond this range of validity if the resistance is determined from the results of 
tests. 

4) The required conditions should be fulfilled when deformation capacity of the connection is needed. When 
these conditions are not fulfilled there should be proved that the needed deformation capacity will be 
provided by other parts of the structure. 

64 

NOTE:",I) The National Annex may give further information on shear resistance of blind rivets loaded in shear and 
pull-through resistance and tension resistance of blind rivets loaded in tension. 



Table 8 2 Design resistances for self-tappmg screws I) 

Screws loaded in shear: 

Bean ng resistance = 
In \\/hich a is given by the following: 

- if t = tl: a= 3,2 Jtid but a 2.1 

if tl 2: 2,5 t and t < LO mm: a = 3,2 {tid but a ::;2,1 

- if tJ 2: 2.5 t and t ,0 mm: a= 2.1 

- if t < tl < 2,5 t: obtain a by linear interpolation. 

Shear resH!~""r'-'I""'''''' Shear resistance F,.RJ to be determined by testing :,,2) 

r'. cl ,: 4) F 
~Ul IS 'v.Ro ;?: 1,2 F b.Rd or ;?: 1,2 Fn.Rd 

Screws loaded in tension: 

Pull-through resistance: 2) 

- for static loads: 

BS EN 1993-1-3:2006 
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- for screws subject to wind loads and combination of wind loads and static loads: Fp.Rd 0,5 d\\" 1./:1 / 1M2 

Pull-out resistance: If / s < 1: (s is the thread pitch) 

If /s2: 1: 

Tension resistance: Tension resistance FI.Rd to be determined by testing :,,2). 

Conditions: 4) Ft.Rd ;?: I F p.Rd or 

Range of validity: 3) 

Generally: PI ;?: 3d 3,0 mm S d s 8,0 mm 

P2 ;?: 3d 

For tensIon 0,5 mm S t S 1,5 mm and tl ;?: 0.9 mm 

J) In this table it is assumed that the thinnest sheet is next to the head of the screw. 
These values assume that the washer has sufficient rigidity to prevent it from being deformed appreciably 

or pulled over the head of the fastener. 
3) Self-tapping screws may be used beyond this range of validity if the resistance is determined from the 
results of tests. 
4) The required conditions should be fulfilled when deformation capacity of the connection is needed. When 
these conditions are not fulfilled there should be proved that the needed deformation capacity will be 
provided by other parts of the structure. 

NOTE:*l) The National Annex may give further informal.ion on shear resistance of self-tapping ~ screws loaded in 
shear and tension resistance of self-tapping screws @illoaded in lension. 
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Table 8.3: Design resistances for cartridge fired pins 

Pins loaded in shear: 

d f I ~12 

Fn.Rd Aile!.!:, I 

Shear resistance: Shear resistance F v.Rd to be determined by testing 

= F v.Rk I 

Conditions: 

Pins 10aded in tension: 
I) 

- for static loads: = 

- for winclloads_and combination of wind loads and static loads: 

Pull-out resistance: 

Pull-out resistance to be determined by testing ;;,3) 

Tension resistance FI.I<'d to be determined by testing 

Conditions: 3) or 

I~ange of vaHdit)": 

Generally: e1 ~ 4,5d mm S d S 6,0 mm 

e2 ~ 4,5d for d = 3,7 mm: ~ 4,0 mm 

PI ~ d for d 4,5 mm: tsup ~ 6,0 mm 

/J2 ~ 4,5d for d = mm: t~lIP ~ 8,0 mm 

f:J s 550 N/mnl 

0,5 mm S f S 1,5mm tslIp ~ 6,0 mm 

I) These values assume that the washer has sufficient rigidity to prevent it from being deformed appreciably 
or pulled over the head of the fastener. 

Cartridge fired pins may be used beyond this range of validity if the resistance is determined from the 
results of tests. 

3) The required conditions should be fulfilled when deformation capacity of the connection is needed. When 
these conditions are not fulfilled there should be proved that the needed deformation capacity wiIJ be 
provided by other parts of the structure. 
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Table 8.4: Design resistances for bolts 

Bolts loaded in shear: 

BeaJinQ: resistance: 

Fh.Rd = 2,5ah k[ fll d t I with at) is the smallest of 1,0 or el I (3d) and 

kt (0,8 t + I 12,5 for 0,75 mm t< 1,25 mm; kl = 1,0 for t> I mm 

Fn.Rd = ( I + 3 r( I u - 0,3) ) Aned'lI l )i12 but 

with: 

r = [number of bolts at the cross-section] I [total number of bolts in the connection] 

1I but II ::; /h 

for strength grades 4.6, 5.6 and 8.8: 

Fv.Rd 0,6 fub A~ I /tv12 

- for strength grades 4.8, 5.8, 6.8 and 10.9: 

Fv~Rd = 

Conditions: 3) ;:::: I ,2 L F h.Rd or L Fv.Rd ;:::: 1,2 Fn.Rd 

Bolts loaded in tension: 

Pull-through resistance: Pull-through resistance to be determined by testing 

Not relevant for bolts. 

Conditions: 3) 

Range of validity: I) 

lEi> 0, 75 111111 ::; t < 3 111m@ilMinimum bolt size: 1\16 

Strength grades: 4.6 - ] 0.9 

fu ~ 550 N/mm2 

\) Bolts may be used beyond this range of validity if the resistance is determined from the results of tests. 

For thickness larger than or equal to 3 ml11 the rules for bolts in EN 1993-1-8 should be used. 

3) The required conditions should be fulfilled when deformation capacity of the connection is needed. When 
these conditions are not fulfilled there should be proved that the needed deformation capacity will be 
provided by other parts of the structure. 

NOTE:"'.:J-) The National Annex may give further information on pull-through resistance of bolts loaded in tension. 
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8.4 Spot welds 
(I) Spot welds may be used with as-rolled or galvanized parent material up to 4,0 mm thick, provided that the 
thinner connected part is not more than 3,0 mm thick. 

(2) Spot welds may be either resistance welded or fusion welded. 

The design resistance of a spot weld loaded in shear should be determined using table 8.5. 

Tn table 8.5 the meanings of the symbols should be taken as follows: 

IS the net cross-sectional area of the connected part; 

11\1' is the number of spot welds in one connection; 

is the thickness of the thinner connected pmt or sheet [mm]; 

tl is the thickness of the thicker connected part or sheet [mm]; 

and the end and edge distances el and el and the PI and Pi. are as defined in 8.3(5). 

(5) The pclltial factor iii for calculating the design resistances of spot welds should be taken as lin. 

NOTE: The National Annex may chose the value of XI2. The value )i12 = 1,25 is recommended. 

Table 8.5: Design resistances for spot welds 

Spot welds loaded in shear: 

jf tl > 2,5 t: 

FV,Rd 

Range of validity: 

2d; ~ e] ~ 6ds 

e2 ~ 4ds 

[with t in mm] 

but F tb.Rd ~ 0,7 d., 

J[ /2,' -( 4 s 
I 

or F".Rd 

I 

;;:: 1,25 Fe.Rd 

3 ds ~ PI ~ 8ds 

3 d; ~ Jh ~ 6d, 

or E 

(6) The interface diameter ds of a spot weld should he determined from the following: 

- for fusion weldi ng: ds 0,5 t + 5 mm 

for resistance welding: ds 5Jf [with t in mm] 
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(7) The value of ds actually produced by the welding procedure should be verified by shear tests in 
accordance with Section 9, single-lap test specimens as shown in 8.3. The thickness t of the 
specimen should be the same as that used in practice. 

+ - It 
~ 

Resistance weld Fusion weld 

Figure 8.3: Test specimen for shear tests of spot welds 

8.5 Lap welds 

8.5.1 General 

(I) This clause 8.5 should be used for the design of arc-welded lap welds where the parent material is 4,0 mm 
thick or less. For thicker parent material, lap welds should be designed using EN 1993-1-8. 

(2) The weld size should be chosen such that the resistance of the connection is governed by the thickness of 
the connected pm1 or sheet~ rather than the weld. 

(3) The requirement in (2) may be assumed to be satisfied if the throat size of the weld is at least equal to the 
thickness of the connected part or 

(4) The partial factor %1 for calculating the design resistances of lap welds should be taken as 

NOTE: The National Annex may a choice of A12. The value 1\12 ],25 is recommended. 

8.5.2 Fillet welds 

(l) The design resistance Fw.Rd of a fillet-welded connection should be determined from the following: 

for a side fillet that is one of a pair of side fillets: 

... (8.4a) 

if L w.s > b ... (8.4b) 

- for an end fillet: 

(I 0,3 Lw,e / b )fu / %12 [for one weld and if b] ... (8.4c) 

where: 

b 1S the width of the connected pm1 or sheet, see 8.4: 

Lw .c is the effective length of the end fillet weld, see figure 8.4; 

Lw .. , IS the effective length of a side fillet weld, see figure 8.4. 
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I 
,~ I 

I 
b I 

I 
,~ I 

, 

1-< 
L W,s 

~I 

]Lw.e 

Figure 8.4: Fillet welded lap connection 

(2) If a combination of end fillets and side fillets is Llsed in the same connection, its total resistance should be 
taken as equal to the sum of the resistances of the end fillets and the side fillets. The position of the centroid 
and realistic assumption of the distribution of forces should be taken into account. 

(3) The effective length Lw of a fillet weld should be taken as the overall length of the full-size fillet, 
including end returns. Provided that the weld is full size throughout this length, no reduction in effective length 
need be made for either the start or termination of the weld. 

(4) Fillet welds with effective lengths less than 8 times the thickness of the thinner connected part should not 
be designed to transmit any forces. 

8.5.3 Arc spot welds 

(1) Arc spot welds should not be designed to transmit any forces other than in shear. 

(2) Arc spot welds should not be used through connected parts or sheets with a total thickness I: t of more 
than 4 mm. 

(3) Arc spot welds should have an interface diameter d, of not less than 10 mm. 

(4) If the connected part or sheet is less than 0,7 mm thick, a weld washer should be used, see figure 8.5. 

(5) Arc spot welds should have adequate end and distances as given in the following: 

(i) The minimulll distance llleasured parallel to the direction of force transfer, from the centreline of an arc 
spot weld to the nearest edge of an adjacent weld or to the end of the connected part towards which the 
force is directed, should not be less than the value of emin given by the following: 

if .1;1 < 1,15 

Fw.Rd ~ 
e mill =2,1. ~ 

t.lll / Yl\12 

(ii) The minimum distance from the centreline of a circular arc spot weld to the end or edge of the connected 
sheet should not be less than I,Sd\\' where is the visible diameter of the arc spot weld. 

(iil) The minimum clear distance between an elongated arc spot weld and the end of the sheet and between the 
weld and the of the sheet should not be less than 1,0 dw• 
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Connected 
part 
or sheet 

Weld washer 

member 

Figure 8.5: Arc spot weld with weld 'washer 

(6) The design shear resistance F w.Rd of a circular arc spot weld should be determined as follows: 

Fw.Rd (nI4) d,1 x 0,625j;l\vl /in ... (8.5a) 

where: 

.t:JW is the ultimate tensile strength of the welding electrodes; 

but Fw,Rd should not be taken as more than the resistance given by the following: 

if dp 1 L t ::; 18 (420 1 j~) 

Fw.Rd ... (8.5b) 

- if 18 (420 1 j~l) 0,5 < dp 1 L t < 30 (420 Ij~) 0.5 

Fw.Rd = 27 (420 Ifu) 0.5 (L t) 2 f~J /i12 ... (8.5c) 

if dp 1 L t ~ 30 (420 Ifu) 

Fw,Rd = 0,9 dp Lt hi 1 /i12 ... (8.5d) 

with dp according to (8). 

(7) The interface diameter ds of an arc spot weld, see figure 8.6, should be obtained from: 

0,7dw 1,5 L t but ds > 0,55 dw ... (8.6) 

where: 

dw is the visible diameter of the arc spot weld, see figure 8.6. 
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r--------I----+---------I JSUp 

a) Single connected sheet (L t t) 

b) Two connected sheets (L t t 1 + t 2 ) 

sup 

c) Single connected sheet with weld washer 

Figure 8.6: Arc spot welds 

(8) The effective peripheral diameter dp of an arc spot weld should be obtained as follows: 

- for a single connected sheet or part of thickness t: 

for multiple connected sheets or parts of total thickness 'Lt: 

'" (8.7a) 

dw - 2 I.t ... (8.7b) 

(9) The design shear resistance F w.ReI of an elongated arc spot weld should be determined from: 

Fw.ReI [( 1t/4 )ds
2 + Lwd,;] x 0,625fuwl YN12 ... (8.8a) 

but Fw.Rd should not be taken as more than the peripheral resistance given by: 

(0,5 Lw + 1,67 ) 'Lt/:J 1 Ji;12 ... (8.8b) 

where: 

Lw is the length of the elongated arc spot weld, measured as shown in figure 8.7. 
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Connected 
part 
or sheet 

Supporting member 

Figure 8.7: Elongated arc spot weld 

9 Design assisted by testing 
(1) This Section 9 may be used to apply the principles for design assisted by testing given in EN 1990 and in 
Section 2.5. of EN 1993-1 -1, with the additional specific requirements of cold-formed members and sheeting. 

(2) Testing should apply the principles given in Annex A. 

NOTE 1: The National Annex may give further information on testing in addition to Annex A. 

NOTE 2: Annex A gives standardised procedures for: 

- tests on profiled sheets and liner trays; 

- tests on cold-formed members; 

- tests on structures and portions of structures; 

- tests on beams torsionally restrained by sheeting; 

- evaluation of test results to determine design values. 

(3) Tensile testing of steel should be canied out in accordance with EN 10002-1. Testing of other steel 
propel1ies should be carried out in accordance with the relevant European Standards. 

(4) Testing of fasteners and connections should be carried out in accordance with the relevant European 
Standard or International Standard. 

NOTE: Pending availability of an appropriate European or International Standard, information on testing procedures for 
fasteners may be obtained from: 

ECCS Publication No. 21 (1983): European recommendatiolZsfor steel construction: the design 

and testing qf connections in steel sheeting and sections; 

ECCS Publication No. 42 (1983): European recommendations for steel construction: mechanical 

fasteners for use in steel sheeting and sections. 
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10 Special considerations for purlins, liner trays and sheetings 

10.1 Beams restrained by sheeting 

10.1.1 General 

(I) The provisions given in this clause 10.1 may be applied to beams (called purlins in this Section) of Z, C, 
U and Hot cross-section with h / t < c / t::S 20 for single fold and d / t ::s 20 for double fold. 

NOTE: Other limils are possible if verified lersting. The National Annex may informations on tests. Standard 
tests as in Annex A are recommended. 

(2) These provisions may be used for structural systems of purlins with bars, continuous, sleeved and 
overlapped ,,"'\/\"''''n1<: 

(3) These provisions may also be applied to cold-formed members used as side rails, floor beams and other 
similar types of beam that are similarly restrained by .:\1 I\._'-'ll 11,-':'. 

(4) Side rails may be designed on the basis that wind pressure has a similar effect on them to gravity loading 
on purlins, and that wind suction acts on them in a similar way to uplift loading on purlins. 

Full continuous lateral restraint may be supplied by trapezoidal steel sheeting or other profiled steel 
sheeting with sufficient stiffness, continuously connected to the of the purlin through the troughs of the 
sheets. The purlin at the connection to trapezoidal @l]sheetingmay be regarded as laterally restrained, if clause 
10.1.1 (6) is fulfi lied. In other cases (for example, fastening through the crests of the sheets) the of 
restraint should either be validated by experience, or determined from tests. 

NOTE: For tesls see Annex A. 

(6) If the ~ trapezoidal @l] sheeting is connected to a purl in and the condition by the equation (10.1 a) 
is met, the pllrlin at the connection may be regarded as being laterally restrained 1n the plane of the sheeting: 

where 

( 7[2 

S ~ l· EI w -, + GIL + 
L~ 

7[2 0 ?C I 2 J 70 , __ J 1 ! 

h~ 
... (\O.la) 

S is the portion of the shear stiffness provided by the for the examined member connected to 
the sheeting at each rib (If the sheeting is connected to a pllrlin every second rib only, then 5 
should be substituted by 0,205); 

Iv.; is the warping constant of the purlin; 

II is the torsion constant of the pm'lin; 

Iz is the second moment of area of the cross-section about the minor axis of the cross-section of the 
purlin; 

L is the span of the purlin; 

h is the height of the pm'lin. 

NOTE 1: The equation (10.1 a) may also be used to determine lhe lateral stability of member 
with other types of cladding than trapezoidal sheeting, provided that the connections are of suitable 

NOTE 2: The shear stiffness S may he calculated using ECCS guidance NOTE in 9(4)) or determined by tests. 

(7) Unless alternative support arrangements may be justified from the results of tests the purlin should have 
support details, such as cleats, that prevent rotation and lateral displacement at its supports. The effects of 
forces in the plane of the sheeting, that are transmitted to the supports of the purlin, should be taken into 
account in the design of the support details. 

(8) Tile beilaviour of a U:1terally restrained purlin should be modelled as outlined in figure 10.1. The 
connection of the purlin to the sheeting may be assumed to partially restrain the twisting of the purlin. This 
partial torsional restraint may be represented by a rotational spring with a spring stiffness CD' The stresses ill 
the free flange, not directly connected to the sheeting, should then be calculated by superposing the effects of 
in-plane bending and the effects of torsion, including lateral bending due to cross-sectional distortion. The 
rotational restraint given by the should be determined following 10.] .5. 
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(9) Where the free flange of a single span purlin is in compression under uplift allowance should also 
be made for the amplification of the stresses to torsion and distortion. 

(10) The shear stiffness of trapezoidal connected to the purhn at each rib and connected in every side 
overlap may be calculated as 

S = 1000#(50+] 
S 

h\\ 
(N), t and inmm ... ( 10.lb) 

where t is the design thickness of sheeting, broof is the width of the roof, s is the distance between the purlins 
and hw is the profile depth of sheeting. All dimensions are in mm. For liner trays the shear stiffness is Sv 
times distance between purlins, where Sv is calculated according to 10.3.5(6). 

10.1.2 Calculation methods 

(1) Unless a second order analysis is calTied out, the method given in 10.1.3 and 10.1.4 should be Llsed to allow 
for the tendency of the free flange to move laterally (thus inducing additional by treating it as a beam 
subject to a lateral load Cjh,Ed, see 10.1. 

(2) For use in this method, the rotational spring should be replaced by an equivalent lateral linear spring of 
stiffness K. In determining K the effects of cross-sectional distortion should also be allowed for. For this 
purpose, the free flange may be treated as a compression member subject to a nOll-uniform axial with a 
continuoLls lateral support of stiffness K. 

(3) If the free of a purlin is in compression due to in-plane bending (for example, due to uplift loading in 
a single span purlin), the resistance of the free flange to lateral buckling should also be verified. 

(4) For a more precise calculation, a numerical analysis should be carried alit, Llsing values of the rotational 
stiffness CD obtained from 10.1.5.2. Allowance should be made for the effects of an initial bow 

impetfection of (eo) in the free flange, defined as in 5.3. The initial imperfection should be compatible with 
the shape of the relevant buckling mode, determined by the eigen-vectors obtained from the elastic first order 
buckling analysis. 

(5) A numerical analysis using the rotational spring stiffness CD obtained from 10.1.5.2 may also be used if 
lateral restraint is not supplied or if its effectiveness cannot be proved. When the numerical analysis is carried 
out, it should take into account the bending in two directions, torsional St Venant stiffness and warping 
stiffness about the imposed rotation axis. 

(6) If a 2nd order analysis is canied out, effective sections and stiffness, due to local buckling, should be taken 
into account. 

NOTE: For a simplified design of purlins made of Z- and L- cross sections see Annex E. 
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Gravity loading Uplift loading 

a) Z and C section purlin with upper flange connected to sheeting 

+ 

In-plane bending Torsion and lateral 
bending 

b) Total deformation spl it into two parts 

c) Model purlin as laterally braced with rotationally spring restraint Co from sheeting 

q,E~_t_-r _________ .. J;.-~ 
,i - '; 

I 
I 
1 

I --"y 
fz 

khqEd .. ~ 
d) As a simplification 
replace the rotational spring 
CD by a lateral spring 
stiffness K 

K 

e) Free flange of purEn modelled as beam on elastic foundation. Model 
representing effect of torsion and lateral bending (including cross section 
distortion) on single span with uplift loading. 

Figure 10.1: Modelling laterally braced purlins rotationally restrained by sheeting 
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(I) For gravity loading, a single span purlin should satisfy the criteria for cross-section resistance given 111 

10.104.1. If it is subject to axial compression, it should also satisfy the criteria for stability of the free flange 
given in 10.104.2. 

(2) For uplift loading, a span purlin should satisfy the criteria for cross-section resistance given in 
10.104.1 and the criteria for stability of the free flange given in 10.1.4.2. 

10.1.3.2 Two-spans continuous purlins with gravity load 

(1) The moments due to gravity loading in a pllJ'lin that is physically continllolls over two spans without 
overlaps or sleeves, may either be obtained by calculation or based on the results of tests. 

(2) If the moments are calculated they should be determined using elastic global analysis. The j)urlin should 
satisfy the criteria for cross-section resistance given in 10. 104.1. For the moment at the internal support the 
cliteria for stability of the free flange given in 10.1.4.2 should also be satisfied. For mid-support should be 
checked also for bending moment + support reaction (web crippling if cleats are not used) and for bending 
moment + shear forces depending on the case under consideration. 

(3) Alternatively the moments may be determined using the results of tests in accordance with Section 9 and 
Annex A.S on the moment-rotation behaviour of the purlln over the internal support. 

NOTE: Appropriate testing procedures are given in Annex A. 

(4) The design value of the resistance moment at the supports M..,up.Rd for a given value of the load per unit 
length qE;J, should be obtained from the intersection of two curves representing the design values of: 

- the moment-rotation characteristic at the sUppOl1, obtained by testing in accordance with Section 9 and 
Annex A.S: 

- the theoretical relationship between the support moment 
rotation ¢Ed in the purlin over the support. 

and the corresponding plastic hinge 

To determine the final design value of the support moment lVl..,up.Ed allowance should be made for the effect of 
the lateral load in the free flange and/or the buckling stability of that free flange around the mid-support, which 
are not fully taken into account by the internal support test as given in clause A.S.2. If the free llange is 
physically continued at the support and if the distance between the support and the nearest anti-sag bar is larger 
than 0,5 s, the lateral load qhd~d according to 10.l.4.2 should be taken into account in verification of the 
resistance at mid-support. Alternatively, full-scale tests for two or mUlti-span purlins may be used to determine 
the effect of the lateral load in the free flange and/or the buckling stability of that free flange around the mid
support. 

(5) The span moments should then be calculated from the value of the support moment. 

(6) The following expressions may be used for a purlin with two equal spans: 

L 
8 M sup,Ed ] 

M spn,Ed 

where: 

lefT is the effective second moment of area for the moment lVJ~pn.Ed; 

L is the span; 

Mspn.Ed IS the maximum moment in the span. 

... (1 0.2a) 

... (10.2b) 
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(7) The expressions for a purl in with two unequal spans, and for non-uniform loading snow 
accumulation), and for other similar cases, the formulas (IO.2a) and (I 0.2b) are not valid and appropliate 
analysis should be made for these cases. 

(8) The maximum span moment iVl,pll.Eu in the purlin should satisfy the criteria for cross-section resistance 
given in 10.1.4.1. Alternatively the resistance moment in the span may be determined by testing. A single span 
test may be used with a span comparable to the distance between the points of contraflexure in the span. 

10.1.3.3 Two-span continuous purlins with uplift loading 

(I) The moments due to uplift loading in a purlin that is physically continuous over two spans without overlaps 
or sleeves, should be determined using elastic global analysis. 

(2) The moment over the internal support should satisfy the criteria for cross-section resistance given in 
10.1.4.1. Because the support reaction is a tensile force, no account need be taken of its interaction with the 
support moment. The mid-support should be checked also for ineraction of bending moment and shear forces. 

(3) The moments in the spans should satisfy the criteria for stability of the free flange given in 10.1.4.2. 

10.1.3.4 Purlins with semi-continuity given by overlaps or sleeves 

(I) The moments in purlins in which continuity over two or more spans is given by overlaps or sleeves at 
internal supports, should be determined taking into account the effective section properties of the cross-section 
and the effects of the overlaps or sleeves. 

(2) Tests may be carried out on the SUppOIl details to determine: 

the flexural stiffness of the overlapped or sleeved part; 

the moment-rotation characteristic for the overlapped or sleeved part. Note, that only when the failure 
occurs at the support with cleat or similar preventing lateral displacements at the support, then the plastic 
redistribution of bending moments may be used for sleeved and overlapped systems; 

the resistance of the overlapped or sleeved pall to combined support reaction and moment; 

- the resistance of the non-overlapped ullsleeved part to combined shear force and bending moment. 

Alternatively the characteristics of the mid-support details may be determined by numerical methods jf the 
design procedure is at least validated by a relevant numbers of tests. 

(3) For gravity loading, the pllI'lin should satisfy the following criteria: 

at internal supports, the resistance to combined support reaction and moment determined e.g. by calculation 
assisted by testing; 

- near supports, the resistance to combined shear force and bending moment determined e.g. by calculation 
assisted by testing; 

in the spans, the criteria for cross-section resistance given in 10.lA.I; 

- if the plll'lin is subject to axial compression, the criteria for stability of the free flange given in 10.1.4.2. 

(4) For uplift loading, the purlin should satisfy the following criteria: 

- at internal supports, the resistance to combined support reaction and moment determined by calculation 
assisted by testing, taking into account the fact that the suppOIl reaction is a tensile force in this case; 

- near supports, the resistance to combined shear force and bending moment determined e.g. by calculation 
assisted by testing; 

- in the spans, the criteria for stability of the free flange given in 10.1 

if the purlin is subjected to axial compression, the criteria for stability of the free tlange is given in 10.1.4.2. 

10.1.3.5 Serviceability criteria 

(1) The serviceability criteria relevant to purlins should also be satisfied. 
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10.1.4 Design resistance 

10.1.4.1 Resistance of cross-sections 

(1) For a purlin subject to axial force and transverse load the resistance of the cross-section should be verified 
as indicated in figure 10.2 by superposing the stresses due to: 

- the in-plane bending moment lWy.Ed ; 

the axial force NEd; 

an equivalent lateral load qh.Ed acting on the free flange, due to torslon and lateral bending, see (3). 

(2) The maximum stresses in the cross-section should satisfy the following: 

- restrained flange: 

O"max.Ed + 
~V elly ... (I 0.3a) 

free flange: 

O"m<lx.Ed = + 
HI efT,y Aeff Wfi:. 

~ f' / . y Yrv! 

... (IO.3b) 

where: 

is the effective area of the cross-section for only uniform compression; 

fy is the yield strength as defined in 3.2.1 (S); 

Mfz.Ed is the bending moment in the free flange due to the lateral load qh,Ed, see formula (10.4); 

VVeff,y is the effective section modulus of the cross-section for only bending about the y - y 

Wfz is the gross elastic section modulus of the free flange plus the contributing part of the web for 
bending about the z-z axis; unless a more sophisticated analysis is carried out the contributing 
part of the web may be taken equal to liS of the web height from the point of web-flange 
intersection in case of C- and Z-sections and 1/6 of the web height in case of ~:::-section, see 
Figure 10.2; 

and 1M = )i'IO if = 

z 
i 

~-31-Y 
i 
z 

or if ~VerT,y = Wel.y and 

My,Ed 

Weff,y 

+ 

= 0, otherwise Ji,1 = Ji,11 . 

+ 

i 
r-t' , I 

I I 
i I ~/5h 
~ 
it 

eZ2~ ~Z1 

Figure 10.2: Superposition of stresses 
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(3) The equivalent lateral load qh.Ed 

obtained from: 
on the free f1ange~ due to torsion and lateral bending, should be 

qh.Ed kh qEd .•. (10.4) 

(4) 'file coefficient kIJ should be obtained as jndicated in figure 10.3 for common types of cross-section. 

I 
..c:: 

1 
') 

k _ hr(b ~ + 2cb -
170 - 41y 

/ h) 

Simple symmetrical Z section 

shear 
centre 

~ 
e-.l s j 

J \'_ g k _~_s 
flO - J /. 

y 1 

C or L sections 

a) k 170 factor for lateral load on free bottom flange. (k hO corresponds to loading in the shear centre) 

1 
..c:: 

J 

b) Gravity loading 

uivalent lateral load factor k h 

.... khqEd 

kh = khO a / h (**) 

c) UpHft loading 

1 
..c:: 

J 

If the shear centre is at the right hand side of the load qf:jj then the load is acting in the opposite 
direction. 

If a/Iz > kilO then the load is acting in the opposite direction. 

The value off is limited to the position of the load qEd between the edges of the top flange. 

Figure 10.3: Conversion of torsion and lateral bending into an equivalent lateral load kh qEd 
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(5) The lateral bending moment Mfz,Ed may be determined from expression (10.5) except for a beam with the 
free flange in tension, where, due to positive influence of flange curling and second order effect moment Mf'LEd 

may be taken equal to zero: 

Mf'LEd Kj~ M O.iz.Ed ... (10.5) 

where: 

MO./ i .Ed IS the initial lateral bending moment in the free flange without any spring support; 

Kj{ IS a correction factor for the effective spring support. 

(6) The initial lateral bending moment in the free flange MO,fLEd may be determined from table 10.1 for the 
critical locations in the span, at supports, at anti-sag bars and between anti-sag bars. The validity of the table 
10.1 is limited to the range R ~ 40. 

(7) The correction factor Kj{ for the relevant location and boundary conditions, may be determined from table 
1 0.1 (or using the theory of beams 011 the elastic Winkler foundation), using the value of the coefficient R of 
the spring support given by: 

R 

where: 

4 
K La 
4 

7r E fez ... (10.6) 

hz is the second moment of area of the gross cross-section of the free flange plus the 
contributing part of the web for bending about the z-z axis, see I O.IA.1 (2); when numerical 
analysis is carried out, see 10.1.2(5); 

K is the lateral spring stiffness per unit length from 10.1.5.1; 

La is the distance between anti-sag bars, or if none are present, the span L of the purlin. 
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Table 10.1: Values of initial 1110ment 1llo,f'z,Ed and correction factor Kj{ 

System Location Kj{ 

X,x m 1 I-O,0225R 
m 8 qh.Fd KI{ 
I A 1+ I,013R 

~ .. ..... LI2---J 

(La ~ L) 
I 

.y m 9 ') 
x m e 128 (h,Ed La '-

t3/8L. ---i-s/8L. =1"f" 1 O.0141R 
K = . 

R I +0,416R 
anti-sag bar or support 

e 1 ') 

- La'-
8 1+ 0,0314R 

KR 
1+ O,396R 

U e m e 
111 1 

24 qh,EdLa 

~ I t- m 

I O,0125R 

. rO,5La--~""-O,5La-1l KR = 
1+ O,198R 

._. - anti-sag bar or support-J 

e 1 ') 

-- L ~ 
12 

::l 

I +0,0178R 
K R 

I +OJ9IR 

10.1.4.2 Buckling resistance of free flange 

(1) If the free flange is in compression, its buckling resistance should be verified using: 

I 

XLT ... (10.7) 

in which X LT is the reduction factor for lateral torsional buckling (flexural buckling of the flange). 
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buckling curve b = 0,34 . ALT.o 0,4 ~ 0)5) is recommended for the relative slenderness /trz 1I1 

In the case of an axial compression force when the reduction factor for buckling around the strong axis is 
smaller than the reduction J~lCtor for lateral flange buckling, e.g. in the case of many anti-sag bars, this failure mode 
should also be checked following clause 6.2.2 and 6.2.4. 
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(2) The relative slenderness Afz for flexural buckling of the free t1ange should be determined from: 

... (10.8) 

with: 

where: 

lrz IS the buckling length for the free flange from (3) to (7); 

hz is the radius of gyration of the gross cross-section of the free flange plus the contributing part 
of the web for bending about the z-z axis, see 10.1.4.1 (2). 

(3) For gravity loading, provided that a ~ R ~ 200, the buckling length of the free flange for a variation of the 
compressive stress over the length L as shown in figure 10.4 may be obtained from: 

17 I La (1 + T/ 2 R II:; ) I}-l 
... (10.9) 

where: 

is the distance between anti-sag bars, or if none are present, the span L of the purlin; 

R is as given in 10.1.4.1 (7); 

and 1/1 to 174 are coefficients that depend on the number of anti-sag bars, as given in table 10.2a. The tables 
10.2a and 10.2b are valid only for equal spans uniformly loaded beam systems without overlap or sleeve and 
with anti-sag bars that provide lateral rigid support for the free flange. The tables may be used for systems with 
sleeves and overlaps provided that the connection system may be considered as fully continuous. In other cases 
the buckling length should be determined by more appropriate calculations or, except cantilevers, the values of 
the table 10.2a for the case of 3 anti-sag bars per field may be used. 

NOTE: Due to rotations in overlap or sleeve connection, the field moment may be much larger than without rotation 
which results also in longer buckling lengths in span. Neglecling the real moment distribution may lead to unsafe 
design. 

[Dotted areas show regions in compression] 

Figure 10.4: Varying compressive stress in free flange for gravity load cases 
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Table 10.2a : Coefficients 17i for down load with 0, 1,2,3,4 anti-sag bars 

Situation Anti sag-bar '71 772 '7' ,1 '7-'t 
Number 

End span 0 0.414 1.72 1.11 -0.178 

Intermediate span 0.657 8.17 2.22 -0.107 

End span I 0.515 1.26 0.868 -0.242 

Intermediate span 0.596 2.33 1.15 -0.192 

End and intermediate span 2 0.596 2.33 1.15 -0.192 

End and intermediate span 3 and 4 0.694 5.45 1.27 -0.168 

Table 10.2b : Coefficients 17i for upJift load with 0, 1,2, 3, 4 anti-sag bars 

Situation Anti sag-bar '71 '72 7]:, lJ-'t 

Number 

Simple span 0 0.694 5.45 1.27 -0.168 

End span 0.515 1.26 0.868 -0.242 

Intermediate span 0.306 0.232 0.742 -0.279 

Simple and end spans 1 0.800 6.75 1.49 -0.155 

Intermediate span 0.515 1.26 0.868 -0.242 

Simple span 2 0.902 8.55 2.18 -0.111 

End and intermediate spans 0.800 6.75 1.49 -0.155 

Simple and end spans 3 and 4 0.902 8.55 2.18 -0.111 

Intermediate span 0.800 6.75 1.49 -0.155 

(4) For gravity loading, if there are more than three equally spaced anti-sag bars, and under conditions 
specified in (3), the buckling length need not be taken as greater than the value for two anti-sag bars, with La = 
L/3. This clause is valid only if there is no axial compressive force. 

(5) If the compressive stress over the length L is almost constant, due to the application of a re]atively large 
axial force, the buckling length should be determined using the values of lJ i from table 10.2a for the case 
shown as more than three anti-sag bars per span, but the actual spacing L,1' 

(6) For uplift loading, when anti-sag bars are not used,-provided that 0:::; Ro :::; 200, the buckling length of the 
free flange for variations of the compressive stress over the length Lo as shown in figure 10.5, may be obtained 
from: 

Irz = 0,7 L 0 ( I + 13,1 R 01.6 r 0.125 
... (10.10a) 

with: 

... (IO.10b) 

in which Ijz and K are as defined in 10.1.4.1 (7). Alternatively, the buckling length of the free flange may be 
determined using the table I O.2b in combination with the equation given in 10.1.4.2(3). 

(7) For uplift loading, if the free flange is effectively held in position laterally at intervals by anti-sag bars, the 
buckling length may conservatively be taken as that for a uniform moment, determined as in (5). The ~formula 
(10.9) may be applied under conditions specified in (3). If there are no appropriate calculations, reference 
should be made to (5) @l] . 
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Figure 10.5: Varying compressive stress in free flange for uplift cases 

10.1.5 Rotational restraint given by the sheeting 

10.1.5.1 Lateral spring stiffness 

(1) The lateral spring support given to the free flange of the purlin by the sheeting should be modelled as a 
lateral spring acting at the free flange, see figure 10.1. The total lateral spring stiffness K per unit length 
should be determined from: 

where: 

1 

K 

1 I 
-+-+ 
KA KB Kc ... (10.11) 

KA is the lateral stiffness conesponding to the rotational stiffness of the joint between the 
sheeting and the purlin; 

KB is the lateral stiffness due to distortion of the cross-section of the pm'lin; 

Kc IS the lateral stiffness due to the nexural stiffness of the sheeting. 

(2) Normally it may be assumed to be safe as well as acceptable to neglect 11 Kc because Kc is very Jarge 
compared to KA. and KB • The value of K should then be obtained hom: 

K 
l/KA+l/KI3 ... (10.12) 

(3) The value of (1 I Ka. + 1 I Kp,) may be obtained either by testing or by calculation. 

NOTE: Appropriate testing procedures are given in Annex A. 
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(4) The lateral spring stiffness K per unit length may be determined by calculation using: 

4 (1 v.2) 1/ (h d + ) h 2 
----------'-:.:..:.:..::;..-+-I 

K Et 3 Co ... (10.1 

in which the dimension bllloci is determined as follows: 

- for cases where the equivalent lateral force qh.Ed bringing the purlin into contact with the sheeting at the 
pm'lin web: 

blllod = a 

for cases where the equivalent lateral force qh.Ed bringing the purlin into contact with the sheeting at the tip 
of the purl1 n 

bmod = 2('[ + b 

where: 

is the thickness of the purlin; 

(f IS the distance from the sheet-to-pllrlin fastener to the purlin web, see figure 10.6; 

b is the width of the pm'lin connected to the sheeting, see figure 10.6; 

CD IS the total rotational spring stiffness from 10.1 

h is the overall height of the pllrlill; 

hd is the developed height of the pllrlin web, see figure 10.6. 

Sheet 

h 

Figure 10.6: Purtin and attached sheeting 

10.1.5.2 Rotational spring stiffness 

(I) The rotational restraint given to the purlin by the sheeting that is connected to its top flange, should be 
modelled as a rotational spring acting at the top flange of the pllrlin, see figure 10.1. The total rotational spring 
stiffness CD should be determined from: 

CD 
/ CD.A + I/CD.C ) ... (10.14) 

where: 

IS the rotational stiffness of the connection between the sheeting and the purlin; 

is the rotational stiffness corresponding to the flexural stiffness of the sheeting. 
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(2) Generally CO,A may be calculated as given in (5) and (7). Altematively CD,A may be obtained by testing, 
see (9). 

(3) The value of may be taken as the minimum value obtained from calculational models of the type 
shown in figure 10.7, taking account of the rotations of the adjacent purlins and the degree of continuity of the 
sheeting, using: 

Co.c = mlB ... (10.15) 

where: 

m IS the applied moment per unit width of sheeting, applied as indicated in figure 10.7; 

e is the resulting rotation, measured as indicated in 10.7 [radiansJ. 

Figure 10.7: Model for calculating CI),C 

(4) Alternatively a conservative value of CD.C may be obtained from: 

k E lefT 

s 

in which k is a numerical coefficient with values as follows: 

- end, upper case of 10.7 

- end, lower case of figure 10.7 

mid, upper case of figure 10.7 

mid, lower case of figure 10.7 

where: 

k = 2; 

k = 3; 

k=4; 

k =6; 

leff is the effective second moment of area per unit width of the sheeting; 

s is the spacing of the pUrlins. 

... (10.16) 
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(5) Provided that the sheet-to-purlin fasteners are positioned centrally on the flange of the purlin, the value of 
for trapezoidal sheeting connected to the top flange of the purlin may be determined as follows (see table 

10.3): 

CIO() . 

where 

k b;] (b,1 1100 r 
kilo 1,25(ha 1100) 

k( = (t'WIll 10,75)1.1 

k( (1
nol11 

10,75),,5 

k l = (1nol11 10,75),,5 

kbR = 1,0 

kbR 1851bR 

if h;\ < 125mm ; 

if 125mm :s; ba < 200mm ; 

if 1
110111 

::2:: 0,75mm ~ positive position; 

if 'nol11 ::2:: 0,75mm; negative position; 

if 'nom < 0,75mm; 

if bR :s; 185mm ; 

if bR > 185mm; 

for gravity load: 

where: 

k;\ =],O+(A 1,0)·0,08 

kA 1,0+(A-I,0)·0,16 

k,\ =1,0+(A-I,0)·0,095 

k J\ I, ° + (A J ,0) . 0,095 

if f llom 0,75 111m ; positive position; 

if = 0,75mm; negative position; 

if f
l10m 

= 1,00111111 ; positive position; 

if '110m 1,00I11m; negative position; 

linear interpolation between f 0,75 and f = J ,0111111 is allowed 

for t < 0.75 mm the formula is not valid; 

for t > I mill, the formula needs to be used with' = ] mm 

for uplift load: 

k!\ = 1,0 ; 

kbT if > bT.ma\, otherwise = 1; 

A[kN/nl] ~ 12kN/m load introduced from sheeting to beam; 

ba IS the width of the purlin flange [in mm]; 

hR IS the corrugation width [in mm]; 

bT IS the width of the sheeting flange through which it is fastened to the purl in; 

is given in Table] 0.3; 

Ciao IS a rotation coefficient, representing the value of CD.A if ba 100 mm. 

... (10.1 

(6) Provided that there is no insulation between the sheeting and the purlins, the value of the rotation 
coefficient may be obtained from table 10.3. 
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(7) Alternatively CD.A may be taken as equal to 130 p [Nm/m/rad], where p is the number of sheet-to-purlin 
fasteners per metre length of purlin (but not more than one per rib of sheeting), provided that: 

the flange width b of the sheeting through which it is fastened does not exceed 120 mm~ 

the nominal thickness t of the sheeting is at least 0,66 mm; 

- the distance (/ or b - (/ between the centreline of the fastener and the centre of rotation of the purlin 
(depending on the direction of rotation), as shown in figure 10.6, is at least 25 mm. 

(8) If the effects of cross-section distol1ion have to be taken into account, see J 0.1.5.1, it may be assumed to be 
realistic to neglect because the spring stiffness is mainly influenced by the value of and the cross
section distortion. 

(9) Alternatively, values of may be obtained from a combination of testing and calculatioll. 

(10) If the value of (1 / KA + 1 / KB) is obtained by testing (in mmlN in accordance with A.5.3(3», the values 
of CD,A for gravity loading and for uplift loading should be determined from: 

h 2/ 

... (10.18) 

in which h and lid are as defined in 10.1.5.1(4) and fA is the modular width of tested sheeting and In is 
the length of tested beam. 

NOTE: For testing see Annex 
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Table 10.3: Rotation coefficient CIOO for trapezoidal steel sheeting 

Positioning of sheeting Sheet fastened through Pitch of fasteners Washer C IOO hT.max 

diameter 

[mm] 

Positive] ) Negative] ) Trough Crest e = hR e = 2hR [kNm/ml [mm] 

For gravity loading: 

x x x 22 5,2 40 

x x x 22 3,1 40 

x x x Ka 10,0 40 

x x X Ka 40 

x x x 22 3,1 120 

x x x 22 2,0 120 

For uplift loading: 

x x x 16 2,6 40 

x x x 16 1,7 40 

Key: 

is the corrugation width; 

bT is the width of the sheeting flange through which it is fastened to the pLll'lin. 

Ka indicates a steel saddle washer as shown below with t 2:: 0,75 mm Sheet fastened: 

through the trough: 

~ 

If~1 

~ 
through the crest: 

A 
~ 

The values in this table are valid for: 
1< bR >1 

sheet fastener screws of diameter: 'i' = 63 mm; 

- steel washers of thickness: tw 2:: 1,0 mm. 

1) The position of sheeting in positive when tbe nan"ow flange is on the purlin and negative when the wide 
flange is on the purlin. 

90 



BS EN 1993-1-3:2006 
EN 1993-1-3: 2006 (E) 

10.1.6 Forces in sheet/purlin fasteners and reaction forces 

(1) Fasteners fixing the sheeting to the purlin should be checked for a combination of shear force L/, e, 
perpendicular to the flange, and tension force Cit e where qs and ql may be calculated using table 10.4 and e 
is the pitch of the fasteners. Shear force due to stabilising effect, see EN 1993-1-\, should be added to the 
shear force. Furthermore, shear force due to diaphragm action, acting parallel to the flange, shall Id be 
vectorlally added to q,. 

Table 10.4 Shear force and tensile force in fastener along the bean1 

Beam and loading Shear force per un ite length CJs Tensile force per unit length CJ, I 
, Z-beam, gravity loading (/ + ~)khq Ed, may be taken as 0 a 

Z-beam, uplift loading (1+~)(klz a I h)q Ed I ~ k II q Ed h I ({ I +q Ed (u=bI2) 

C-beam, gravity loading (l-~)khqEd ~, ./, q led h / (/ 

I C-beam, uplift loading (l ~)(kh - a I h)q Ed ~khqEdhl(b u)+qEd 

(2) The fasteners fixing the purlins to the supports should be checked for the reaction force R\V in the plane of 
the web and the transverse reaction forces RJ and RJ. in the plane of the flanges, see figure 10.8. Forces RJ 
and R2 may be calculated using table J 0.5. Force R2 should also include loads parallel to the roof for sloped 
roofs. If RI is positive there is no tension force on the fastener. Kl should be transferred from the sheeting to 
the top flange of the plll'lin and further on to the rafter (main beam) through the purlin/rafter connection 
(support cleat) or via special shear connectors or directly to the base or similar element. The reaction forces at 
an inner support of a continuous pur1in may be taken as 2,2 times the values given in table 10.5. 

NOTE: For sloped roofs the transversal loads to the purlins are the perpendicular (to the roof plane) cornponents or the 
vertical loads and parallcl components of the vertical loads are acting on the roof plane. 

Figure 10.8: Reaction forces at support 

Table 10.5 Reaction force at support for simply supported beanl 

Beam and loading Reaction force on bottom flange R] Reaction force on top flange R 2 

Z-beam, gravity loading (1- ;)khq Ed LI 2 I (l +;)k/zQEdLI2 
~ 

Z-beam, uplift loading (1 ;)khqEd LI2 (1 + ;) k It q Ed L I 2 

C-beam, gravity loading ~O c;) k h q Ed L I 2 - (I - c;) k h qEd L I 2 

C-beam, uplift loading - (l-C;)k Iz QEd LI2 (I - C;) k h q DI L I 2 

~ (3) The factor C; may be taken as ; = 1-(;r where KR is the correction factor given in Table 10. J, and the 

factor ~ may be taken as ~ = 1,5;. @j] 
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10.2 Liner trays restrained by sheeting 

10.2.1 General 

(I) Liner trays should be large channel-type sections~ with two narrow flanges, two webs and one wide flange, 
generally as shown in figure 10.9. The two narrow flanges should be laterally restrainedmJ)by attached profiled 
steel sheeting or by steel purlin or by similar component. @il 

Figure 10.9: Typical geonletry for liner trays 

(2) The resistance of the webs of liner trays to shear forces and to local transverse forces should be obtained 
using 6.1.5 to 6.1.11, but using the value of l'vlc•Rd given by (3) or (4). 

(3) The moment resistance l'vlc•Rd of a liner tray may be obtained using 10.2.2 provided that: 

the geometrical propel1ies are within the range given in table 10.6; 

- the depth hu of the corrugations of the wide flange does not exceed h/8, where h is the overall depth of 
the 1 iner tray. 

(4) Alternatively the moment resistance of a liner tray may be determined by testing provided that it is ensured 
that the local behaviour of the liner tray is not affected by the testing equipment. 

NOTE: Appropriate testing procedures are given in annex A. 
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Table 10.6: Range of validity of 10.2.2 

0,75 mm ~ tnom ~ 1,5 mm 

30mm ::; hI' ::; 60mm 

60mm ::; h ::; 200 111m 

300mm ~ bu ~ 600111111 

In 1 bu ::; 10 mm4 /mm 

s] ::; 1000 111m 

10.2.2 Moment resistance 

10.2.2.1 Wide flange in conlpression 

(1) The moment resistance of a liner tray with its wide flange in compression should be determined using the 
step-by-step procedure outlined in figure 10.10 as follows: 

- Step 1: Determine the effective areas of all compression elements of the cross-section, based on values of 
the stress ratio lfI= (}21 OJ obtained using the effective widths of the compression but the gross areas 
of the webs; 

- Step 2: Find the centroid of the effective cross-section, then obtain the moment resistance A{'.Rd from: 

J\;!c.Rd 

with: 

Wc1f,min ly.eff l Zc but 

where Zc and Zl are as indicated in figure 10.10. 

... (10.19) 

or 

Step 1 

0"1 == O,8fyb/YMO D 
Step 2 

Figure 10.10: Deternlination of moment resistance - wide flange in compression 
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10.2.2.2 Wide fJange in tension 

(I) The moment resistance of a liner tray with its wide flange in tension should be determined using the step
by-step procedure outlined in figure 10.11 as follows: 

Step 1: Locate the centroid of the gross cross-section; 

- Step 2: Obtain the effective width of the wide flange allowing for possible flange curJing, from: 

II L ... (\0.20) 

where: 

bll the overall width of the wide flange; 

eo the distance from the centroidal axis of the gross cross-section to the centroidal axis of the 
narrow flanges; 

II the overall depth of the liner tray; 

L the span of the liner tray; 

the equivalent thickness of the wide flange, given by: 

the second moment of area of the wide tlange, about its own centroid, see figure lO.9. 

- Step 3: Determine the effective areas of all the compression elements, based on values of the stress ratio 
0. /0"1 obtai ned lIsing the effective widths of the tlanges but the gross areas of the webs; 

- Step 4: Find the centroid of the effective cross-section, then obtain the buckling resistance moment Mb.Rd 

using: 

... (10.21) 

with: 

ly.crr l Zc 

in which the correlation factor fib is given by the following: 

- if SI ~ 300 mm: 

~) 1,0 

- if 300 mm ~ 51 ~ 1000 mm: 

fib I,] 5 - SI /2000 

where: 

SI is the longitudinal spacing of fasteners supplying lateral restraint to the nalTow flanges, see 
figure 10.9. 

(2) The effects of shear lag need not be considered if L I 
determined as specified in 6.1.4.3. 
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f..--bul 

Step 1 

NU 

4-
f\-j -,- ... _----

! -J r- bu,eff/ 2 i 

or 

Step 2 

Step 3 and 4 

Figure 10.11: Deternlination of moment resistance - wide flange in tension 

(3) Flange curling need not be taken into account in determining deflections at serviceability limit states. 

(4) As a simplified alternative, the moment resistance of a liner tray with an unstiffened wiele flange may be 
approximated by taking the same effective area for the wide t1ange in tension as for the two narrow flanges in 
compression combined. 

10.3 Stressed skin design 

10.3.1 General 
(]) The interaction between structural members and sheeting panels that are designed to act together as pw'ts of 
a combined structural system, may be allowed for as described in this clause 10.3. 

(2) The provisions given in this clause should be applied only to sheet diaphragms that are made of steel. 

(3) Diaphragms may be formed from profi1ed sheeting used as roof or wall cladding or for tloors. They may 
also be formed from wall or roof structures based upon liner trays. 

NOTE: Informalion on the verification of such diaphragms may be obtained from: 

ECCS Publication No. 88 (1995): European recommendations for the application (~l metal sheeting acting 
as a diaphragm. 

10.3.2 Diaphragm action 

(1) In stressed skin design, advantage may be taken of the contribution that diaphragms of sheeting used as 
roofing, flooring or wall cladding make to the overa]] stiffness and strength of the structural frame, by means of 
their stiffness and strength in shear. 

(2) Roofs and tloors may be treated as deep plate girders extending throughout the length of a building, 
resisting transverse in-plane loads and transmitting them to end gables, or to intermediate stiffened frames. The 
panel of sheeting may be treated as a web that resists in-plane transverse loads in shear, with the edge members 
acting as t1anges that resist axial tension and compression forces, see figures 10.12 and 10.] 3. 
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(3) Similarly, rectangular wall panels may be treated as bracing systems that act as shear diaphragms to resist 
in-plane forces. 

~t __ ~~7 
~
; :11\ _ 7 (c) 

Z~-7--,1 

~(b) 

(a) Sheeting 
(b) Shear field in sheeting 
(c) Flange forces in edge 
members 

Figure 10.12: Stressed skin action in a flat-roof building 

10.3.3 Necessary conditions 
(I) Methods of stressed skin design that util ize as an integral part of a structure, may be used only 
under the following conditions: 

- the use made of the sheeting, in addition to its primary purpose, is limited to the formation of shear 
diaphragms to resist structural displacement in the plane of that 

the diaphragms have longitudinal edge members to carry flange forces arising from diaphragm action; 

- the diaphragm forces in the plane of a roof or floor are transmitted to the foundations by means of braced 
frames, funher stressed-skin diaphragms, or other methods of sway resistance; 

suitable structural connections are used to transmit diaphragm forces to the main steel framework and to 
join the members acting as flanges; 

the is treated as a structural component that cannot be removed without proper consideration; 

- the project specification, induding the calculations and drawings, draws attention to the fact that the 
building is designed to utilize stressed skin action; 

- in sheeting with the corrugation oriented in the longitudinal direction of the roof the flange forces due to 
diaphragm action may be taken up by the sheeting. 

(2) Stressed skin design may be Llsed predominantly in low-rise buildings, or in the floors and facades of high
rise buildings. 

(3) Stressed skin diaphragms may be lIsed predominantly to resist wind loads, snow loads and other loads that 
are applied through the sheeting itself. They may also be used to resist small transient loads, sLlch as surge 
from light overhead cranes or hoists on runway beams, but may not be used to resist permanent external loads, 
such as those from plant. 
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(a) Sheeting 

(b) Flange forces in 
members 

(c) Shear field in sheeting 

(d) Gable tie required to 
resist forces in roof sheeting 

Figure 10.13: Stressed skin action in a pitched roof building 

10.3.4 Profiled steel sheet diaphragms 
(I) In a profiled steel sheet diaphragm, see figure 10.14, both ends of the sheets should be attached to the 
sllpporting members by means of self-tapping screws, cartridge fired pins, welding, bolts or other fasteners of a 
type that will not work loose in service, pull alit, or fail in shear before causing tearing of the sheeting. All 
sllch fasteners should be fixed directly through the sbeeting into the supporting member, for example through 
the troughs of profiled sheets, unless special measures are taken to ensure that the connections effectively 
transmit the forces assumed in the design. 

(2) The seams between adjacent sheets should be fastened by rivets, self-drilling screws, welds, or other 
fasteners of a type that wi]] not work loose in service, pull aLIt, or fail in shear before causing tearing of the 
sheeting. The spacing of such fasteners should not exceed 500 mm. 

(3) The distances from all fasteners to the edges and ends of the sheets should be adequate to prevent 
premature tearing of the sheets. 

(4) Small randomly arranged openings, up to 3% of the relevant area, may be introduced without special 
calculation, provided that the total number of fasteners is not reduced. Openings up to ISCJc of the relevant 
area (the area of the surface of the diaphragm taken into account for the calculations) may be introduced if 
justified by detailed calculations. Areas that contain larger openings should be split into smaller m'eas, each 
with full diaphragm action. 

(S) All sheeting that also forms part of a stressed-skin diaphragm should first be designed for its primary 
purpose in bending. To ensure that any deterioration of the sheeting would be apparent in bending before the 
resistance to stressed skin action is affected, it should then be verified that the shear stress due to diaphragm 
action does not exceed 0,25.f~t! }if I I • 

(6) The shear resistance of a stressed-skin diaphragm should be based on the least tearing strength of the seam 
fasteners or the sheet-to-member fasteners parallel to the corrugations or, for diaphragms fastened only to 
longitudinal edge members, the end sheet-to-member fasteners. The calculated shear resistance for any other 
type of failure should exceed this minimum value by at least the following: 

- for failure of the sheet-to-purlin fasteners under combined shear and wind uplift, by at least 40%: 

- for any other type of failure, by at least 25%. 
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~ 
Fa 
b 

a 
>71 

(g) 

(a) 

(c) 

(d) 

(e) 

IF 
Figure 10.14: Arrangement of an individual panel 

10.3.5 Steel liner tray diaphragms 

(1) Liner trays used to form shear diaphragms should have stiffened wide flanges. 

(a) Rafter 

(b) Purlin 

(c) Shear connector 

(d) Sheet -to-shear 
connector fastener 

(e) Purlin 

(t) Sheet-to-purLin 
fastener 

(g) Seam fastener 

(2) Liner trays in shear diaphragms should be inter-connected by seam fasteners through the web at a spacing 
es of not more than 300 mm by sea111 fasteners (normally blind rivets) located at a distance eu from the wide 
flange of not more than 30111111, all as shown in fjgure 10.15. 

(3) An accurate evaluation of deflections due to fasteners may be made using a similar procedure to that for 
trapezoidal profi led sheeting. 

(4) The shear flow T",Ed due to ultimate limit states design loads should not exceed Tv,I<'d given by: 

TY.Rd = 8,43 E~ f a (t / bu ) 9 ... (10.22) 

where: 

la is the second moment of area of the wide tlange about it own centroid, see figure 10.9; 

bu is the overall width of the wide flange. 

Figure 10.15: Location of seam fasteners 
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(5) The shear flow T\.,er due to serviceability design loads should not exceed given by: 

... (10.23) 

where: 

S\ IS the shear stiffness of the diaphragm, per unit length of the span of the liner trays. 

(6) The shear stiffness S\ per unit length may be obtained from: 

S v 

'" (10.24) 

where: 

L is the overall length of the shear diaphragm (in the direction of the span of the liner trays); 

b is the overall width of the shear diaphragm (b = L btl); 

a is the stiffness factor. 

(7) The stiffness factor a may be conservatively be taken as equal to 2000 N/mm unless more accurate 
values are derived from tests. 

10.4 Perforated sheeting 
(I) Perforated sheeting with the holes arranged in the shape of equilateral triangles may be designed by 
calculation, provided that the rules for non-perforated sheeting are modified by introducing the effective 
thicknesses given below. 

NOTE: These calculation rules tend to rather conservative values. More economical solutions might he obtained 
from design assisted hy testing, see Section 9. 

(2) Provided that 0,2 ~d/ a ~ 0,9 gross section propelties may be calculated ~using 5 
fa.eff obtai ned from: 

d 
1,18t(1-0,9-) 

a 

where: 

d is the diameter of the perforations; 

a is the spacing between the centres of the perforations. 

but replacing t by 

... (10.25) 

(3) Provided that 0,2 ~ d / a ~ 0,9 effective section properties may be calculated using Section 5, but 
replacing t by obtained from: 

fluff ... (10.26) 

The resistance of a single web to local transverse forces may be calculated using 6.1.7@l], but replacing 
t by obtained from: 

t [I - (d / a ) 2 S per I s w ] 
... (10.27) 

where: 

is the slant height of the perforated portion of the web; 

Sw is the total slant height of the web. 
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Annex A [normative] -Testing procedures 

A.1 General 
(1) T'his annex A appropriate standardized testing and evaluation procedures for a number of tests that 
are required in design. 

NOTE 1: In the field of cold-formcd mcmbers and sheeting, many standard products are cOllllllonly used for which 
dcsign by calculalion might not lead to economical solutions, so it is frequently desirable to use design assisted by 

NOTE 2: The National Annex may 

NOTE 3: The National Annex may 
standardised tests according to this annex. 

(2) This annex covers: 

further information on testing. 

conversion factors for 

- tests on profiled sheets and liner trays, see A.2; 

tests on cold-formed members, see A.3; 

tests on structures and portions of structures, see 

tests on torsionally restrained beams, see A.S; 

- evaluation of test results to determine design values, see A.6. 

A.2 Tests on profiled sheets and liner trays 

A.2.1 General 

test results to be equi valent to the outcome of 

(I) Although these test procedures are presented in terms of profiled sheets, similar test procedures based on 
the same principles may also be used for liner trays and other types of sheeting sheeting mentioned jn EN 
508). 

(2) Loading may be applied through air bags or in a vacuum chamber or by steel or timber cross beams 
arranged to approximate uniformly distributed loading. 

To prevent spreading of corrugations, transverse ties or other appropriate test accessories sLlch as timber 
blocks may be applied to the test specimen. Some examples are given in figure A.1. 

100 

(b) 

~~(C) 
h------------------------+_ 

(a) Rivet or screw 

(b) Transverse tie 

(metal strip) 

(c) Tjmber blocks 

Figure A.I: Exanlples of appropriate test accessories 
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(4) For uplift tests, the test set-up should realistically simulate the behaviour of the sheeting under practical 
conditions. The type of connections between the sheet and the supports should be the same as in the 
connections to be used in practice. 

(S) To give the results a wide range of applicability, hinged and roller supports should preferably be used, to 
avoid any intluence of rotational restraint at the supports on the test results. 

(6) It should be ensured that the direction of the loading remains perpendicular to the initial plane of the sheet 
throughout the test procedure. 

(7) To eliminate the deformations of the supports, the deflections at both ends of the test specimen should also 
be measured. 

(8) The test result should be taken as the maximum value of the loading applied to the specimen either 
coincident with failure or immediately prior to failure as appropriate. 

A.2.2 Single span test 

(1) A test set-up equivalent to that shown in figure A.2 may be used to determine the midspan moment 
resistance (in the absence of shear force) and the effective flexural stiffness. 

(2) The span should be chosen such that the test results represent the moment resistance of the sheet. 

(3) The moment resistance should be determined from the test result. 

(4) The tlexural stiffness should be determined from a plot of the load-deflection behaviour. 

A.2.3 Double span test 

(1) The test set-up shown in figure A.3 may be used to determine the resistance of a sheet that is continuous 
over two or more spans to combinations of moment and shear at internal supports, and its resistance to 
combined moment and support reaction for a given support width. 

(2) The loading should preferably be uniformly distributed (applied using an air bag or a vacuum chamber, for 
example). 

(3) Alternatively any number of line loads (transverse to the span) may be used, arranged to produce internal 
moments and forces that are appropriate to represent the effects of uniformly distributed loading. Some 
examples of suitable alTangements are shown in figure AA. 

A.2.4 Internal support test 

(1) As an alternative to A.2.3, the test set-up shown in figure A.S may be Llsed to determine the resistance of a 
sheet that is continuous over two or more spans to combinations of moment and shear at internal SUPPOIts, and 
its resistance to combined moment and support reaction for a given support width. 

(2) The test span s used to represent the portion of the sheet between the points of contraflexure each side of 
the internal support, in a sheet continuous over two equal spans L may be obtained from: 

s = OAL ... (A.l) 

(3) If plastic redistribution of the support moment is expected, the test span 5; should be reduced to represent 
the appropriate ratio of support moment to shear force. 
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a) Uniformly distributed loading and an 

example of alternative equivalent line loads 

,~ v \ 7 
, (c) 

b) Distributed loading applied by an airbag 
(alternatively by a vacuum test rig) 

(c) Transverse tie 

i---------.-.---------·-.---.-.~· 

L 

c) Example of suppol1 arrangements for preventing dist0l1ion 

F 

f , , 

~ -1,4h~ 
d) Example of method of applying a line load 

Figure A.2: Test set-up for single span tests 

Figure A.3: Test setup for double span tests 
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O'125~~ ...... I. O'525L-+O'35L-+-O'35L+-O'525L+~'125L 
L 110 1" L . ... 

Figure A.4: Examples of suitable arrangements of alternative line loads 

(4) The width bp, of the beam used to apply the test load should be selected to represent the actual support 
width to be used in practice. 

(5) Each test result may be used to represent the resistance to combined bending moment and Suppo1t reaction 
(or shear force) for a given span and a given Sl1ppOl1 width. To obtain information about the interaction of 
bending moment and support reaction, tests should be carried out for several different spans. 

(6) Interpretation of test results, see A.5.2.3. 

A.2.S End support test 
(I) The test set-up shown in figure A.6 may be used to determine the shear resistance of a sheet at an end 
support. 

(2) Separate tests should be carried ont to determine the shear resistance of the sheet for different lengths u 
from the contact point at the inner edge of the end support, to the actual end of the sheet, see figure A.6. 

NOTE: Value of maximum support reaction measured during a bending test may be used as a lower bound for section 
resistance to both shear and local transverse force. 
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a) Internal support under gravity loading 
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b) Interna1 support under uplift loading 
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c) Internal support with loading applied to tension flange 

Figure A.5: Test set-up for internal support test 

tU+_~U3 ... I-a 2U3 
"'1 I 

F 

I 
I 
I 
L_ 

--=1 :20 tRA 
...I-a bA ? h 1-300 mm ... -a ~? 3h 

... 1 L 

Key: 

b A = support length 

u length from internal edge of end support to end of sheet 

Figure A.6: Test set-up for end support tests 
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A.3 Tests on cold-formed members 

A.3.1 General 

(1) Each test specimen should be similar in all respects to the component or structure that it represents. 

(2) The supporting devices used for tests should preferably provide end conditions that closely reproduce those 
supplied by the connections to be used in service. Where this cannot be achieved, less favourable end 
conditions that decrease the load carrying capacity or increase the flexibility should be used, as relevant. 

(3) The devices used to apply the test loads should reproduce the way that the loads would be appl ied in 
service. It should be ensured that they do not offer more resistance to transverse deformations of the cross
section than would be available in the event of an overload in service. It should also be ensured that they do 
not localize the applied forces onto the lines of greatest resistance. 

(4) If the given load combination includes forces on more than one line of action, each increment of the test 
loading should be applied proportionately to each of these forces. 

(5) At each stage of the loading, the displacements or strains should be measured at one or more principal 
locations on the structure. Readings of displacements or strains should not be taken until the structure has 
completely stabilized after a load increment. 

(6) Failure of a test specimen should be considered to have occurred in any of the following cases: 

- at collapse or fracture; 

- if a crack begins to spread in a vital pali of the specimen; 

- if the displacement is excessive. 

(7) The test result should be taken as the maximum value of the loading applied to the specimen either 
coincident with failure or immediately prior to failure as appropriate. 

(8) The accuracy of all measurements should be compatible with the magnitude of the measurement concerned 
and should in any case not exceed ± I % of the value to be determined. The following magnitudes (in clause 
(9)) must also be fulfilled. 

(9) The measurements of the cross-sectional geometry of the test specimen should include: 

the overall dimensions (width, depth and length) to an accuracy of ± 1,0 mm; 

- widths of plane elements of the cross-section to an accuracy of 1,0 mm: 

- radii of bends to an accuracy of ± 1,0 mm; 

- inclinations of plane elements to an accuracy of ± 2,0°; 

- angles between flat surfaces to an accuracy of ± 2,0°; 

- locations and dimensions of intermediate stiffeners to an accuracy of ± ] ,0 mm; 

the thickness of the material to an accuracy of ± 0,0 1 mm; 

accuracy of all measurements of the cross-section has to be taken as equal to maximum 

nominal values. 

(10) An other relevant parameters should also be measured, such as: 

- locations of components relative to each other; 

locations of fasteners; 

the values of torques etc. used to tighten fasteners. 

% of the 
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A.3.2 Full cross-section corrlpression tests 

A.3.2.1 Stub co)unll1 test 

(I) Stub column tests may be used to allow for the effects of local buckling in thin gauge cross-sections, by 
determining the value of the ratio /3.,\ = Acnl A& and the location of the effective centroidal axis. 

(2) If local buckling of the plane elements governs the resistance of the cross-section, the specimen should 
have a length of at least 3 times the width of the widest plate element. 

The lengths of specimens with perforated cross-sections should include at least 5 pitches of the 
perforations, and should be such that the is CLlt to length midway between two perforations. 

In the case of a cross-section with or intermediate stiffeners, it should be ensured that the length of the 
specimen is not less than the buckling lengths of the stiffeners. 

(5) If the overall length of the specimen exceeds 20 times the least radius of gyration of its gross cross-section 
i lllill , intermediate lateral restraints should be supplied at a spacing of not more than 20 i rnill • 

(6) Before the tolerances of the cross-sectional dimensions of the specimen should be checked to 
ensure that they are within the permitted deviations. 

(7) The CLit ends of the specimen should be fiat, and should be perpendicular to its longitudinal axis. 

(8) An axial compressive force should be applied to each end of the specimen through pressure 
30 mill thick, that protrude at least I () mm beyond the perimeter of the cross-section. 

at least 

(9) The test specimen should be placed in the testing machine with a ball bearing at each end. There should be 
small drilled indentations in the pressure pads to receive the ball bearings. The ball bearings should be located 
in line with the centroid of the calculated effective cross-section. If the calculated location of this effective 
centroid proves 110t to be correct, it may be adjusted within the test series. 

(10) In the case of open cross-sections, possible spring-back may be corrected. 

(1 I) Stub column tests may be used to determine the compression resistance of a cross-section. In interpreting 
the test results, the following parameters should be treated as variables: 

- the thickness; 

- the ratio t: 

- the ultimate strength f;l and the yield 

- the location of the centroid of the effective cross-section; 

- imperfections in the shape of the elements of the cross-section; 

the method of cold forming (for example increasing the yield 
subsequently removed). 

A.3.2.2 Member buckling test 

by introducing a deformation that is 

(I) Member buckling tests may be used to determine the resistance of compression members with thin gauge 
cross-sections to overall buckling (including flexural buckling, torsional buck1ing and torsional-flexural 
buckling) and the interaction between local buckling and overall buckling. 

(2) The method of carrying out the test should be generally as given for stub column tests in A.3.2.1. 

(3) A series of tests on axially loaded specimens may be used to determine the appropriate buckling curve for a 
given type of cross-section and a given grade of steeL produced by a process. The values of relative 

slenderness I to be tested and the minimum number of tests Il at each value, should be as given in table A.] . 
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Table A.1: Relative slenderness values and llUJubers of tests 

A 0,2 0,5 0,7 1,0 1,3 1,6 2,0 3,0 

N 3 5 5 5 5 5 5 5 

(4) Similar tests may also be used to determine the effect of introducing intermediate restraints on the torsional 
buckling resistance of a member. 

(5) For the interpretation of the test results the following parameters should be taken into account: 

the parameters I isted for stub column tests in A.3.2.1 (II); 

- overall lack of straightness imperfections compared to standard production output, see (6); 

type of end or intermediate restraint (tlexural, torsional or both). 

(6) Overal1 lack of straighness may be taken into account as follows: 

a) Determine the elastic critical compression load of the member by an appropriate analysis with initial 
bow equal to test sample: FCr.'oOW.lC'( 

b) As a) but with an initial bow equal to the maximum allowed according to the product specification: 

c) Additional correction factor: L'.Ul'W."""'.""'" I 

A.3.3 Full cross-section tension test 
(l) This test may be used to determine the average yield strength of the cross-section. 

(2) The specimen should have a length of at least 5 times the width of the widest plane element in the cross
section. 

(3) The load should be applied through end SlipPOl1S that ensure a uniform stress distribution across the cross
section. 

(4) The failure zone should occur at a distance from the end SUpp011S of not less than the width of the widest 
plane element in the cross-section. 

A.3.4 Full cross-section bending test 
(l) This test may be used to determine the moment resistance and rotation capacity of a cross-section. 

(2) The specimen should have a length of at least 15 times its transversal dimension. The spacing of 
lateral restraints to the compression tlange should not be less than the spacing to be used in service. 

(3) A pair of point loads should be applied to the specimen to produce a length under uniforl11 bending moment 
at midspan of at least 0,2 x (span) but not more than 0,33 x (span). These loads should be appl ied through the 
shear centre of the cross-section. The section should be torsionally restrained at the load points. If necessary, 
local buckling of the specimen should be prevented at the points of load application, to ensure that failure 
occurs within the central p0l1ion of the span. The deflection should be measured at the load positions, at 
midspan and at the ends of the specimen. 
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(4) [n interpreting the test results, the following parameters should be treated as variables: 

- the thickness; 

- the ratio bp / t; 

the ratio '/;1 

the ul ti mate strength '/:1 and the yield strength .t;b; 

- differences bet\veen restraints used in the test and those available in service; 

- the support conditions. 

A.4 Tests on structures and portions of structures 

A.4.1 Acceptance test 

(I) This acceptance test may be used as a non-destructive test to confirm the structural performance of a 
structure or portion of a structure. 

(2) The test load for an acceptance test should be taken as equal to the sLIm of: 

1,0 x (the actual self-weight present during the test); 

- 1,15 x (the remainder of the permanent load); 

- 1,25 x (the variable loads). 

but need not be taken as more than the mean of the total ultimate limit state design load and the total 
serviceability limit state design load for the characteristic ~ text deleted load combination. 

(3) Before carrying out the acceptance test, preliminary bedding down loading (not exceeding the 
characteristic values of the loads) may optionally applied, and then removed. 

(4) The structure should first be loaded up to a load equal to the total characteristic load. Under this load it 
should demonstrate substantially elastic behaviour. On removal of this load the residual deflection should not 
exceed 20% of the maximum recorded. If these criteria are not satisfied this part of the test procedure should 
be repeat. In this repeat load cycle, the structure should demonstrate substantially linear behaviour up to the 
characteristic load and the residual deflection should not exceed 10% of tbe maximum recorded. 

(5) During the acceptance test, the loads should be applied in a number of regular increments at regular time 
intervals and the principal deflections should be measured at each When the deflections show significant 
non-linearity, the load increments should be reduced. 

(6) On the attainment of the acceptance test load, the load should be maintained for being no changes between 
a set of adjacent readings and deflection measurements should be taken to establish whether the structure is 
subject to any time-dependent deformations, such as deformations of fasteners or deformations arising from 
creep in the zinc layer. 

(7) Unloading should be completed in regular decrements, with deflection readings taken at each stage. 

(8) The structure should prove capable of sustaining the acceptance test load, and there should be no 
significant local distortion or defects likely to render the structure unserviceable after the test. 

A.4.2 Strength test 

(I) This strength test may be used to confirm the calculated load carrying capacity of a structure or portion of a 
structure. Where a number of similar items are to be constructed to a common design and one or more 
prototypes have been submitted to and met an the requirements of this strength test, the others may be accepted 
without further testing provided that they are similar in all relevant respects to the prototypes. 

(2) Before carrying out a strength test the specimen should first pass the acceptance test detailed in AA.I. 
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(3) The load should then be increased in increments up to the strength test load and the principal deflections 
should be measured at each stage. The strength test load should be maintained for at least one hour and 
deflection measurements should be taken to establish whether the structure is subject to creep. 

(4) Unloading should be completed in regular decrements with deflection readings taken at each stage. 

(5) The total test load (including self-weight) for a strength test F,tr should be determined from the totell 
design load specified for ultimate limit state verifications by calculation, using: 

F.,tr = }1vliJiF ... (A.2) 

in whieh Jir: is the load adjustment coefficient and }1v1i is the partial coefficient of the ultimate limit state. 

(6) The load adjustment coefficient Jir: should take account of variations in the load calTying capacity of the 
structure, or portion of a structure, due to the effects of variation in the material yield strength, local buckling, 
overall buckling and any other relevant parameters or considerations. 

(7) Where a realistic assessment of the load carrying capacity of the structure, or portion of a structure, may be 
made using the provisions of this Part 1-3 of EN 1993 for design by calculation, or another proven method of 
analysis that takes account of all buckling effects, the load adjustment coefficient Jir may be taken as equal to 
the ratio of (the value of the assessed load carrying capacity based on the averaged basic yield strength ) 
compared to (the corresponding value based on the nominal basic yield strength ). 

(8) The value of should be determined from the measured basic strength of the various cOIllponents 
of the structure, or portion of a structure, with due regard to their relative importance. 

(9) If realistic theoretical assessments of the load carrying capacity cannot be made, the load adjustment 
coefficient JiF should be taken as equal to the resistance adjustment coefficient JiR defined in A.6.2. 

(10) Under the test load there should be no failure by buckling or rupture in any part of the specimen. 

(I ]) On removal of the test load, the detlection should be reduced by at least 20%. 

A.4.3 Prototype failure test 

(I) A test to failur~ may be used to determine the real mode of failure and the true load carrying capacity of a 
structure or assembly. If the prototype is not required for use, it may optionally be used to obtain this 
additional information after completing the strength test described in AA.2. 

(2) Alternatively a test to failure Illay be carried out to determine the true design load carrying capacity from 
the ultimate test load. As the acceptance and strength test procedures should preferably be carried out first, an 
estimate should be made of the anticipated design load carrying capacity as a basis for such tests. 

(3) Before carrying out a test to failure, the specimen should first pass the strength test described in AA.2. Its 
estimated design load carrying capacity may then be adjusted based on its behaviour in the strength test. 

(4) During a test to failure, the loading should first be applied in increments up to the strength test load. 
Subsequent load increments should then be based on an examination of the plot of the principal deflections. 

(5) The ultimate load carrying capacity should be taken as the value of the test load at that point at which the 
structure or assembly is unable to sustain any fUI1her increase in load. 

NOTE: At this point gross permanent disLonion is likely to have occurred. fn some cases gross dcrormatiol1 might 
define the test limit. 

A.4.4 Calibration test 

(1) A calibration test may be used to: 

- verify load bearing behaviour relative to analytical design models; 

- quantify parameters derived from design models, sLlch as strength or stiffness of members or joints. 
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A.S Tests on torsionally restrained beams 

A.S.1 General 

( I) These test procedures may be used for beams that are paJ1ially restrained against torsional displacement, by 
means of trapezoidal profiled steel sheeting or other suitable cladding. 

(2) These procedures may be used for purlins, side rails, floor beams and other similar types of beams that 
have relevant restraint conditions. 

A.S.2 Internal support test 

A.S.2.1 'fest set-up 

(1) The test set-up shown in A.7 may be used to determine the resistance of a beam that is continuous 
over two or more spans~ to combinations of bending moment and shear force at internal supports. 

NOTE: The same lest set-up may be used for sleeved and systems. 

F 

A B c o E 

Figure A.7: Test set-up for internal support tests 

(2) The supports at A and E should be hinged and roller supports respectively. At these SUPP011S, rotation 
about the longitudinal axis of the beam may be prevented, for example by means of cleats. 

(3) The method of applying the load at C should correspond with the method to be used in service. 

NOTE: Tn many cases this will mean tbat lateral tllSIJla(;eITlent of both flanges is prevented at C. 

(4) The displacement measurements at points Band D located at a distance e from each support, see figure 
A.7, should be recorded to allow these displacements to be eliminated from the results analysis 

(5) The test span s should be chosen to produce combinations of bending moment and shear force that 
represent those expected to occur in practical application under the design load for the relevant limit state. 

(6) For double span beams of span L subject to uniformly distributed loads, the test span s should normally be 
taken as equal to 0,4 L. However, if plastic redistribution of the support moment is expected, the test span s 
should be reduced to represent the appropliate ratio of support moment to shear force. 

A.S.2.2 Execution of tests 

(]) In addition to the general rules for testing, the following specific aspects should be taken into account. 

(2) Testing should continue beyond the peak load and the recording of the deflections should be continued 
either until the applied load has reduced to between 10% and 15% of its peak value or until the deflection has 
reached a value 6 times the maximum elastic displacement. 

A.S.2.3 Interpretation of test results 

(I) The actual measured test results Rob~.i should be adjusted as specified in A.6.2 to obtain adjusted values 
Radj.i related to the nominal basic yield strength and design thickness t of the steel, see 3.2.4. 
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(2) For each value of the test span s the support reaction R should be taken as the mean of the adjusted values 
of the peak load for that value of s. The corresponding value of the suppOli moment !vt should then be 
determl ned from: 

M 
s R 

4 ... (A.3) 

Generally the influence of the dead load should be added when calculating the value of moment M following 
the expression (A.3). 

(3) The pairs of values of NI and R for each value of s should be plotted as shown in A.8. Pairs of 
values for intermediate combinations of M and R may then be determined by linear interpolation. 

M 

(b) 

R 

(a) test results for different test spans s, (b) linear interpolation 

Figure A.8: Relation between support moment M and support reaction R 

(4) The net deflection at the point of load application C in figure A.7 should be obtained from the gross 
measured values by deducting the mean of the corresponding deflections measured at the points Band D 
located at a distance e from the support points A and E, see figure A.7. 

(5) For each test the appl1ed load should be plotted the corresponding net deflection, see figure A.9. 
From this plot, the rotation B should be obtained for a range of values of the applied load using: 

B 
0,5 s e ... (AAa) 

B 
0,5 s e ... (AAb) 

where: 

bel IS the net deflection for a given load on the rising paI1 of the curve, before Fmax; 

bpi IS the net deflection for the same load on the falling part of the curve, after F ll1ax : 

blin is the fictive net deflection for a given load, that would be obtained with a linear behaviour, see 

figure A.9; 

be is the average deflection measured at a distance e from the support, see figure A.7; 

s is the test span; 

e IS the distance between a deflection measurement point and a support, see A.7. 
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The expression (AAa) 1S used when analyses are done based on the effective cross-section. The expression 
(AAb) is llsed when analyses are done based on the gross cross-section. 

(6) The relationship between A1 and B should then be plotted for each test at a given test span s 

corresponding to a value of beam span L as shown in figure A.l0. The design Iv! Bcharacteristic for 
the moment resistance of the beam over an internal support should then be taken as equal to 0,9 times the mean 
value of lH for all the tests corresponding to that value of the beam span L. 

NOTE: Smaller valLIe lhan 0.9 for reduction should be used, if the full-scale tests are used to determine effect of lateral 
load and of free llange around the mid-support, see 10.1 

F 

Figure A.9: Relation between 10ad F and net deflection J 

M 

O,9Mmean 

e 

Mmean = mean value, Md deslgn value 

Figure A.I0: Derivation of moment-rotation (lY - B) characteristic 

A.S.3 Determination of torsional restraint 

(]) The test set-up shown in figure A.] 1 may be used to determine the amount of torsional restraint given by 
adequately fastened sheeting or by another member perpendicular to the span of the beam. 
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(2) This test set-up covers two different contributions to the total amount of restraint as follows: 

a) The lateral stiffness KA per unit length corresponding to the rotational stiffness of the connection 
between the sheeting and the beam; 

b) The lateral stiffness Kg per unit length due to distortion of the cross-section of the pm'lin, 

(3) The combined restraint per unit length may be determined from: 

( 1 / KA + I I K B ) = 8 / F 

where: 

F IS the load per unit length of the test specimen to produce a lateral def1ection of h/IO; 

h IS the overall depth of the specimen; 

8 is the lateral displacement of the top flange in the direction of the load F. 

(4) In interpreting the test results, the following parameters should be treated as variables: 

- the number of fasteners per unit length of the specimen; 

the type of fasteners; 

- the flexural stiffness of the beam, relative to its thickness; 

the flexural stiffness of the bottom flange of the sheeting, relative to its thickness; 

- the positions of the fasteners in the flange of the sheeting; 

- the distance from the fasteners to the centre of rotation of the beam; 

- the overall depth of the beam; 

- the possible presence of insulation between the beam and the sheeting. 

.,. (A.S) 
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(dj 

~ 
I 

:::t! 450 mm 

(a) sheeting, (b) fastener, (c) profile, (d) load, clamped support 

a) A1ternative 1 

~d I (c) 
1 f-04-

-- ~-----

(a) sheeting, (b) fastener, (c) profile, (d) load, (e) insulation jf available, (f) timber blocks 

b) Alternative 2 

Figure A.II: Experimental determination of spring stiffness KA and Kn 

A.6 Evaluation of test results 

A.6.1 General 

(I) A specimen under test should be regarded as having failed if the applied test loads reach their maximum 
values, or if the gross deformations exceed specified limits. 

(2) The gross deformations of members should generally satisfy: 

s ~ L/50 ... (A.6) 

¢ ~ 1/50 ... (A.7) 

where: 

(5 is the maximum deflection of a beam of span L; 

¢ is the sway angle of a structure. 

(3) In the testing of connections, or of components in which the examination of large deformations is 
necessary for accurate assessment (for example, in evaluating the moment-rotation characteristics of sleeves), 
no Jimit need be placed on the gross deformation during the test. 
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(4) An appropriate margin of safety should be available between a ductile failure mode and possible brittle 
failure modes. As brittle failure modes do not usually appear in large scale tests, additional detail tests should 
be carried out where necessary. 

NOTE: This is often the case for connecLions. 

A.6.2 Adjustment of test results 
(l) Test results should be appropriately adjusted to allow for variations between the actual measured properties 
of the test specimens and their nominal values. 

(2) The actual measured basic yield strength should not deviate by more than 25% from the nominal 
basic yield strength fyb i.e. O,7S fyb, 

(3) The actual measured thickness fobs should not exceed the nominal material thickness (nom 

more than 12%. 
3.2.4) by 

(4) Adjustments should be made in respect of the actual measured values of the core material thickness 
and the basic yield strength for all tests, except if values measured in tests are used to calibrate a design 
model then provisions of (S) need not be applied. 

(S) The adjusted value Radj.i of the test result for test i should be determined from the actual measured test 
resu It Robsj using: 

Radj,j ... (A.8) 

IE}) in which flR is the adjustment coefficient: 

r ... (A.9) 

(6) The exponent a for use in expression (A.9) should be obtained as follows: 

- if [vb.obs ~ /Yb: a= 0 

if a= I 

For profiled sheets or liner trays in which compression elements have such large b~/f ratios that local buckling 
is clear1y the failure mode: a= O,S. 
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(7) The exponent /3 for lise in expression (A.9) should be obtained as follows: 

- if lobs.cor tcor : /3=1 

- if toh;,.cor > t cor: 

- for tests 011 profiled sheets or liner trays: /3 2 

for tests on members, structures or portions of structures: 

if bjt /3 

/3= 2 

obtain /3 by linear interpolation. 

in which the limiting width-to thickness ratio (bpI t)hm given by: 

19,1£Jk:,.. 

where: 

IS the notional flat width of a plane element; 

IS the relevant buckling factor from table 4. I or 4.2 in EN 1993-1 

. .. (A. 10) 

is the largest calculated compressive stress in the element, at the ultimate limit state. 

NOTE: Til the case of available lest report concerning sheet specimens with tob,.cor / fcor:S 1,06 readjustment of existing 
value not exceeding 1.02 times the Rnclj.i value according to A.6.2 may be omitted. 

~ For the adjustment of second moment of area, where linear behaviour is observed under the serviceability limit state 
loading, the exponents in the formula (A.9) should be taken as follows: a = 0,0 and ~ = 1,0. 

A.6.3 Characteristic values 

A.6.3.1 General 

(J) Characteristic values may be determined statistically, provided that there are at least 4 test results. 

NOTE: A larger number is generally preferahle, particularly if the scaLter is relatively wide. 

If the number of test results available is 3 or less, the method given in A.6.3.3 may be used. 

(3) The characteristic minimum value should be determined using the following provisions. If the 
characteristic maximum value or the characteristic mean value is required, it should be determined by using 
appropriate adaptations of the provisions given for the characteristic minimum value. 

(4) The characteristic value Rk determined on the basis of at least 4 tests may be obtained from: 

Rm +1- ks ... (A.l]) 

where: 

s is the standard deviation; 

k is the appropriate coefficient from table A.2; 

RI11 is the mean value of the adjusted test results Radj ; 

The unfavourable sign "+" or" " should be adopted for given considered value. 

NOTE: As general rule, for resistance characteristic value, the sign "-" should be taken and e.g. for rotation characteristic 
value, hoth are to be considered. 
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(5) The standard deviation s may be determined using: 

s= L(R~\d.J.i 
[ 

/I 

where: 

[I t(R'd;,j' 
ll=l 

Radj,i IS the adjusted test result for test i; 

n IS the number of tests. 

Table A.2: Values of the coefficient k 

N 4 5 6 8 10 20 

k 2,63 2,18 2,00 1,92 1}6 

A.6.3.2 Characteristic values for falnilies of tests 

30 

1 
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... (A.12) 

1.64 

(1) A series of tests carried out on a number of otherwise similar structures, portions of structures, members, 
sheets or other structural components, in which one or more parameters is varied, may be treated as a single 
family of tests, provided that they all have the same failure mode. The parameters that are varied may include 
cross-sectional dimensions, spans, thicknesses and material strengths. 

(2) The characteristic resistances of the members of a family may be determined on the basis of a suitable 
design expression that relates the test results to all the relevant parameters. This design expression may either 
be based on the appropriate equations of structural mechanics, or determined on an empirical basis. 

(3) The design expression should be modified to predict the mean measured resistance as accurately as 
practicable, by adjusting the coefficients to optimize the correlation. 

NOTE: Information on this process is given Annex D of EN 1990. 

(4) In order to calculate the standard deviation s each test result should first be normalized by dividing it by 
the conesponding value predicted by the expression. If the design expression has been modified as 
specified in (3), the mean value of the normalized test results will be unity. The number of tests n should be 
taken as equal to the total number of tests in the family. 

(5) For a family of at least four tests, the characteristic resistance Rk should then be obtained from expression 
(A.] 1) by taking Rm as equal to the value predicted by the design expression, and using the value of k from 
table A.2 corresponding to a value of n equal to the total number of tests in the family. 

A.6.3.3 Characteristic values based on a small nuotber of tests 

(1) If only one test is carried out, then the characteIistic resistance Rk corresponding to this test should be 
obtained from the adjusted test result Radj usmg: 

0,9 17k Radj 

in which 11k should be taken as follows, depending on the failure mode: 

yielding failure: 

- gross deformation: 

- local buckling: 

- overall instability: 

17k = 0,9; 

'7k = 0,9; 

'7k 0,8 ... 0,9 depending on effects on global behaviour in tests; 

... (A.13) 
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(2) For a family of two or three tests, provided that each adjusted test result Radj.i is within ± 10% of the 
mean value Rill of the adjusted test results, the characteristic resistance Rk should be obtained using: 

... (A.14) 

(3) The characteristic values of stiffness properties (such as flexural or rotational stiffness) may be taken as the 
mean value of at least two tests, provided that each test result is within ± 10% of the mean value. 

(4) In the case of one single test the characteristic value of the stiffness is reduced by 0,95 for favourable value 
and increased by 1,05 for Iloll-favourable value. 

A.6.4 Design values 

(I) The design value of a resistance Rd should be derived from the corresponding characteristic value Rk 
determined by testing, 

where: 

... (A.l 

is the partial factor for resistance; 

'l,ys is a conversion factor for differences in behaviour under test conditions and service 
conditions. 

The appropriate value for 11,ys should be determined in dependance of the modelling for testing. 

(3) For sheeting and for other well defined standard testing procedures (including A.3.2.1 stub column tests, 
A.3.3 tension tests and A.3.4 bending tests) !Jsys may be taken as equal to 1,0. For tests on torsionally 
restrained beams conformed to the section A.S, '7sys 1,0 may also be taken. 

(4) For other types of tests in which possible instability phenomena, or modes of behaviour, of structures or 
structural components might not be covered sufficiently by the tests, the value of '7,ys should be assessed taking 
into account the actual testing conditions, in order to achieve the necessary reliability. 

NOTE: The partial raclorY~d may be given in the National Annex. It is recomrnended to use the Xrvalues as chosen in 
the design by calculation given in section 2 or section 8 of this part unless other values result from the use of Annex D of 
EN 1990. 

A.6.S Serviceability 

(I) The provisions given in Section 7 should be satisfied. 
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Annex B [informative] - Durability of fasteners 
(I) In Construction Classes I, II and III table B.l may be applied. 

Table B.1: Fastener material with regard to corrosion environment (and sheeting materia] only for 
information). Only the risk of corrosion is considered. Classification of environnlent according to 

EN ISO 12944-2. 
:Material of fastener 

Classifica 
tion of Sheet Electro 

Hot-dip zinc coated 
Stainle.-;s steel. 

Alul11iniu galvanized steel. Stainless steel. case hardcned. 
environm material steclh

. Coat thickness I..'1.JOI d Monel" 
ent 111 CO;)t thickness> 

>4S)l1ll 1.4006 d 

7~lIn 1..'1.436 d 

CI A,8,C X X X X X X 

D, E,S X X X X X X 

C2 A X X X X X 

C, D, E X X X X X 

S X X X X X 

C3 A X X X X 

C,E X - X (X{ (X/ 

D X X (X{ X 

S - X X X X 

C4 A X - (Xf (X/ 

D X (X{ 

E X - X (X{ 

S X X X 

C5-1 A X (X( 

Dr - X (X( 

s X 

C5-M A X (X{ 

Df X - (X( 

S - X -

NOTE: Fastener of steel without coating may be used in corrosion c1as-;ification class C I. 

A= 

8= 

C= 

D= 

E= 

Aluminium irrespcctive or surface finish 

Un-coated sleel sheet 

Hot-dip zinc coated (Z275) or aluzink coated (AZI50) steel sheet 

Hot-dip zinc coated steel sheet + coating of paint or plastics 

Aluzink coated (AZI85) steel sheet 

S = Stainless sleel 

X= 

(X)= 

Type of material recommended from the cOlTosion standpoint 

Type of material recommended from the corrosion standpoint under the 
specified condition only 

a 

b 

Type of material not recommended from the corrosion 
standpoint 

Refers to rivet'> only 

Rerers to screws ~1I1d nuts only 

Insulating washer, of material resistant to ageing, between 
sheeting and fastener 

d Stainless steel EN 10088 

Risk of discoloration. 

Always check with sheet supplier 

(2) The environmental classification following EN-ISO 12944-2 is presented in table B.2. 
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Table B.2: Atnlospheric-corrosivity categories according to EN ISO 12944-2 and examples of typical 
environments 

Corro- Corro- Examples of typical environments in a temperate climate (informative)) 
sivity sivity Exterior Interior 
category level 

Cl Very low - Heated buildings with clean atmospheres, 
e. g. offices, shops, schools and hotels. 

C2 Low Atmospheres with low level of Unheated buildings where condensation 
I pollution. Mostly rural areas may occur, e. g. depots, sport hal1s. 

C3 Medium I Urban and industrial atmospheres, Production rooms with high humidity and 
I moderate sLllphll r dioxide poll Ll !i 011. some air pollution, e. g. food-processing! 
Coastal areas with low salinity. plants, laundries, breweries and dairies. 

C4 High Industrial areas and coastal areas Chemical plants, swimming pools, coastal 
with moderate salinity. ship- and boatyards. 

C5-1 Very Industrial areas with high humidity Building or areas with almost permanent 
high (in- and aggressive atmosphere. condensation and with high pol1l1tion. 
dustrial) 

i 

C5-M Very Coastal and offshore areas with high Building or areas with almost permanent 
high salinity. condensation and with high pollution. 
(marine) 
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Annex C [informative] - Cross section constants for thin-walled cross 
sections 

C.1 Open cross sections 
(1) Divide the cross section into n parts. Number the parts] to n. 

Insel1 nodes between the pal1s. Number the nodes 0 to 11. 

Part i is then defined by nodes i-I and i. 

Give nodes, co-ordinates and (effective) thickness. 

Nodes and parts j O .. n ;=1 .. 11 

Area of cross section parts 

dA i = [t i'Jr-"(-Vi---)-'i--I-) 2-+-(-Zi---;:-"I_-I-) 2J 

Cross section area 

11 

A ::;:: L dAi 

i:::: 1 

First moment of area with respect to y-axis and coordinate for gravity 
centre 

11 

SyO::;:: L 
i ::;:: ] 

SyO 

A 

7 

6 5 

z 

Figure C.l Cross section nodes 

Second moment of area with respect to original y-axis and new y-axis through gravity centre 

11 [2 2 J dAi 
lyO::;:: L (Zi) + {zi-d + Zi'Zi-l '-3- ly 1)'0 A· 

2 

I 

First moment of area with respect to z-axis and gravity centre 

! dA· 
S70::;:: (y. + y._])._l 

" ~l ~l 2 
i = 1 

Szo 

A 

Second moment of area with respect to original z-axis and new z-axis through gravity centre 

2 
A· Ygc 
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Product moment of area with respect of original y- and z-axis and new axes through gravity centre 

11 clAi SvO,SzO 
lyz.O = I- (2. Yi-I'':::i-I + 2· Yi'Zi + Yi-I'':::i + Yi' Zi-d'6 l yZ = lyZO - - A 

i = 1 

Principal axis 

if (I z. -I)') * 0 otherwise a = 0 

Sectorial co-ordinates 

OJO. = )'i-I' Zi - Yi' Zi-I 
I 

Mean of sectorial coordinate 

11 dA· 
IOJ = I- (OJi-1 + OJJ.--;-

i = I 

Sectorial constants 

11 ciA. 
ly o1) = I- (2. Yi-I . OJi-1 + 2· .'h· OJi + Yi-1 . (Vi + Yi' OJi-1)·-i 

i = I 

II ( ) ciA i 
IzoJ) = I- 2' OJi-I'Zi-1 + 2' OJi' Zi + OJi-l-:!.i + OJi'Zi-l '6 

i = I 

Shear centre 

Ysc = 
Iz.OJ·lz -lyOJ'lyz 

2 
Iy·l z - I},z. 

Warping constant 

Zsc = 
-lyOJ'/)' + I ZOJ·lyZ 

2 
Iy'lz -lyZ 

lw = IOJOJ + zsc ·lyOJ - )'sc ·Izu 

Torsion constants 

11 

It = I-
i = 1 
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Sectoria1 co-ordinate with respect to shear centre 

())s ' = ())J' ())meun + 
.I , 

Maximum sectorial co-ordinate and warping modulus 

J ~v 

Distance between shear centre and gravity centre 

Ys = Ysc- Zs .:", .... c 

Polar moment of area with respect to shear centre 

_2 
I p = I y + J + s +.c, s ) 

Non-symmetry factors Zy and Yj 

7' 
,:J 

0.5 II [ ') 

Zs - 1;' 2: (zcJ + ( 
,)2 (Yi - Yi_d

2
] ----+ \'" + + 

. L i 12 
. i = ) 

( )" .d 

(Zi - Zi-)) ·Lh Yi-I) ,_0.5'2:
11 

[(,)3 ,[(Yi-Yi-d
2 

('7)2 (Zi ),' Vi' + Ii" + (J' + ----
•• J L ''-j 'Li 4 Li 12 + Zc.'---------

I 6 
"i 1 

where the coordinates for the centre of the cross section 

Ye, 
I 

.vi + ,Vi-J 

2 
= 

Zi + Zi-) 

2 

with respect to shear center are 

NOTE: Zj = 0 (Yj = 0) for cross sections with y-axis (~-axis) being axis of symmetry, see Figure C.I. 

C.2 Cross section constants for open cross section with branches 

·rlAi 

(1) In cross sections with branches, formulae in C.l can be used, However, follow the branching back (with 
thickness t = 0) to the next part with thickness t*-O, see branch 3 4 - 5 and 6 - 7 in Figure C.2. A section with 
branches is a section with points where more than two parts are joined together. 

_C\J 

\?> \?> \?> 
t4 = 0 

3 0 t5 = 0 

t6 2 --J f+-t6 
t7 = 0 

Ly 

Y4 = Y2 

_00 ....t- ....t-
24 = Z2 

I 25 = 
8 7 8 7 

26 = 
Cross section Nodes and elements Line model 

Figure C.2 Nodes and parts in a cross section with branches 
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C.3 Torsion constant and shear centre of cross section with closed part 

Figure C.3 Cross section with closed part 

(1) For a symmetric or non-symmetric cross section with a closed part, Figure C.3, the torsion constant is given 
by 

where 

Jl 

05 "(v' - )1'-1 , L...,. f • f + Zi-l) 
i= 2 
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Annex D [informative] - Mixed effective width/effective thickness method 
for outstand elements 

(1) This annex gives an alternative to the effective width method in 5.5.2 for outstand elements in 
compression. The effective area of the element is composed of the element thickness times an effective width 
beO and an effective thickness teff times the rest of the element width bp . See Table 0.1. 

The slenderness parameter Ip and reduction factor p is found in 5.5.2 for the buckling factor ka- in 

Table 0.1. 

The stress relation factor ljI in the buckling factor ka- may be based on the stress distribution for the gross 

cross section. 

(2) The resistance of the section should be based on elastic stress distribution over the section. 

125 



BS EN 1993-1-3:2006 
EN 1993-1-3: 2006 (E) 

Table D.1: Outstand compression elelnents 

Maximum compression at free longitudinal edge 

Stress distribution Effective width and thickness 

~a~ __________ ~~ a 

telT (l,75p 0,75)t 

¥,<O 

al'!l 
r------...".....~--J 

telT (1,75p 0,75-0,]5¥')t 

Maximum compression at SllpPol1ed longitudinal 

Stress distribution 

a 
~ __________ ~~~a 

126 

Effective width and thickness 

= (1,7Sp -0,75)( 

~/<o 

b
t 

- --"'-
- (If/-l) 

= (l,75p -0,75)t 

Buckling factor 

1 ~ ¥' '2-2 

],7 

3+¥, 

2>lj/'2-3 

2 ka = 3,3(1 + If/) + 1,25lf/ 

¥' <-3 

k(J" = 0,29(1- ¥') 2 

Buckling factor 

k (J' 

],7 

1+3lj/ 

2 k(J'=1,7 Slj/+17,1lj/ 

¥' < 1 

k(J' 5,98(1 lj/) 2 
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(1) Purlins with C-, Z- and L.-cross-sections with or without additional stiffeners in web or flange may be 
designed due to (2) to (4) if the following conditions are fulfilled: 

- the cross-section dimension are within the range of table E.t; 

- the pm'lins are horizontally restraint by trapezoidal sheeting where the horizontal restraint ful fiJI the 

conditions of the equation (10.1 a); 

§) - the purlins are restrained rotationally by trapezoidal sheeting and the conditions of table 10.3 are met. 

- the purlins have equal spans and uniform loading 

This method should not be used: 

- for systems using anti-sag bars; 

for sleeve or overlapping systems; 

for application of axial forces NEd-

NOTE: The limitation and validity of this methoclmay be given in the National Annex. 

Table E.1: Limitations to be fulfilled if the simplified design method is used and other linlits as in Table 
5.1 and section 5.2 

(the axis y and z are parallel respect rectangular to the top llange) 

purlins t (mm] bit hit hlb cit I blc Lllz 

b-t 
'1 i 21,25 :::; 55 :::; 160 :::;3,43 :::; 20 :::; 4,0 215 

~ 

I 

I 

I 

~ t~ h 
21,25 :::; 55 :::; 160 :::; 3,43 :::; 20 :::;4,0 215 

i 
I 

i 
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(2) The design value of the bending moment M Ed should satisfy 

M Ed ::;l ... (E.l) 

where 

and 

and 

and 
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M IT. Rei 

M LT.Rd 
XLT 

W';fr.v --
" kd 

WdLy is section modulus of the effective cross-section with regard to the y-y axis; 

... (E.2) 

XIT is reduction factor for lateral torsional buckling in dependency of Au due to 6.2.3, where 

a LT is substituted by aLT.eff; 

ALT ... (E.3) 

a LT.d1 = a LT .. . (EA) 

aLl' is impelfection hlctor due to 6.2.3; 

Wel. y is section modulus of the gross cross-section with regard to the y-y axis; 

kd is coefficient for consideration of the non restraint part of the purlin according to equation (E.S) 

and table 

. but ~ 1.0 ... (E.S) 

{{I ' (12 coefficients from table E.2; 

L span of the pm'lin; 

h overall depth of the purlin. 



Table E.2: Coefficients at, a2 for equation (E.5) 

Z-purlins C-purlins 

System al a2 al a2 

single span beam 1.0 0 1.1 0.002 

gravity load 

single span beam 1.3 0 3.5 0.050 

uplift load 

continuous beam 1.0 0 1.6 0.020 

gravity load 

continuous beam 1.4 0.010 2.7 0.040 

uplift load 

al 

1.1 

1.9 

1.6 

1.0 

BS EI'J 1993-1-3:2006 
EN 1993-1-3: 2006 (E) 

L-purlins 

a2 

0.002 

0.020 

0.020 

0 

(3) The reduction factor Xu may be chosen by equation (E.6), if a single span beam under gravity load is 

present or if equation (E.7) is met 

Xu = 1,0 ... (E.6) 

M2 
C >_e_l,u_k 

D - E I 1'J 
v 

... (E.7) 

where 

M el,u = We1 ,1I fy elastic moment of the gross cross-section with regard to the major u-u axis; ... (E.8) 

I v moment of inertia of the gross cross-section with regard to the minor v-v axis: 

k tJ factor for considering the static system of the purlin due to table E.3. 

NOTE: For equal flanged C-purlins and I-purlins Iv = Iz, Wli = Wy, and MeLli = Mel.y' Conventions used for cross section 
axes are shown in Figure 1.7 and section ~ 1.5.4 @il. 

Table E.3: Factors k1} 

Statical system Gravity load Uplift load 

~ 
)<- L--,f' 

- 0.210 

Li zs ~ 
)<-- L -A'- L---,t 0.07 0.029 
Li zs LS. 6 0.15 0.066 )'-- L --,!'- L --t- L -71' 

LOS 23 Q Q D 
}- L --+- L -;f- L -+ L--7/' 0.10 0.053 
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(4) The reduction factor XLT should be calculated according to 6.2A using ALT and Qi.T.eff in cases which 

are not met by (3). The elastic critical moment for lateral-torsional buckling Mer may be calculated by the 
equation (E.9): 

where 
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k 
/Vlcr=

L 

II is the fictitious St. Venant torsion constant considering the effective rotational restraint by 

equation (£.! 0) and 11): 

L2 
I, +CD -;r2C 

I t is St. Venant torsion constant of the pLll'lin; 

1 
]/C D =--+ 

I 
+--

CD.C 

CD,;\ ,CI),C rotational stiffnesses due to 10.1.5.2; 

.. . (E.] 0) 

... (£,11) 

C D. 13 rotational stiffnesses due to distorsion of the cross-section of the purlin due to 10.1.5.1, CD.B = 
KI31?, where h depth of the purlin and KI3 according to 10.1.5.1; 

k lateral torsional buckling coefficient dtle to table EA. 

Table E.4: Lateral torsional buckling coefficients k for purlins restrained horizontally at the 
upper flange 

Statical system Gravity load Uplift load 

00 10.3 

17.7 27.7 

12.2 18.3 

14.6 20.5 
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Foreword 

This European Standard EN 1993- 1-4, Eurocode 3: Design of steel structures: Part 1-4 General Rules -
Supplementary rules for stainless steels, has been prepared by Technical Committee CEN/TC250 « Structural 
Eurocodes », the Secretmiat of which is held by BSI. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by ApIil 2007 and conflicting National Standards sha]] be withdrawn 

at latest by March 20] O. 

This EUfocode supersedes ENV 1993-1-4. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement this European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom. 

National Annex for EN 1993-1-4 

This standard gives alternative procedures, values and recommendations with notes indicating where national 
choices may have to be made. The National Standard implementing EN 1993-1-4 should have a National 
Annex containing all Nationally Determined Parameters to be used for the design of steel structures to be 
constructed in the relevant country. 

National choice is allowed in EN 1993-1-4 through clauses: 

2.1.4(2) 

2.1.5(1 ) 

5.] (2) 

5.5(1) 

5.6(2) 

6.1 (2) 

6.2(3) 
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1 General 

1.1 Scope 

(I) This Part 1.4 of EN 1993 gives supplementary provIsIons for the design of buildings and civil 
engineering works that extend and modify the application of EN 1993-1 1, EN 1993-] EN J 993-1-5 and EN 
1993-1-8 to austenitic, austenitic-ferritic and fen'itic stainless steels. 

NOTE 1: Informalion on the durability of stainless steels is given in Annex A. 

NOTE 2: The execution of slainless steel struclUres is covered in EN 1090. 

NOTE 3: Guidelines for further treatment, including heal treatment, are given in EN 10088. 

1.2 Normative references 

This following normative documents contain prOVISIOns which, through reference to this text, constitute 
provisions of this European Standard. For dated references, subsequent amendments to or revisions of any of 
these publications do not apply. Ho\vever, pm1ies to agreements based on this European Standard are 
encouraged to investigate the possibility of applying the most recent editions of the normative documents 
indicated below. For undated references, the latest edition of the normative document refened to applies. 

EN 1990 

EN 508-3 

EN 1090-2 

EN 1993-1-1 

EN 1993-1-2 

Ellrocode 0: Basis of structllral design 

Ro(dlllg products from metal sheet. Specification for se(fsllpporting products of steel, 
aluminium or .s·tainless steel sheet. Stainless steel; 

Ex:eclltion ql steel structures and aillminium strllctures - Part 2: Technical reqllirements 
for steel strllctllres; 

Design ofs-teel structllres: General rules and rilles for buildings; 

Design steel structures: Structuralfire design; 

EN J 993-1-3 Design (?lsteel structures: Cold formed thin gauge members and sheeting; 

EN 1993-1-5 Design (?fsteel structures: Plated structured elements; 

EN 1993-1 Design ofstee! structures: Strength and stability (~lshell structures; 

EN 1993-1-8 Design qlsteel structures: Design rdjoints; 

EN 1993-1-9 Design (~l steel strllctures: Fatigue; 

EN 1993-1 10 Design (~f'.'iteel structures: Material toughness and through-thickness properties; 

EN 1993-1-11 Design ~fsteel structures: Design of structures with tension components made qlsteel; 

EN 1993-1-12 Design (~l steel structures: Additional rulesfor the extension ql EN 1993 up to steel grades 
S 700; 

EN ISO 3506- ) !Vlechwzical properties (d' corrosion resistant stainless steel fasteners - Part 1: Bolts, 
SClnvs and studs; 

EN ISO 3506-2 

EN ISO 3506-3 

EN ISO 7089 

EN ISO 7090 

EN ISO 9445 

EN 10029 

4 

!Vlechanical properties of COlTO!:lion resistant stainless steel fasteners Part 2: Nllts 

IVfechallical properties (~f corrosion resistant stainless steel fasteners Part 3: Set scre~~'s 
and similarfasteners under ten.l;ile tests; 

Plain H.'[lshers - Normal series Prodllct grade A; 

Plain'Yvashers, chamfered - Normal series Product grade A; 

Continuollsly cold-rolled stainless steelllarrmv strip, Ivide strip, plate!yheet and cut lengths 
- TtJlerallces on dimensions andform 

Spec(fication for tolerances on dimensions, shape and mass for hot rolled steel plates 
3 111m thick or above,· 
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Vocablllw)1 qf heat treatment termsforferrolls prodllcts: 

Stainless steels Part 1: List ofstainless steels; 

EN 10052 

EN 10088-1 

EN 10088-2 Stainless steels Part 2: Technical delivel)' conditions for sheet/plate and stnJ) for 
general pUI]JOses; 

EN 10088-3 Stainless steels - Part 3: Techllical delivery conditions f()]< semi-finished products, ban·;, 
rods alld sectiollsfbr general plll]Joses; 

EN 10162 Cold rolled steel sections. Technical delivery conditions. Dimensional and cross-sectional 
tolerances; 

EN 10219-2 Cold j()nned lvelded structural sections qf 11on-a/loy and fine grain steels. Tolerances, 
dimensions and sectional properties; 

1.3 Assumptions 

(I) In addition to the general assumptions of EN 1990 the following assumptions apply: 

- fabrication and erection complies with EN 1090-2. 

1.4 Distinction between principles and application rules 

(]) The rules in EN 1990 cJause 1.4 apply. 

1.5 Definitions 

(1) The rules in 1990 clause 1.5 apply. 

(2) Unless otherwise stated, the vocabulary of treatment terms for ferrous products Llsed in EN 10052 
applies. 

1.6 Symbols 

In addition to those given in EN 1990, EN 1993-1-1 EN 1993-1 EN 1993-1-5 and 1993-1-8, the following 
symbols are used: 

fu.rcd reduced value of bearing strength 
secant modulus of elasticity used for serviceability limit state calculations 
secant modulus corresponding to the stress in the tension flange 

E,.2 secant modulus corresponding to the stress in the compression flange 

O'I,Ed.;,er serviceability design stress 
11 coefficient 

5 
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2 Materials 

2.1 Structural stainless steels 

2.1.1 General 

(I) The provisions given in this Palt 1.4 should be applied only to design usi ng austenitic, austenitic-feITitic 
and feITitic stainless steels. 

(2) The nominal values of the material propelties given in 2.1.2 should be used as characteristic values in 
structural design calculations. 

(3) For further information about material properties reference should be made to EN 10088. 

(4) The provisions specified in this PaIt 1.4 are applicable for material of nominal yield strength .0 
up to and including 480 N/mm2

• 

NOTE: Rules for the use of work hardened material withfy> 480 N/mm2 are given in Informative 
Annex B. 

(5) The higher strength of other materials 2.1.2 and Annex B) may be taken into account in the design 
provided that doing so is justified by appropliate tests in accordance with Section 7. 

2.1.2 Material properties for stainless steel 

(1) In design calculations the values should be taken as follows, independent of the direction of rolling: 

yield strength .(v: the nominal stress (0,2% proof stress) specified in Table 2.1; 

ultimate tensHe strength j~: the nominal ultimate tensile strength specified in Table 2.1. 

(2) The ductility requirements in EN 1993-1-1, clause 3.2.2 also apply to stainless steels. Steels conforming 
with one of the steel grades listed in Table 2.1 should be accepted as satisfying these requirements. 

(3) For structural hollow sections, the strength values given in Table 2.1 for the relevant product form of the 
base material (cold-ro]]ed strip, hot rol1ed strip or hot rolled plate) should be used. 

(4) Higher strength values derived from cold working the base material may be used in design provided they 
are verified by tests on coupons taken from the structural hollow section in accordance with Section 7. 

(5) For cold worked material, the material tests given in the material certificate required according to EN 
1090, should be in such a direction that the strength values used in design are independent of the direction of 
rolling or stretching. 

6 
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Table 2.1: Nonlinal values of the yield strength '" and the ultimate tensile strength 
fu for structural stainless steels to EN 10088 1

) 

Type of 
stainless 

steel 

Fen'itk 
steels 

Austenitic 
steels 

Austenitic 
-felTitic 
steels 

Cold rolled strip 

Grade 
rs6mm 

1.4003 280 
1.4016 260 

1.4512 210 

1.4306 
1.4307 
1.4541 
1.4301 
1.4401 

1.4404 
1.4539 
1.4571 
1.4432 

1.4435 
1.4311 
1.4406 
1.4439 
1.4529 
1.4547 
1.4318 

1.4362 

1.4462 

220 

230 

240 

240 

290 
300 
290 
300 
320 
350 
420 

480 

450 
450 

380 

520 

540 

530 

540 

550 

550 

580 

650 
650 
650 

600 

660 

Product form 

.Hot rolled strip Hot rolled plate 

Nominal thickness t 

IS 12 rnm r S 75 mm 

j~ j~ 
N/l1lnr:' N/mnr~ 

280 450 45(},j 

240 450 240:1) 

210 380 

200 520 200 500 

210 520 210 520 

220 
530 

220 520 

540 

220 550 220 520 

270 550 270 550 

280 
270 

580 
280 
270 

580 

300 650 300 650 
300 650 300 650 
330 650 330 630 
400 600 400 630 

460 660 460 640 

Bars, rods and 
sections 

r S 250 111m 

N/rn 1112 

450~) 

240~J 

180 460 
175 450 

190 500 

200 500 

230 530 

200 500 

270 550 

280 

300 650 

400:1) 6(0 1) 

450 650 

J) The nominal values of .f, and 1;l given in this table may be lIsed in design without taking special account of 
anisotropy or strain hardening effects. 

2) t S 160 111m 

3) ts 25 mm 
4) ts 100 mm 

2.1.3 Design values of material coefficients 

(1) The following values of the material coefficients may be assumed for the global analysis and 111 

determining the resistances of members and cross-sections: 

Modulus of elasticity, E: 

E = 200 000 N/mm2 for the austenitic and austenitic-ferritic grades in Table 2.1 excluding grades 
1.4539, 1.4529 and 1.4547 

E = 195 000 N/mm2 for the austenitic grades 1.4539, 1.4529 and 1.4547 

E = 220 000 N/mm2 for the fenitic grades in Table 2.1 

E 
Shear modulus. G. where G = ---

. . 2(1+v) 

Poisson's ratio in elastic stage, V 0,3 

7 
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Alternatively, stress-strain curves according to Annex C may be used for materials in the annealed condition to 
describe the material behaviour. 

(2) For calculating deflections in individual members, the secant modulus appropIiate to the stress in the 
member at the serviceability limit state may be used, see 4.2(5). 

2.1.4 Fracture toughness 

(J) The austenitic and <:1ustenitic-ferritic stainless steels covered in this Pmt 1.4 may be assumed to be 
adequately tough and not susceptible to blittle fracture for service temperatures down to -40°C. 

NOTE: Austenitic steels may also be used for temperatures below -40°C, but the requirements should be 
dctermi ned for cach particular case. 

NOTE: See Annex A.5.3 concerning embrittlement due to contact \Iv'ith zinc in fire. 

(2) For feITitic stainless steels, the rules in EN 1993-1-10 give guidance. Required testing temperature and 
required CVN-values may be determined from Table 2.1 of EN 1993-1-10. 

NOTE 1: Ferritic steels arc not classified into sub-grades. 

NOTE 2: The National Annex may provide further information on fracture toughness of ferritic stainless steels. 

2.1.5 Through-thickness properties 

(I) Guidance on the choice of through-thickness properties is given in EN 1993-1-10. 

NOTE: The National Annex may provide further information on the choice of through thickness properties. 

2.1.6 Tolerances 

(1) The dimensional and mass tolerances of rolled steel sections, structural hollow sections and plates 
should conform with the relevant product standard unless more severe tolerances are specified. 

NOTE: For information about tolerances for thickness of cold rolled stainless steel, reference should be made to 
EN ISO 9445: 2006. For plates see EN 10029 

(2) For welded components the tolerances given in EN 1090-2 should be applied. 

(3) For structural analysis and design, the nominal values of dimensions should be used except that the 
design thickness of strips should be determined according to 3.2.4(3) of EN 1993-1-3. 

2.2 Bolts 

2.2.1 General 

(I) Stainless steel bolts and nuts should conform with EN ISO 3506 - 1,2.3. Washers should be of stainless 
steel and should conform with EN ISO 7089 or EN ISO 7090, as appropriate. The corrosion resistance of the 
bolts should be equivalent to, or better than, the cOI1'osion resistance of the parent material. 

(2) The nominal yield strength and ultimate tensile strength for stainless steel bolts should be 
obtained from Table 2.2. 

(3) Pending the issue of an appropriate European Standard, the specified properties should be verified using 
a recognised quality control system, with samples from each batch of fasteners. 

8 
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Table 2.2: Nominal values of tYb and tUb for stainless steel bolts 

Material 
Property class 

to 
groups 

EN ISO 3506 

Austenitic 50 
and 

austenitic-
70 

ferritic 80 

2.2.2 Pre loaded bolts 

Range of sizes 

~M 39 

M24 

~M 

Yield strength 

.f~'b J 

N/mm-

2JO 

450 

600 

Ultimate tensile strength 

N/mny2 

500 

700 

800 

NOTE: High strength bolts made of stainless steel should not be used as preloaded bolts designcd ror a spcei lie slip 
resistance, unless their acceptability in a particular application can be demonstrated from test results. 

2.2.3 Other types of mechanical fastener 

(I) Requirements for other types of mechanical fasteners are given in EN 1993-1-3. 

2.3 Welding consumables 

(1) General requirements for welding consumables are given in EN J 993-1-8. 

(2) In addition to the requirements of EN 1993- J the welding electrodes should be capable of producing a 
weld with a corrosion resistance that is adequate for the service environment, provided that the correct welding 
procedure is used. 

(3) The welding electrodes may be assumed to be adequate if the corrosion resistance of the deposited metal 
and weld metal is not less than that of the material to be welded. 

NOTE: Professional advice is recommended on the selection of welding procedure rorjointing stainless steels 

3 Durability 

(1) The requirements for durability given in Section 4 of EN ] 993- J -I should al so be applied for stainless 
steels. 

(2) An appropliate grade of stainless steel should be selected according to the corrosion resistance required 
for the environment in which the structural members are to be used. 

NOTE: Guidance on the selection of materials for corrosion resistance is given in Annex A. 

(3) In cosmetic applications, the possible minor changes in smi:ace appearance that might take place as a 
result of dirt deposits (which in adverse circumstances can create crevices and lead to surface micro-pitting) 
should also be taken into account. A suitable corrosion-resistant grade of stainless steel should be Llsed to 
ensure that only superficial smface attack takes place within the design life of the component. 

NOTE: Surface aspect features of hot rolled plates are described in EN 10163. 

(4) If necessary, a suitable cleaning regime should be specified to maintain surface appearance. 

(5) Although, under benign atmospheric exposure conditions, the requirements given in (3) can be satisfied 
by most stainless steels, expe11 advice should be sought if stainless steel is required to be exposed to 
environments that contain chemicals, including atmospheres associated with certain industrial processes, in 
swimming pool buildings, sea water and salt spray from road de-icing or the like. 

9 
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NOTE: Additional information on design for corrosion control is given in Annex A. 

4 Serviceability limit states 

4.1 General 

(1) The requirements for serviceability in Section 7 of EN 1993-1 ] should be applied for stainless 
steels. 

(2) Deflections in members should be estimated in accordance with 4.2. 

4.2 Determination of deflections 

(I) The effects of the non-linear stress-strain behaviour of stainless steels, and the effectiveness of the cross
section, should be taken into account in estimating deflections. 

NOTE: Guidance for the description of the non-linear material behaviour of annealed material is given in 
Informative Annex C. 

(2) The basic requirements for serviceability limit states are given in clause 3.4 of EN ] 990. 

NOTE: EN 1990 the appropriate combinations of actions to use in the following situations: 
for calculating deflections under permanent andlor variable actions: 
when long term deformations due to shrinkage, relaxation or creep need to be considered; 
if the appearance of the structure or the comfort of the user or functioning of machinery are being 
considered. 

(3) The effective cross-section may conservatively be based on effective widths of compression elements in 
Class 4 cross-sections determined using 5.2.3. Alternatively, the more accurate method in 4.4(4) of EN 1993-] 
5 may be used. 

(4) In the case of members subject to shear lag, the effective cross-section may be based on effective widths 
determined Llsing 3.2 in EN ] 993-1-5. 

(5) Deflections should be estimated using the secant modulus of elasticity Es,ser determined taking account 
of the stresses in the member under the load combination for the relevant serviceability limit state and the 
orientation of the rolling direction. If the orientation of the rolling direction is not known, or cannot be ensured, 
then the value for the longitudinal direction should be used. Alternatively, the FE-methods given in Annex C of 
EN 1993-1-5 may be used with the description of the non-linear matedal behaviour given in Annex C of this 
document. 

(6) The value of the secant modulus of elasticity may be obtained fi'om: 

2 
(4.1 ) 

where: 

IS the secant modulus corresponding to the stress O"J in the tension flange; 

is the secant modul us cOlTesponding to the stress in the compression flange. 

(7) The values of E
s
.

J 
and for the appropriate serviceability design stress OJ.Ed.ser and rolling direction 

may be estimated using: 

10 
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ELi = -----------

with: 

E 
1+0,002--

(Ji, Ed,ser 

1 or 2. 

(8) The value of the coefficient n may be taken from Table 4.1. 

EN 1993-1-4: 2006 (E) 

(4.2) 

NOTE: Annex C gives a method for evaluating n for grades other than those listed in Table 4.1. 

(9) As a simplification, the valiation of along the length of the member may be neglected and the 

minimum value of for that member (corresponding to the maximum values of the stresses OJ,EeI.scr and 
0;. Ed.ser in the member) may be used throughout its length. 

Table 4.1: Values of n 

Coefficient n 

Steel grade 
Longitudinal Transverse 

direction direction 

1.4003 7 II 
1.4016 6 14 
] .4512 9 16 
1.4301 
1.4306 
] .4307 6 8 
1.4318 
1.4541 
1.4401 
1.4404 
1.4432 

7 9 
1.4435 
1.4539 
1.4571 
1.4462 5 5 
1.4362 
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5 Ultin1ate limit states 

5.1 General 

(I) The provisions given in Sections 5 and 6 of EN 1993-1-1 should be applied for stainless steels, except 
where modified or superseded by the special provisions given in this PaIt 1.4. 

(2) The pclltial factors /1vl as defined in 2.4.3 of EN 1993-1-] are applied to the various characteristic values 
of reslstance in this section as follows, see Table 5.1. 

Table 5.1: Partial factors 

Resistance of cross-sections to excessive yielding including )i10 

local buckling 
Resistance of members to instability assessed by member 

)iii checks 
Resistance of cross-sections in tension to fracture )i1:2 

Resistance of bolts, livets, welds, pins and plates in bearing )i,p 

NOTE: values may be determined in the National Annex. The following values are recommended 

)i1O= 1,] 

~II= ],1 

)i,12 = 1,25 

No rules are given for plastic analysis. 

NOTE: Plastic global analysis should not be used unless there is sufficient experimental evidence to ensure that 
the assumptions made in the calculations are representative of the actual behaviour of the structure. In particular 
there should be evidence that the joints are of resisting the increase in internal moments and forces due to 
strain hardening. 

(4)P Joints subject to fatigue shall also satisfy the principles in EN 1993-1-9. 

(5) Where members may be subjected to significant deformation, account may be taken of the potential for 
enhanced strength gained through the work hardening properties of austenitic stainless steel. Where this work 
hardening increases the actions resisted by the members, the joints should be designed to be consistent with the 
increased member resistance, especially where capacity design is required. 

5.2 Classification of cross-sections 

5.2.1 Maximum width-to-thickness ratios 

(1) The provisions for design by calculation given in this Part 1.4 may be assumed to apply to cross-sections 
within the dimensional limits given in EN 1993-1-3, except that the overall width-to-thickness ratios bit and 
hit as defined in EN 1 1-3 should not exceed 400, see Figure 5.1. 

(2) lf visual distOltion of flat elements of the cross-section are unacceptable under the serviceability loading, 
a limit of bit S; 75 may be applied. 

12 
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Figure 5.1: Maximum width-ta-thickness ratios 

5.2.2 Classification of compression elements 

EN 1993-1-4: 2006 (E) 

(1) Compression elements of cross-sections should be classified as Class I, 2 or 3 depending upon the limits 
specified in Table 5.2. Those compression elements that do not meet the criteria for Class 3 should be 
classified as Class 4 elements. 
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Table 5.2 (sheet 1 of 3): Maximum width-to-thickness ratios for compression parts 

Internal compression parts 

~.-

I 

A " ,~ 7\ 
I 

I 
t,_ C C _ -.Axis of bending C 

•... ~ 
-,-

IJ~ 
-- ---

r--~ 
< ... ! fo<- k-

...... Vf. ,/ \I .'L 
I .... _ .. 

~t I t I t 
~ V 

c t C tl 
~ 

i ... ' I C I .; " ~ .. --.>1 , 
'" I' ......... 1 

_ 6xis of bending - - -- - - - ---

Class 
Part subject to Part subject to 

Part subject to bending and compression 
bending compression 

t 
" Stress - . ---r ,- ~ ...... 

distribution + + + ,ac 
in parts C 

-

( compression 
positive) ._-- -

L....~_._ 
.- I===... 

'y 'y Iy 

·when a > 0,5 : cIt -::; 
308t' 

1 clt-::;S6.0t' cIt -::; 2S,7t' 
13a-l 

28t' 
when a:::; 0,5: cl t:::; 

a 

when a> 0,5: cIt .::; 
320t' 

2 cIt -::; S8,2t' cIt -::; 26,7t' 
13a 1 

when a-::;O,S: cIt:::; 29,1t' 
a 

Stress =j' i~'Y_c 1Y~c 
distribution 

in parts --I c/2 C 
C 

(compression l;; _. 

positive) 
f===-.: -

3 cIt'::; 74,8t' cIt:::; 30,7t' 
c It-::; lS,3t'jk; 

For k(J see EN 1993-1-5 

[ r Grade 1.430 ] 1.4401 1.4462 
235 E 

f~ (N/mm':') 210 220 460 
£= Ir 210000 

£ 1,03 1,01 0,698 

Note: For hollow sections, c may conservatively be taken as (11-2t) or (b-20. 
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Table 5.2 (sheet 2 of 3): Maximum width-to-thickness ratios for compression parts 

Outstand flanges 

r<~>j 
v t 

.-----J 
A 

~c> 

~ -r 
Class 

Section Part subject to Part subject to bending and compression 
type compression Tip in compression Tip in tension 

Stress tYI 1+ k a(L~ k-~~> 
distribution in I ! ty f ! i 

parts - d 1+ YI B~ ~ c ~ ( compression I" -- fYI, C c fy 
positive) ...... : I, 

I' -""OJ I' -----> 

Cold cl t ~ 10£ cit 
10£ 

formed 
cit 10£ 

a-Ja a 
1 

cit ~ 9£ cit ~ 
9£ 

Welded cit ~ 9£ 
a 

Cold cit ~ 10,4£ 
I 

cit ~ ] 0,4£ cit ~ 10,4£ 
formed a 

2 

Welded cit ~ 9,4£ '1 < 9,4£ c t_-- cit ~ 9,4£ 
a 

Stress tYI 1+ ~t~ I Y r=:----- + distribution in c;:Z _ 
PaIts 

~ C ,I 
S::j_ 

(compression I .... , 
I, C c ,J 

positive) I"" " :"' '1 

Cold cit ~ 11,9t' cit ~ 18,1£,Jk; For kG see EN 1993-1-5 
formed 

3 

Welded clt~11£ cit ~ 16,7 £,Jk; For see EN 1993-]-5 

r ]'" 
Grade ] .4301 1.4401 1.4462 

235 E 
j~ (N/mm2

) 210 220 460 
£= fl' 210000 

£ 1,03 1,0] 0,698 
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Table 5.2 (sheet 3 of 3): Maximum width-to-thickness ratios for compression parts 

Angles 

1<: 
h 

>1 1<: 
h 

>1 

~I ~I 
Does not apply to angles in 

Refer also to "Outstand flanges" continuous contact with other 
(see sheet 2 of 3) components 

Class 
Section in compression 

Stress I + ty 
distribution 

I -
across 
section 1+ 

( compression 
positive) - ~ 

3 
< h+h hi t _ 11,9£: --::; 9,1£ 

2t 

Tubular sections 

Qtl 
Class 

Section in bending 
Section in compression 

Up to 240 CHS 

I d It::; 50£2 d It::; 50£2 

2 d It::; 70£2 d It::; 70£2 

d It ::; 280£2 d It::; 90£2 
3 NOTE: For d > 240 mm and d It> 280£2 

NOTE: For d It> 90£2 see EN 1993-1-6. 
see EN 1993-1-6. 

l r Grade 1.430 I 1.4401 1.4462 
235 E .tv (N/mm2) 210 220 460 

8 = f, 210000 
8 1,03 1,01 0,698 
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5.2.3 Effective widths in Class 4 cross-sections 

(I) In Class 4 cross-sections effective widths may be used to make necessary allowances for reductions in 
resistance due to the of local buckling using 1) to (5) of EN 1993-1 except that the reduction 

factor p should be taken as follows: 

Cold formed or welded internal elements: 

p 
0,772 0,125 

but ~ I (5.1 ) 

Cold formed outstand elements: 

p 0,231 but S I (5.2) 

Welded outstand elements: 

p 
0,242 

but (5.3) 

where is the element slenderness defined as: 

-

~J 
bIt 

in which 

is the relevant thickness 

kG is the buckling factor corresponding to the stress ratio lJIand boundary conditions from Table 4.1 or 

Table 4.2 in EN 1993-1-5 as appropriate 

b is the relevant width as follows: 
-
b = d for webs (except RHS) 

b = flat element width for webs of RHS, which can conservatively be taken as h-2t 

b b for internal flange elements (except RHS) 

b flat element width for RHS flanges, which can conservatively be taken as b-2t 
-

b c for outstand flanges 
-

b = It for equal angles and unequal angles 

£ is the material factor defined in Table 5.2. 

5.2.4 Effects of shear lag 

(1) The efTects of shear lag should be taken into account as specified in 3.3 of EN 1993-1-5. 

5.3 Resistance of cross-sections 

5.3.1 Tension resistance at holes for bolts 

(I) The tension resistance of a cross-section should be taken as the lesser of the plastic resistance of the 
gross cross-section and the ultimate resistance of the net cross-section. 
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(2) The plastic resistance of the gross cross-section should be determined using: 

N pLRd 
- Af' / - . Y YMO (SA) 

(3) The ultimate resistance of the net cross-section should be determined from: 

(5.5) 

with: 

k r = (I + 3 r( dj II 0,3) ) 

r = [number of bolts at the cross-section]/[total number of bolts in the connection] 

u 2e,) but ll:::; V2 

where: 

]s the net cross-sectionel1 area: 

is the nominal diameter of the bolt hole; 

e'2 is the edge distance from the centre of the bo1t hole to the adjacent edge, in the direction 
perpendicular to the direction of load transfer; 

P2 is the spacing centre-to-centre of bolt holes, in the direction perpendicular to the direction of 
load transfer. 

5.4 Buckling resistance of members 

5.4.1 General 

(I) The provisions for flexural, lateral-torsional, torsional, flexural-torsional and distortional buckling gi ven 
in EN 1993- I -I and EN 1993-1-3 as appropriate should be applied for stainless steels except as supplemented 
or modified in 504.2 or 504.3. 

NOTE: Clause 6.3.2.3 of EN 1993-1-1 is not applicable to stainless steel. 

(2) The actions should be placed into the formulae in EN 1993-] -1 as absolute values. Z11ill is the lowest of 

the values Xv' Xz, Xl' and XrF where Xy and Xz are calculated on the basis of flexural buckling, Xds calculated on 
the basis of torsional buckling and XrF is calculated on the basis of torsional-flexural buck1ing. 

5.4.2 Uniform members in compression 

5.4.2.1 Buckling curves 

(1) For axial compression in members the value of X for the appropriate non-dimensional slendemess X 
should be determined from the relevant buckling curve according to: 

1 x S 1 (5.6) 

with (5.7) 

tN,r where A 
cr 

for Class 1, 2 and 3 cross-sections (5.8) 

for Class 4 cross-sections (5.9) 
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a is an imperfection factor 

Ncr is the elastic critical force for the relevant buckling mode based on the gross cross sectional 
propel1ies. 

Ao limiting slenderness 

(2) Values for a and J;} corresponding to the appropriate buckling curve should be obtained from Table 

5.3. The buckling curves in Table 5.3 do not apply to hollow sections which are annealed after fabrication. 

(3) For slenderness A::; Ao or for N !:'it ::; 

Ncr 
the buckling effects may be ignored and only cross 

sectional checks apply. 

Table 5.3: Values of a. and ~ for flexural, torsional and torsional-flexural buckling 

Buckling mode Type of member la 
I 

Flexural Cold formed open sections 0,49 0,40 

Hollow sections (welded and seamless) 0,49 0,40 

Welded open sections (major axis) 0,49 0,20 

Welded open sections (minor axis) 0,76 0,20 

Torsional and 
All members 0,34 0,20 

torsional-flexural 

5.4.3 Uniform members in bending 

5.4.3.1 Lateral torsional buckling curves 

(1) For bending members of constant cross-section, the value of XLT for the appropriate non-di mensional 

slenderness Au' should be determined from: 

(5.10) 

in which 

(5.11 ) 

(5.12) 

aLT is the imperfection factor 

= 0,34 for cold formed sections and hollow sections (welded and seamless) 

= 0,76 for welded open sections and other sections for which no test data is available 

Mer is the elastic critical moment for lateral-torsional buckling 

(2) 
Mrl 

For slendernesses Au ::; 0,4 or for _._:i_::; 0,16 lateral torsional buckling effects may be ignored 
Mer 

and only cross sectional checks apply. 
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5.5 Uniform members in bending and axial compression 

(]) Members which are subjected to combined bending and axial compression should satisfy: 

Axial cOInpression and uniaxial major axis monlent 

To prevent premature buckling about the major axis: 

NUd ----+kr 
(Nh,Rd) min 

(5.13) 

To prevent premature buckling about the minor axis (for members subject to lateral-torsional buckling): 

----+kl.r 
(N b,Rd) mill I 

M 
sl 

Mb,Rd 

Axial compression and uniaxiallninor axis nloment: 

To prevent premature buckling aboLlt the minor axis: 

----+!c 
(Nb,Rd ) mill 

~1 

Axial compression and biaxial nloments: 

All members should satisfy: 

sl 

Members potentially subject to lateral-torsional buckling should also satisfy: 

-----'--+ 
( 

M . + + k z.Ed 

::: ,W 
/3vv.z pLz 

~ 1 
(N b.Rd ) min I 

In the above expressions: 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

eNy and eNz are are the shifts in the neutral axes when the cross-section is subject to uniform compression 

20 

NEd, My,12d and !vlz.l: d are the design values of the compression force and the maximum moments about the 
y-y and z-z axis along the member, respectively 

(Nb•Rd)lllin is the smallest value of Nb.Rd for the following four buckling modes: flexural buckling about the 
y axis, llexural buckling about the z axis, torsional buckling and torsional-flexural buckling 

(Nb,RcI)l1lilll is the smallest value of Nb.Rd for the following three buckling modes: flexural buckling about 
the z axis, torsional buckling and torsional-flexural buckling 

/3w,y and PW.z are the values of Pw determined for the y and z axes respectively in which 

pw 1,0 for Class 1 or 2 cross-sections 

Mv Wc/WpJ for Class 3 cross-sections 

MV Wen/Wpl for Class 4 cross-sections 
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WpLyand WPLI are the plastic modu1i for the y and z axes respectively 

Mh,Rd is the lateral-torsional buckling resistance 

ky, kz, kLT are the interaction factors 

NOTE 1: The National Annex may define kL' The following values are recommended: 

k = 1,0 + 2(~, - 0,5) NN'd 

I7,Rd,." 

hut 1,2 ~ k, ~ 1,2+ , N 
/J,Nd,,r 

but 1,2 ~ k, ~ 1,2 + 2 (N N}"j 
h.l<d mill I 

kLT=l,O 

NOTE 2: The National Annex may other interaction formulae as alternatives to equ<llions 5. J 3 to 5. I 7. 

5.6 Shear resistance 

(1) The design shear resistance Vc,Rd should be taken as the lesser of the shear buckling resistance Vb,ReI 

according to 5.2(1) of EN 1993-1-5 modified by (3) and (4) and the plastic shear resistance Vpl,RcI according to 
6.2.6(2) of EN 1993-1 I. 

2) P · 52 r;: ( lates wIth h\\'lt greater than -E for an unstiffened web or -E'\jKr for a stiffened \veb should be 
17 17 

checked for resistance to shear buckling and should be provided with transverse stiffeners at the supports. 

where hw is the clear web depth between flanges, see Figure 5.1 of EN 1993-1-5 

is defined in Table 5.2 

is defined in clause 5.3 of EN 1993-1-5 

NOTE: The National Annex may define 17. The value 17 1,20 is recommended. 

(3) For webs with transverse stiffeners at supp0l1s only and for webs with either intermediate transverse or 
longitudinal stiffeners or both, the factor Xw for the contribution of the web to shear buckling resistance 
should be obtained as follows: 

1\\1 2 for ~\I 
0,05 0,6 

>-
17 

where Aw is given in clauses 5.3(3) and (5) of EN 1993-1-5 

(5.18) 

(5.19) 

(4) If the flange resistance is not fully utilised in withstanding the bending moment, i.e. M I:A < M j,Nd ' 

then a factor Xf representing the contribution from the flanges may be included in the shear buckling 
resistance. XI' is given in clause 5A( I) of EN 1993-1-5 but with c given below: 

r 
3,5bf t; 

c = 0,17 + ------':..-
tw 

a and 
c 

0,65 (5.20) 
a 

5.7 Transverse web stiffeners 
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(I) The provisions in 9.3 of EN 1993-1-5 apply with additions according to (2) and (3). 

(2) The out-ofjJlane buckling resistance Nb.Rd of the stiffener should be determined from 5.4.2 
a = 0,49 and ~) 0,2. The buckling length I of the stiffener should be appropriate for the conditions of 
restraint, but not less than 0,75hw, where both ends are fixed laterally. A value of I should be used for 
conditions that provide less end restraint. If the stiffener has a cut-out at the loaded end, its cross sectional 
resistance should be checked at the loaded end considering the net area. 

(3) For the buckling check, the effective cross-sectional area of a stiffener should include the stiffener itself 

plus a width of web of 11 £tw either side of the stiffener. At the ends of the member (or openings in the web) the 

contributory width to be taken into account should be either 11 £ f" or the existing width, whichever is the 
smaller. 

6 Connection design 

6.1 General 

(I) The provisions given in EN 1993-1-8 should be applied for stainless steels, except where modified or 
superseded by the special provisions given in 6.2 and 6.3. 

NOTE: Information on durability is given in Annex A. Information on fabrication of connections is given in EN 
1090-2. 

(2) The design of connections for stainless steel sheets using self-tapping screws should be in accordance 
with EN 1993-1-3 except that the pull-out strength should be determined by testing. 

NOTE 1: The ahility of the screw to drill and form threads in stainless steel should he demonstrated by tests 
unless sufficient experience is available. 

NOTE 2: Formulae for pull-OUl strength based on testing according to Section 7 may be 
Annex. 

6.2 Bolted connections 

(I) Bearing strength should be calculated by replacing '~I by a reduced value f~l.rcd given by: 

but 

in the National 

(6.1 ) 

(2 Stainless steel bolts in shear to EN ISO 3506 propel1y classes 50, 70 and 80 should be treated like bolts 
grades 4.6, 5.6 and 8.8. 

(3) The shear resistance of a bolt, Fv.Rd should be determined from the following: 

where 

22 

A 
F I.IU (6.2) 

A is the gross cross-section area of the bolt (if the shear plane passes through unthreaded 
portion of the bolt); or the tensile stress area of the bolt (if the shear plane passes through the 
threaded pOl1ion of the bolt); 

is the ultimate tensile strength of the bolt, see Table 2.2. 

NOTE: The value of a may be defined in the National Annex. The recommended values are: 
if the shear plane passes through unthreaded portion of the bolt, a= 0,6 

- if the shear plane passes through the threaded portion of the bolt a= 0,5 
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6.3 Design of welds 

(1) Tn determining the design resistance of fillet welds, the value of the correlation factor f3w should be 
taken as 1,0 for a11 nominal strength classes of stainless steel, unless a lower value is justified by tests in 
accordance with Section 7. 

7 Design assisted by testing 

(1) Section 5.2 and Annex D of EN 1990 and Section 9 and Annex A of EN 1993-] -3 are applicable to 
stainless steels. 

(2) Prototypes for testing should be produced in a similar manner to the components of the final product, 
such that they reflect the same levels of work hardening. 

(3) Because stainless steel grades can exhibit anisotropy, the specimens should be prepared from the plate or 
sheet in the same orientation (i.e. transverse or parallel to the ro11ing direction) as intended for the final 
structure. If the final orientation is unknown or cannot be guaranteed, tests should be conducted for both 
orientations and the less favourable result should be adopted. 

8 Fatigue 

(1) For determining the fatigue strength of stainless steel structures, reference should be made to 
EN 1993-1-9. 

9 Fire resistance 

(1) For structural fire design, material propel1ies at elevated temperatures in Annex C of EN 1993-1-2 
should be used. 
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Annex A [informative] Durability 

A.1 Introduction 

(]) The principal difference between Llsing stainless steels and lIsing carbon steels is that: 

for carbon steels, protection from environmental effects, and hence life expectancy, can be dealt with 
separately from structural design; 

for stainless steels, life expectancy is not determined by subsequent protective treatments, but by the 
1nitia] selection of materials, the design process and the fabrication procedures, and by their suitability 
for the environmental conditions. 

(2) To make an informed selection of an appropliate grade of stainless steel for a particular application, or to 
correctly apply the available guidance on good detailing practice in order to avoid corrosion, it is important to 
have some appreciation of the mechanisms of corrosion in stainless steel. 

(3) All common structural metals form smface oxide films when exposed to dry air. The oxide formed on 
most carbon steels is readily broken down, and in the presence of moisture it is not repaired. Thus, a chemical 
reaction can take place between the steel, the moisture and oxygen to form rust. Except in weathering steels, 
this rust is not protective and does not impede the con'osion process. 

(4) An oxide is also formed on stainless steel. This is chromium-rich and is stable, non-porous and tightly 
adherent to the metal. However, unlike that formed on carbon steels, if it is broken down (such as by scratching 
or cutting), it is capable of immediate self-repair in the presence of air or an oxidising environment. It is also 
highly resistant to chemical attack. For these reasons it is known as a "passive film". Although this film is very 

thin (about 5 x 10-6 mm), it gives stainless steel high cOITosion-resistance properties, by preventing the steel 
from reacting with the atmosphere. 

(5) The behaviour of the passive film depends on the composition of the steel, its surface treatment and the 
conosive nature of its environment. The stabi lity of the film increases as the chromium content increases. 
Most stainless steels that are used in construction contain around 18% chromium and I nickel. Some 
stainless steels also contain molybdenum to further enhance their corrosion resistance. 

(6) This concept of passive film formation is important, because any conditions that prevent the formation of 
the film, or cause it to break down, will also lead to loss of corrosion resistance. Corrosion of stainless steel 
therefore occurs if the passive film is damaged and is not allowed to re-form. 

(7) Stainless steels are generally very resistant to corrosion and they will perform satisfactotily in most 
environments. The limit of corrosion resistance for a given stainless steel depends on its alloying elements, 
which means that each grade has a slightly different response when exposed to a conosive environment. Care 
is therefore needed to select the most approptiate grade of stainless steel for a given application. 

(8) Possible reasons for a particular grade of stainless metal failing to live up to expectations regarding 
corrosion resistance include: 

a) incorrect assessment of the environment, or exposure to unexpected conditions (such as unsuspected 
contamination by chloride ions); 

b) introduction of a state not envisaged in the initial assessment, by the way in which the stainless steel has 
been worked or treated. 

(9) Although stainless steels can be subject to discolouration and stammg (often due to carbon steel 
contamination), they are extremely durable in buildings. In aggressive industrial and marine environments, 
tests have shown no indication of reduction in component resistance even where a small amount of weight loss 
had occurred. However, unsightly rust staining on external surfaces might still be regarded as a failure by the 
user. Experience indicates that any serious COITosion problem is most likely to show up in the first two or three 
years of service. 
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(l0) In celtain aggressive environments some grades of stainless steel will be susceptible to localized attack. 
Six possible types of corrosion are described in A.2, but only pitting, crevice corrosion and bimetallic corrosion 
are likely to occur in buildings. 

A.2 Types of corrosion 

A.2.1 Pitting 

(1) Pitting is a localized form of corrosion that can occur as a result of exposure to specific environments, 
most notably those containing chloride ions. Pitting occurs because chloride ions penetrate the passive film in 
weak spots. This forms a local element, with the penetrated area as the anode and the surrounding passive film 
as the cathode. Since the anode area is small and the cathode area is large, the current density becomes very 
high and therefore so does the corrosion rate on the surface of the anode. 

(2) In most structural applications, superficial pitting is likely to be low and acceptable because the reduction 
in the section of the component will be negligible. However, corrosion products can stain architectural 
features. A less tolerant view of pitting should be adopted for services such as ducts, piping and containment 
structures. If there is a known hazard, a suitable grade of stainless steel should be selected; usually this will 
have a higher alloy composition containing molybdenum additions. 

A.2.2 Crevice corrosion 

(1) Crevice corrosion is a localized form of attack that is initiated by the differentials in oxygen levels 
between the creviced and exposed regions. It is not likely to be a problem except in stagnant solutions where a 
build-up of chlorides can occur. The severity of crevice corrosion is very dependent on the geometry of the 
crevice; the narrower and deeper the crevice, the more severe the corrosion. 

(2) Crevices typically occur between nuts and washers or around the thread of a screw or the shank of a bolt. 
Crevices can also occur in welds that fail to penetrate and under deposits on the steel surface. In principle, 
pitting and crevice corrosion are similar phenomena, but the attacks stan more easily in a crevice than on a free 
surface. 

A.2.3 Bimetallic corrosion 

(1) Bimetallic corrosion is liable to occur when dissimilar metals are in electrical contact in any electrolyte, 
including rainwater, condensation etc. If an electrical current flows between the two, the less noble metal (the 
anode) corrodes at a faster rate than would have occurred if the metals were not in contact. 

(2) The rate of corrosion also depends on the relative areas of the metals in contact, the temperature and the 
composition of the electrolyte. In particular, the larger the area of the cathode in relation to that of the anode, 
the greater the rate of attack. Adverse area ratios are likely to occur for fasteners and at joints. 

(3) The use of carbon steel bolts should be avoided in stainless steel members, because the ratio of the area 
of the stainless steel to the carbon steel is large and the bolts will be subject to aggressive attack. Conversely, 
the rate of attack of a carbon steel member by a stainless steel bolt is much slower. It is usually helpful to draw 
on previous experience in similar environments, because dissimilar metals can often be coupled safely, with no 
adverse effects under conditions of occasional condensation or dampness, especially when the conductivity of 
the electrolyte is low. 

(4) The prediction of these effects is difficult because the corrosion rate is determined by a number of 
complex issues. The use of potential tables ignores the presence of sUlface oxide films and the etlects of area 
ratios and differences in the chemistry of the electrolyte. As a result, uninformed LIse of these tables can 
produce erroneous results. They should therefore be LIsed with care and only for initial assessment. 

(5) Austenitic stainless steels often form the cathode in a bimetallic couple and therefore do not suffer 
corrosion. An exception to this is the couple with copper, which should generally be avoided under 
benign conditions. Contact between austenitic stainless steels and aluminium or zinc can result in some 
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additional cOITosion of the latter two metals. This is unlikely to be significant structurally, but the resulting 
grey-white powder might be deemed unsightly. 

(6) Bimetallic corrosion may be prevented by excluding water from the detail (for example by painting or 
taping over the assembled joint) or, preferably, by electrically isolating the metals from each other (for example 
by painting the contact surhlces of the dissimilar metals). Isolation around bolted connections can be achieved 
by non-conductive plastic or rubber gaskets and nylon or teflon washers and bushes. This system is a time
consuming detail to make on site. Moreover it is not Llsually practicable to provide the necessary level of site 
inspection to check that all the washers and sleeves have been installed properly. 

A.2.4 Stress corrosion cracking 

(1) The development of stress corrosion cracking requires the simultaneolls presence of tensile stresses and 
specific environmental factors that are unlikely to be encountered in normal building atmospheres. The stresses 
do not need to be very high in relation to the yield strength of the material. They might be due to loading or to 
residual stresses from manufacturing processes such as welding or forming. Caution should be exercised when 
stainless steel members containing high residual stresses (such as those due to cold working) are llsed in 
chloride rich environments such as swimming pools or marine or maritime structures, including offshore 
platforms (see AA.l ( 10». 

(2) The likelihood of stress corrosion cracking increases with increasing tensile stress and with increasing 
temperature. In austenitic chromium-nickel stainless steels, nickel is the alloying element that most strongly 
reduces the sensitivity to stress corrosion cracking. 

A.2.5 General corrosion 

(1) General corrosion is much less severe in stainless steel than in other steels. 

(2) This form of corrosion is not a problem for the grades of stainless steel commonly used in normal 
building applications. Reference can be made to tables in manufacturers' literature; alternatively the advice of a 
specialist corrosion engineer should be sought, particularly if the stainless steel is to come into contact with 
chemicals. 

A.2.6 Inter-granular attack and weld decay 

(1) When austenitic stainless steels are subject to prolonged heating in the range 450°C to 850°C, the carbon 
in the steel diffuses to the grain boundaries and precipitates chromium carbide. This removes chromium from 
the microstructure and leaves a lower chromium content adjacent to the grain boundaries. Steels in this 
condition are termed "sensitized". 

(2) The grain boundaries become prone to preferential attack on subsequent exposure to a cOITosive 
environment. This phenomenon is known as "weld decay" when it occurs in the heat affected zone of a 
weldment. 

(3) There are three ways to avoid inter-granular corrosion: 

usi ng steel having a low carbon content; 

using steel stabilized with titanium or niobium, because these e1ements combine preferentially with 
carbon to form stable compounds, thereby reducing the risk of forming chromium carbide; 

using heat treatment, however this method is rarely used in practice. 

(4) Grades with a low carbon content (about 0,039c) do not suffer from welded area inter-granular corrosion 
after following proper welding procedures. 
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A.3 Levels of risk 

(I) The level of risk depends on the materials, the configuration and the environmental conditions. A 
distinction may be drawn between three risk levels as follows: 

Level 1 risk: Only cosmetic surface attack (micro-pitting) occurs within a SO years design life. 
Maintenance is not necessary for structural integrity_ but might be required to maintain pristine appearance. 
Most standard stainless steels will meet this requirement for lightly or moderately aggressive atmospheric 
corrosion conditions. 

Level 2 risk: Risk of pitting or crevice attack, causing loss of section or penetration, which might 
require inspection or repair for reasons of structural or containment failure within a 50 years design life. This is 
relevant for atmospheric exposure involving chemically contaminated atmospheres from marine and heavy 
industrial environments, or those inside buildings associated with certain processes and operations. 

Level 3 risk: Risk of localized attack by aggressive substances (for example acid chloride deposits or 
liquid zinc metal) which might cause loss of structural integrity through localized cracking mechanisms (for 
example stress corrosion cracking or intergranuJar corrosion). Life and inspection frequencies are determined 
by the combination of materials selection and the severity and probability of exposure to aggressive substances. 
This is relevant to exposure in specific environments, such as those found above certain enclosed swimming 
pools, where aggressive deposits with high chloride concentrations can be generated. It also applies if there is a 
risk of fire in structures containing galvanized or zinc-coated metal components. In the case of fire, liquid zinc 
should not be able to drop onto the stainless steel. 

(2) Although general guidance on materials selection can be given for level I and level 2 risks, in the case of 
level 3 risk it is essential to seek expert guidance. 

A.4 Selection of materials 

A.4.1 General 

(I) The selection of the most appropliate grade of stainless steel should take into account the environment of 
the application, the hLbrication route, the ability to machine the materiaL the surface finish and the maintenance 
of the structure. Although stainless steels have low maintenance requirements, detailed consideration needs to 
be given to design for corrosion resistance when a material is selected for use in a corrosive environment. 

(2) Consideration should be given to the risks, over the design life of the structure, of the following: 

stress corrosion cracking; 

crevice corrosion; 

galvanic corrosion; 

pitting; 

staining; 

loss of thickness. 

(3) The first step is to characterize the service environment. The corrosiveness of an environment is 
governed by a number of variables such as humidity, air temperature, presence of chemicals and their 
concentration, oxygen content, etc. Corrosion cannot occur unless moisture is present. For example, heated 
and ventilated buildings can be classified as dry, and corrosion is unlikely to occur in such environments. The 
risk of condensation is higher in areas such as kitchens and laundries. Coastal areas are very corrosive due to 
the presence of high concentrations of chloride ions in the air, so structures exposed to sea spray are particularly 
prone to corrosive attack. 

(4) Having characteIized the general environment, it is then necessary to take into account the effect of the 
immediate sLllToundings on the stainless steel (for example elements and substances that the material is likeJy to 
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come into contact with). The sud'ace condition, the temperature of the steel and the anticipated service stress 
can also be i mpol1ant parameters. 

(5) Consideration should then be to mechanical propel1ies and to the effects of the type of loading, 
including service loads, cyclic loads, vibrations, seismic loads and so on. The effects of cyclic heating and 
cooling might need to be quantified. Ease of fabrication, availability of product forms, surface finish and costs 
also need to be taken into account in the final selection. 

(6) Assessing the suitability of grades is best approached by referring to experience of stainless steels in 
similar applications and environments. For atmospheric environments, Table A.I gives guidance for selecting 
suitable grades i-i-om a corrosion point of view. 

(7) Besides the classification of stainless steels according to atmospheric applications, as in Table A.l, it is 
also necessary to make a distinction between: 

- cosmetic applications: in which the prime consideration in the choice of material is to maintain the 
appearance during the life of the product [in this case it is necessary to distinguish between indoor and 
outdoor applications]; 

- structural applications: in which the mechanical propel1ies are the prime consideration. 

(8) In the case of cosmetic applications, it is necessary to take into account not only the environmental 
atmosphere, but also the location of the parts and the possibility of their natural cleaning by weather agents. If 
the Pal1S are located under shelters (such as roofs) they have to be cleaned more often. 

(9) In the case of structural applications, for which mechanical properties are essential, most natural 
atmospheres have no detrimental effects on stainless steels. 

(10) Certain stainless steels are suitable for many applications in indoor and outdoor swimming pools. For 
loadbearing members in atmospheres containing chlolides that cannot be cleaned regularly (e.g. in suspended 
ceilings above swimming pools) the following grades should be used: 

Pool water containing S 250 mg/l chloride ions: 1.4539, 1.4529, 1.4547, 1.4565 
Pool water containing> 250 mg/l chloride ions: 1.4529, 1 1.4565 

NOTE: Alternative which have been shown to have equivalent resistance to stress COiTosion cracking in 
these atmospheres may also he used. 

(11) Expert advice should always be sought for more specialist applications, such as stainless steel in contact 
with, or immersed in, chemicals. 
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Table A.1: Suggested grades of stainless steel for atmospheric applications 

Steel Type of environment and COiTosion category 
grade Rural Urban Industlial Marine 
to EN Low Mid High Low Mid 
10088 

High Low Jv1id High Low ~1id High 

1.4003 yl X X yl X X X X X X X X 
1.4016 
1.430 ] 
1.4311 y y Y y y (y) (y) (y) X y (Y) X 
1.4541 
1.4318 
1.4362 
1.4401 
1.4404 0 0 0 0 y y y y (Y) Y Y (Y) 
1.4406 
1.4571 
1.4439 
1.4462 

0 0 0 0 0 0 0 0 y 0 0 Y 
I.4529 
1.4539 

Corrosion conditions: 

Low: Least corrosive conditions for that type of environment. For example cases tempered by low 
humidity or low temperatures. 

Mid: Fairly typical for that type of environment. 

High: Corrosion likely to be higher than typical for that type of environment. For example, increased by 
persistent high humidity, high ambient temperatures or particularly aggressive air pollutants. 

Key: 

o Potential over-specification from a corrosion point of view. 

Y Probably the best choice for corrosion resistance and cost. 

yl Indoor applications only. The use of felTitic stainless steels for cosmetic applications should be 

avoided. 

X Likely to suffer excessive corrosion. 

(Y) Worth considering provided that suitable precautions are taken [i.e. specify a relatively smooth 
surface and then cany out regular washing]. 

A.4.2 Bolts 

(1) For bolt matelial to EN ISO 3506 I: 

A2 is equivalent in terms of its cOlTosion resistance to 1.430 I, 

A3 is equivalent in terms of its corrosion resistance to 1.4541, 

A4 is equivalent in terms of its corrosion resistance to ] .440 land 1.4404, 

A5 is equivalent in terms of its corrosion to 1.4571. 

Grade Al is of lower corrosion resistance and should not be used for bolts. 
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(2) In the case of steel grades 1.4439~ 1.4539, 1.4529 and 1.4462, bolts from one of these steels should be 
lIsed to reach the same corrosion resistance. 

(3) Caution should be exercised when considering the use of "free-machining" stainless steels for fasteners. 
The addition of sulfur in the composition of these steels (such as the austenitic grade 1.4305) may render them 
more liable to corrosion, especially in industrial and marine environments. 

A.S Design for corrosion control 

(I) The most important step in preventing corrosion problems is selecting an appropriate grade of stainless 
steel, with suitable fabrication procedures for the given environment. However, even after specifying a 
particular steel, careful detailing is necessary in order to achieve its fuJ] potential cOlTosion resistance. 

(2) In the check list for consideration given below, some points might not give the best detail for structural 
strength, and some are not intended to be applied in a1l environments. In paI1icular, many would not be 
required in environments of low corrosiveness or where regular maintenance is carried out. 

(3) A balance should be achieved between the llse of welding and bolting to ensure optimum performance 
against corrosion with minimum welding distortion. The foJlowing points should be considered: 

a) Avoid dirt entrapment, see Figure A.I, by: 

orientating angle and channel profiles to minimise the likelihood of dirt retention; 

providing drainage holes, ensuring they are of sufficient size to prevent blockage; 

avoiding horizontal sUJi'aces; 

specifying a small slope on gusset stiffeners that nominally lie in a horizontal plane; 

using tubular and bar sections [Seal tubes with dry gas or air where there is a risk of harmful condensates 
forming]; 

specifying smooth finishes (Ra O,5IlITI for external applications is a suitable value). 

b) Avoid crevices, see Figure A.2, by: 

using welded rather than bolted connections; 

using closing welds or mastic fillers; 

preferably dressing or profiling welds; 

preventing bio-fouling [Note that chlorination of the water may cause pitting]. 

c) Reduce likelihood of stress corrosion cracking in those specific environments where it might occur by: 

minimising fabrication stresses by careful choice of welding sequence; 

shot peening [Do not use iron or steel shot]. 

d) Welds should always be cleaned to restore cOITosion resistance. Reduce the likelihood of pitting by: 

removing weld splatter; 

- brushing with a stainless steel wire brush or pickling the stainless steel to remove unwanted welding 
products [Strongly oxidising chloride-containing reagents such as fenic chloride should be avoided. 
Instead, a pickling bath or a pickling paste, both containing a mixture of nitlic acid and hydrofluoric acid, 
should be used. After pickling thorough rinsing with water should be calTied out.]; 

avoiding pick-up of carbon steel pm1icles [For example, use workshop areas and tools that are dedicated 
to stainless steel]; 

following a suitable maintenance programme. 

e) Reduce likelihood of bimetallic corrosion by: 
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- electrical insulation; 

using paints appropriately; 

minimising pedods of wetness. 
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f) Reduce likelihood of attack by molten zinc in order to prevent spontaneous embrittlement. 

Channels 

Bracing 

Stiffeners 

Figure A.1: Avoiding dirt entrapment 

l X a_/
TaCk 

weld ~ 1_: 
Corrosion -~ _ / I -

I
f Welded / II 

or filled 

Figure A.2: Avoiding crevices 

A.6 Connections 

A.6.1 General 

(I) The design of connections, in pmticular, needs careful attention to maintain optimum corrosion 
resistance. 

(2) This is especially so for connections that might become wet from the weather, spray, immersion, 
condensation, or other causes. The possibility of avoiding or reducing associated corrosion problems by 
locating connections away from the source of dampness should be investigated. Alternatively, it might be 
possible to remove the source of dampness; for instance, in the case of condensation, by adequate ventilation or 
by ensuring that the ambient temperature within the structure lies above the dew point temperatu reo 
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(3) If it is not practicable to prevent a connection involving both carbon steel and stainless steel from 
becoming wet, consideration should be given to preventing galvanic corrosion. 

(4) Loads and corrosion influences under service conditions should be determined and recorded as 
completely and exactly as practicable. 

A.6.2 Bolted connections 

(1) The use of carbon steel bolts with stainless steel structural elements should always be avoided. In bolted 
connections that would be prone to an unacceptable degree of corrosion, provision should be made for 
electrically isolating the carbon steel from the stainless steel e1ements. This generally entails the use of non
metallic insulating washers and possibly bushes. A suitable typical detail is shown in Figure A.3. The material 
forming the insulation should be sufficiently robust to prevent the carbon steel and the stainless steel from 
coming into contact with each other in service. 

(2) To avoid crevice corrosion in bolted joints, care should be taken in selecting appropriate lTtaterials for the 
gi ven en vi ron ment. 

(3) The bolts should be at least as resistant to cOITosion in the long term under service conditions as the 
connected pans. 

(4) All bolted connections should be smooth and without any gap between the connected pans. 

(5) Except in the case of connections involving carbon and stainless steels, intermediate layers that have to 
transmit loads in the connection should be avoided. 

(6) Larger diameter washers should be used than for carbon steel. 

Stainless steel 
bolt and nut 

Insula ting washer 
Stainless steel 

/ washer 

/ Carbon steel / 

Insulating gasket 

J,;: 
plate 

~" 

Stainless steel 
Insulating bush plate 

Figure A.3: Avoiding galvanic corrosion when in connecting dissimilar materials 

A.6.3 Welded connections 

(1) For welded connections involving carbon and stainless steels, it is generally recommended that any paint 
system applied to the carbon steel should extend over the weldment, and cover some area of the stainless steel 
if the connection is potentially subject to corrosion. 

(2) The propelties of the parent material might be changed by welding, thereby reducing the corrosion 
resistance. This is known as weld decay. The heating and cooling cycle involved in welding affects the 
microstructure of all stainless steels, but some are affected more than others. This is of pa1ticular 
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importance for austenitic-ferritic materials. Accordingly, it is essential that suitable welding procedures and 
consumables are used and that the welding is calTied out by suitably skilled welders. 

(3) Single sided partial penetration butt welds should not be used in heavily pol1uted environments or in 
aggressive marine environments. Intermittent welds should not be used where crevice con'osion is likely to 
occur. 
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Annex B [informative] Stainless steel in the work hardened 
condition 

B.1 General 

(I) This Annex gives rules for the use of stainless steel in the work hardened condition either by cold 
rolling or by the fabrication process of the structural member, or a combination of both. 

(2) The rules are applicable only if the properties are maintained during the fabrication and execution of 
the structure and during the design life of the structure. Welding or heat treatment of the products should not 
be done unless it can be demonstrated by testing, in accordance with Section 7, that the execution of the 
structure wi]] not reduce the mechanical properties below the values to be adopted. 

B.2 Work hardening from cold rolling 

(I) For material delivered in the cold worked conditions specified in EN 10088, increased nominal values of 
yield strenf!:th l and ultimate tensile strenf!:th l may be adopted. The ultimate strength f!:iven in EN 10088 '- -y <- '1I « <-

may be taken as the characteristic strength, see Table B.I. The yield strength in Table B.l may be used as 
characteristic strength provided that it is guaranteed by the producer. 

(2) The design rules given in this Part 1-4 are applicable for material up to grade C700 and CP350. For 
higher grades, design should be by testing according to Section 7, except that the cross-section resistance 
without local or global instability may be calculated according to Section 5 for cross-section classes 1,2 and 3. 

Table B.1: Nominal values of the yield strength fy and the ultimate tensile strength fu 
for work hardened structural stainless steels to EN 10088 

Type of 
0.2% proof 

Tensile strength 
strength level in fy /, stainless 
the cold worked N/mm1 level in the cold N/mm2 

steel 
condition 

worked condition 

Austenitic 
CP350 350 C700 700 

steels CP500 500 C850 850 
CP700 700 CIOOO 1000 I 

B.3 Work hardening from fabrication 

(1) Work hardening during fabrication of structural components may be utilised in the design provided that 
the effect of work hardening has been verified by full size tests in accordance with Section 7. 

For design of connections which are not part of the full size testing, nominal strength values should be 
used. 
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Annex C [informative] Modelling of material behaviour 

C.1 General 

(1) This Annex guidance for the mode11ing of material behaviour. 

C.2 Material properties 

(1) Material propelties E, f~ and f;1 for FE-calculations should be taken as characteristic values. Rules for 
design by FE methods are in informative Annex C of EN 1993-] -5. 

(2) Depending on the accuracy required and the maximum strains attained, the following approaches for 
modelling the matelial behaviour may be used: 

a) stress-strain curve with strain hardening calculated as follows: 

£ 

where: 

11 

a + 0,002(~J" for a I, 
E fy 

---+£ ' 
[

a f" Jill 
I( fl( -f" 

for I\' <as 

is a coefficient defined as n = __ 1_n_(2_0_) __ 
Inc.r,. I R,!OJ)1 ) 

in which RpO.OI is the 0,01 % proof stress. 

11 may be taken from Table 4.1 or it may be calculated from measured properties 

Ey is the tangent modulus of the stress-strain curve at the yield strength defined as: 

E 
E=------:--

J 1 + 

(C. I) 

£u is the ultimate strain, cOITesponding to the ultimate strength;:), where 

approximation: 

may be obtained from the 

=1 but £11 S A where A is the elongation after fracture defined in EN 10088. 

m is a coefficient that may be determined as 111 1+3,5 
fll 

b) stress-strain curve calculated as in a) above from measured properties 

c) true stress-strain curve calculated from an vu,;;,.'U"""'" stress-strain curve as measured as follows: 

0'1 rue 0'(1 + £) 

£Ime InO + £) 
(C.2) 
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Foreword 

This European Standard EN 1993-1-5" Eurocode 3: Design of steel structures Part 1.5: Plated structural 
elements, has been prepared by Technical Committee CENITC250 « Structural Eurocodes », the Secretariat 
of which is held by BSI. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by April 2007 and conflicting National Standards shall be withdrawn 
at latest by March 20 1 O. 

This Eurocode supersedes ENV 1993-1-5. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
fol1owing countries are bound to implement this European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom. 

National annex for EN 1993-1-5 

This standard gives alternative procedures, values and recommendations with notes indicating where national 
choices may have to be made. The National Standard implementing EN 1993-1-5 should have a National 
Annex containing all Nationally Determined Parameters to be used for the design of steel structures to be 
constructed in the relevant country. 

National choice is allowed in EN 1993-1-5 through: 
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1 Introduction 

1.1 Scope 

(1) EN 1993-1-5 gives design requirements of stiffened and unstiffened plates which are subject to in-
plane forces. 

(2) Effects due to shear lag, in-plane load introduction and plate buckling for I-section girders and box 
girders are covered. Also covered are plated structural components subject to in-plane loads as in tanks and 
silos. The effects of out-of-plane loading are outside the scope of this document. 

NOTE 1: The rules in this part complement the rules for class I, 2, 3 and 4 sections, see EN 1993-1 I. 

NOTE 2: For the design of slender plates \vhich are subject to repeated direct stress and/or shear and also 
fatigue due to out-of-plane bending of plate elements (breathing) see EN 1993-2 and EN 1993-6. 

NOTE 3: For the effects of out-of-plane loading and for the combination of in-plane effects and out-or-plane 
loading effects see EN 1993-2 and EN 1993-1-7. 

NOTE 4: Single plate elements may be considered as /lat where the curvalUre radius r satisfies: 

a 
r?:. 

t 

where a is the panel width 

is the plate thickness 

1.2 Normative references 

(I.I ) 

(1) This European Standard incorporates, by dated or undated reference, provIsIons from other 
publications. These normative references are cited at the appropriate places in the text and the publications 
are listed hereafter. For dated references, subsequent amendments to or revisions of any of these publications 
apply to this European Standard only when incorporated in it by amendment or revision. For undated 
references the latest edition of the publication referred to applies. 

EN 1993-1 1 Eurocode 3 :Design o.fsteel structures: Part 1-1: General rules and rilles for buildings 

1.3 Terms and definitions 

For the purpose of this standard, the following terms and definitions apply: 

1.3.1 
elastic critical stress 
stress in a component at which the component becomes unstable when using small deflection elastic theory 
of a perfect structure 

1.3.2 
membrane stress 
stress at mid-plane of the plate 

1.3.3 
gross cross-section 
the total cross-sectional area of a member but excluding discontinuous longitudinal stiffeners 

1.3.4 
effectiYe cross-section and effective width 
the gross cross-section or width reduced for the effects of plate buckling or shear 
between their effects the word "effective" is clarified as follows: 
"effectiveP" denotes effects of plate buckling 

or both; to distinguish 
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"effective'" denotes effects of shear lag 
"effective" denotes effects of plate buckling and shear lag 

1.3.5 
plated structure 
a structure built up from nominally flat plates which are connected together~ the plates may be stiffened or 
unstiffened 

1.3.6 
stiffener 
a plate or section attached to a plate to resist buckling or to strengthen the plate; a stiffener is denoted: 

longitudinal if its direction is parallel to the member; 

transverse if its direction is perpendicular to the member. 

1.3.7 
stiffened plate 
plate with transverse or longitudinal stiffeners or both 

1.3.8 
subpanel 
unstiffened plate pOliion surrounded by flanges and/or stiffeners 

1.3.9 
hybrid girder 
girder with flanges and web made of different steel grades; this standard assumes higher steel grade in 
flanges compared to webs 

1.3.10 
sign convention 
unless otherwise stated compression is taken as positive 

1.4 Symbols 

(I) In addition to those given in EN 1990 and EN 1993-1-1, the following symbols are used: 

A,f total area of all the longitudinal stiffeners of a stiffened plate; 

As! gross cross sectional area of one transverse stiffener; 

Aeff effective cross sectional area; 

A c.e1l effectiveP cross sectional area; 

effectiveP cross sectional area for local buckling; 

a length of a stiffened or unstiffened plate; 

b width of a stiffened or unstiffened plate; 

bw ~clear width between welds for welded sections or between ends of radii for rolled sections; @il 

berr effective' width for elastic shear lag; 

Fr~d design transverse force; 

hw c lear web depth between flanges; 

Len effective length for resistance to transverse forces, see 6; 

A1u<d design plastic moment of resistance of a cross-section consisting of the flanges only; 

Mpl. Rd design plastic moment of resistance of the cross-section (irrespective of cross-section class); 

M Ed design bending moment; 

NEd design axial force~ 

thickness of the plate; 
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VEd design shear force including shear from torque; 

Wen effective elastic section modulus: 

fJ effectiveS width factor for elastic shear lag; 

(2) Additional symbols are defined where they first occur. 

2 Basis of design and modelling 

2.1 General 

BS EN 1993-1-5:2006 
EN 1993-1-5:2006 (E) 

(J)P The effects of shear lag and plate buckling shall be taken into account at the ultimate, serviceability or 
fatigue limit states. 

NOTE: Partial factors /1.;10 and }<.,11 used in this part are defined for different applications in the National 
Annexes of EN 1993-1 to EN 1993-6. 

2.2 Effective width models for global analysis 

(])P The effects of shear lag and of plate buckling on the stiffness of members and joints shall be taken into 
account in the global analysis. 

(2) The effects of shear lag of flanges in global analysis may be taken into accollnt by the use of an 
effectiveS width. For simplicity this effectiveS width may be assumed to be uniform over the length of the 
span. 

(3) For each span of a member the effectiveS width of flanges should be taken as the lesser of the full 
width and LI8 per side of the web, where L is the span or twice the distance from the support to the end of a 
cantilever. 

(4) The effects of plate buckling in elastic global analysis may be taken into account by effectiveP cross 
sectional areas of the elements in compression, see 4.3. 

(5) For global analysis the effect of plate buckling on the stiffness may be ignored when the effectiveP 

cross-sectional area of an element in compression is larger than Plilll times the gross cross-sectional area of 
the same element. 

NOTE 1: The parameter Ptim may be given in the National Annex. The value Ptilll = 0,5 is recommended. 

NOTE 2: For determining the stiffness when (5) is not fulfilled, see Annex E. 

2.3 Plate buckling effects on uniform members 

(1) EffectiveP width models for direct stresses, resistance models for shear buckling and buckling due to 
transverse loads as well as interactions between these models for determining the resistance of uniform 
members at the ultimate limit state may be used when the following conditions apply: 

panels are rectangular and flanges are paralle1; 

the diameter of any llf1stiffened open hole or cut out does not exceed O,05b, where b is the width of the 
panel. 

NOTE: The rules may apply to non rectangular panels provided the angle alil11il (see Figure 2.1) is not greater 
than 10 degrees. If Ulimil exceeds 10, panels may be assessed assuming it to be a rectangular panel based on the 
larger of hi and h. of the panel. 
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a 
Figure 2.1: Definition of angle a 

(2) For the calculation of stresses at the serviceability and fatigue limit state the effectiveS area may be 
used if the condition in 2.2(5) is fillfilled . For ultimate 1imit states the effective area according to 3.3 
should be lIsed with j3 replaced by j3ull' 

2.4 Reduced stress method 

(1) As an alternative to the use of the effectiveP width models for direct stresses given in sections 4 to 7 ~ 
the cross sections may be assumed to be class 3 sections provided that the stresses in each panel do not 
exceed the Ii mits specified in section 10. 

NOTE: The reduced stress method is analogous to the effectiveP width method (see for single plated 
elements. However, in verifying the stress limitations no load shedding has been assumed between the plated 
elements of the cross section. 

2.5 Non uniform members 

(]) Non uniform members haunched members, non rectangular panels) or members with regular or 
irregular large openings may be analysed llsing Finite Element methods. 

NOTE 1: See Annex B for non uniform members. 

NOTE 2: For FE-calculations see Annex C. 

2.6 Members with corrugated webs 

(1) For members with corrugated webs, the bending stiffness should be based on the flanges only and 
webs should be considered to transfer shear and transverse loads. 
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3 Shear lag in member design 

3.1 General 

(1) Shear lag in flanges may be neglected if bo < L,/50 where bo is taken as the flange outstand or half the 
width of an internal element and L t, is the length between points of zero bending moment, see 1 (2). 

(2) Where the above limit for bo is exceeded the effects due to shear lag in flanges should be considered at 
serviceability and fatigue limit state verifications by the use of an effective' width according to 3.2.1 and a 
stress distribution according to 3.2.2. For the ultimate limit state verification an effective area according to 
3.3 may be used. 

(3) Stresses due to patch loading in the web applied at the flange level should be determined from 3.2.3. 

3.2 EffectiveS width for elastic shear lag 

3.2.1 IR1) Effectives width @l) 

(1) The effective' width for shear lag under elastic conditions should be determined from: 

(3.1 ) 

where the effective' factor f3 is given in Table 3.1. 

IR1) This effective' width may @l) be relevant for serviceability and fatigue limit states. 

(2) Provided adjacent spans do not differ more than 50% and any cantilever span is not larger than half the 
adjacent span the effective lengths Le may be determined from Figm'e 3.1. For all other cases should be 
taken as the distance between adjacent points of zero bending moment. 

I. L1 J L2 .I. L3.1 

\l1/!1. L1/2 .ll1 I! I. L2/4 .1. L2/2 .. I. L2/4 .. I 

I ftl ~ fil ~I 

Figure 3.1: Effective length Le for continuous beam and distribution of 
effectiveS width 
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K 

K:S 0,02 

0,02 < K:S 0,70 

>0,70 

I for/lange olltstand 
2 for internalflange 
3 plate thickness t 

4 st(fleners with Asl = L AVli 

Figure 3.2: Notations for shear lag 

Table 3.1: EffectiveS width factor f3 
Verification fJ - value 

fJ 1,0 

1 
sagging bending fl = fll = 1 + 6,4 K2 

fl fl2= 
hogging bending 

1 

1 
1 + 6,0 ( 

2500 

fl 
1 

sagging bending fll = 5,9 K 

1 
hogging bending fl fl2 = 8,6 K 

:) + 1,6 K2 

all K end support Po (0,55 + 0,025 / K) PI, but Po < PI 
all K Cantilever Ii ::::: P2 at support and at the end 

K au bo / Le with ao 1+ 
hot 

in which Asr is the area of all longitudinal stiffeners within the width bo and other 
symbols are as defined in Figure 3.1 and Figure 3.2. 
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(]) The distribution of longitudinal stresses across the flange plate due to shear lag should be obtained 
from Figure 3.3. 

y 

fJ> 0,20: 

(J2 = 1,25 (fJ - 0,20) (JI 

(J(Y) (J2 +((Jj (J2)(1 y/hot 

y 

fJ ~ 0,20: 

(J2 = ° 

bo 

(J(y) = (Jj (I - Y / hI t 

0"1 is calculated ~ with the effective
S 

width @i] of the flange hefr 

Figure 3.3: Distribution of stresses due to shear lag 

3.2.3 In-plane load effects 

(1) The elastic stress distribution in a stiffened or unstiffened plate due to the local introduction of in-
plane forces (patch loads), see Figure 3.4, should be determined from: 

(3.2) 

with: = se l 7 J2 1+ -"'-
se 11 

n 0,636 
0,878 aI_II 1 + .. 

til 

where ast.1 is the gross cross-sectional ~ area of the directly loaded stiffeners divided@i] over the length St:. 

This may be taken as the area of a stiffener smeared over the length of the spac ing Sst; @i] 

tw is the web thickness; 

f.. is the distance to flange. 

~ Se is the length of the stiff beating; 

Sst is the spacing of stiffeners; @i] 

NOTE: The equation (3.2) is valid when 
neglected. 

~ 0,5; othenvise the contribution of sti ffcncrs should be 
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Se 

Ss 

S,Ed 

I stiffener 
2 siTnpl(fied stress distribution 
3 actual stress distriblltion 

Figure 3.4: In-plane load introduction 

NOTE: The above stress distribution may also be used for the fatigue verification. 

3.3 Shear lag at the ultimate limit state 

(I) At the u1timate 1imit state shear lag effects may be determined as foHows: 

a) elastic shear Jag effects as determined for serviceability and fatigue limit states, 

b) combined effects of shear Jag and of plate buckling, 

c) elastic-plastic shear lag effects allowing for limited plastic strains. 

NOTE 1: The National Annex may choose the method to be applied. Unless specified otherwise in EN 1993-2 
to EN 1993-6, the method in NOTE 3 is recommended. 
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NOTE 2: The combined effects of plate buckling and shear lag may be taken into account by 
by: 

Aeff as given 

(3.3) 

where Auf! is the effectiveP area of the compression flange due to plate buckling (see 4.4 and 4.5); 

ftull is the effectiveS width fac\or for the effect of shear lag at the ultimate limit state, which may be 
taken as ~ determined from Table 3.1 with QD replaced by 

(3.4) 

is the thickness. 
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NOTE 3: Elastic-plastic shear lag effects allowing for lirnited plastic strains may he taken into accounl using 
as follows: 

(3.5) 

where ,B and Kare taken from Table 3.1. 

The expressions in NOTE 2 and NOTE 3 may also be applied for flanges in lension in which case 
replaced by the gross area of the lension tlange. 

should be 

4 Plate buckling effects due to direct stresses at the ultimate limit state 

4.1 General 

(1) This section gives rules to account for plate buckling effects from direct stresses at the ultimate limit 
state when the following criteria are met: 

a) The panels are rectangular and flanges are parallel or nearly parallel (see 2.3); 

b) Stiffeners, if any, are provided in the longitudinal or transverse direction or both; 

c) Open holes and cut outs are small (see 2.3); 

d) Members are of uniform cross section~ 

e) No flange induced web buckling occurs. 

NOTE 1: For compression !lange buckling in the plane of the web see scclion 8. 

NOTE 2: For stiffeners and delailing of plated members subject to plate buckling see scclion 9. 

4.2 Resistance to direct stresses 

(1) The resistance of plated members may be determined ~using the effectiveP areas@j] of plate elements 
in compression for class 4 sections lIsing cross sectional data fell, Wen) for cross sectional verifications 
and member verifications for column buckling and lateral torsional buckling according to EN 1993-1 I. 

(2) EffectiveP areas should be determined on the basis of the linear strain distributions with the attainment 
of yield strain in the mid plane of the compression plate. 

4.3 Effective cross section 

(I) In calculating longitudinal stresses, account should be taken of the combined effect of shear lag and 
plate buckling lIsing the effective areas given in 3.3. 

(2) The effective cross sectional properties of members should be based on the effective areas of the 
compression elements and on the effectiveS area of the tension elements due to sllenr lag. 

(3) The effective area Aeff should be determined assuming that the cross section is subject only to stresses 
due to uniform axial compression. For non-symmetrical cross sections the possible shift eN of the centroid of 
the effective area Aeff relative to the centre of gravity of the gross cross-section, see Figure 4.1, gives all 
additional moment which should be taken into account in the cross section verification using 4.6. 

(4) The effective section modulus lVeff should be determined assuming the cross section is subject only to 
bending stresses, see Figure 4.2. For biaxial bending effective section moduli should be determined about 
both main axes. 

NOTE: As an alternative to and (4) a single effective section may be determined from NEd and Ivhd acting 
simullaneously. The effects of er\ should he taken into account as in 4.3(3). This requires an iterative procedure. 
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(5) The stress in a tlange should be calculated using the elastic section modulus with reference to the mid-
plane of the flange. 

(6) Hybrid girders may have flange material with yield strength};!f up to fA1Xj~W provided that: 

a) the increase of llange stresses caused by yielding of the web is taken into account by limiting the stresses 
in the web 

b) .f~r ~ text deleted @l] is used in determining the effective area of the web. 

NOTE: The National Annex may the value ~~1' A value of ~l = 2,0 is recommcndcd. 

(7) The increase of deformations and of stresses at serviceability and fatigue Jimit states may be ignored 
for hybrid girders complying with 4.3(6) including the NOTE. 

(8) For hybrid girders complying with 4.3(6) the stress range limit in EN 1993-1-9 may be taken as 1,5fyr. 

1 ---
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Figure 4.1: Class 4 cross-sections - axial force 
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Figure 4.2: Class 4 cross-sections - bending moment 



4.4 Plate elements without longitudinal stiffeners 
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(1) The effectiveP areas of flat compression elements should be obtained using Table 4.1 for internal 
elements and Table 4.2 for outstand elements. The effectiveP area of the compression zone of a plate with the 
gross cross-sectional area At: should be obtained from: 

=pAc 

where p is the reduction factor for plate buckli ng. 

(2) The reduction factor p may be taken as follows: 

internal compression elements: 

p= 1,0 

p = "2 p - 0, ~~5 (3 + ¥/) ~ 1,0 

A;J 

outstand compression elements: 

p= 1,0 

= A p - OJ 88 < 1 ° P -') -, 
A;J 

-

where Ap 
bIt 

28,4 £.Jk: 

for ~p SO,5+~O.085-0.055\V @il 

for ~p >O,5+~O.085-0.055\V, 

for Ap ~ 0,748 

for Ap > 0,748 

IfI is the stress ratio determined in accordance with 4.4(3) and 4.4(4) 
-

(4.1 ) 

lEi) text deleted @il (4.2) 

(4.3) 

b is the appropriate width to be taken as follows (for definitions, see Table 5.2 of EN 1993-1 I) 

hw for webs~ 

h for internal flange elements (except RHS); 

h - 3 t for flanges of RHS; 

c for outstand flanges; 

h for equal-leg angles; 

h for unequal-leg angles; 

kcr is the buckling factor corresponding to the stress ratio IfI and boundary conditions. For long plates kcr is 
given in Table 4.1 or Table 4.2 as appropIiate; 

is the thickness; 

Ucr is the elastic critical plate buckling stress see equation (A.l) in Annex A.l (2) and Table 4.1 and Table 
4.2; 

235 
£= 

/i' [N I l111n2] 

(3) For flange elements of I-sections and box girders the stress ratio 1jI used in Table 4.1 and Table 4.2 
should be based on the properties of the gross cross-sectional area, due allowance being made for shear lag in 
the flanges if relevant. For web elements the stress ratio IfI used in Table 4. I should be obtained using a stress 
distribution based on the effective area of the compression flange and the gross area of the web. 

NOTE: If the stress distribution results from different stages of construction (as e.g. in a composite bridge) the 
stresses from the various may first be calculated with a cross section consisting of effective flanges and 
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gross web and these stresses are added together. This resulting stress distribution determines an effective web 
section that can be used for all stages to calculate the fi nal stress distribution for stress analysis. 

(4) Except as given in 4.4(5), the plate slenderness Ap of an element may be replaced by: 

(4.4) 

where O"colll.Ed is the maximum design compressive stress in the element determined using the effectiveP 

area of the section caused by all simultaneous actions. 

NOTE 1: The above procedure is conservative and requires an iterative calculation in which the stress ratio I/f 
(see Table 4.1 and Table 4.2) is determined at each step from the stresses calculated on the effectiveP cross
section defined at the end of the previous step. 

NOTE 2: See also alternative procedure in Annex E. 

(5) For the verification of the design buckling resistance of a class 4 member using 6.3.1, 6.3.2 or 6.3.4 of 

EN 1 993-1-1, either the plate slenderness or A p.red with (hom.Ed based on second order analysis with 

global imperfections should be used. 

(6) For aspect ratios alb < 1 a column type of buckling may occur and the check should be performed 
according to 4.5.4 using the reduction factor Pc. 

16 

NOTE: This applies e.g. for flat elements between transverse stiffeners where plate buckling could be column
like and require a reduction factor Pc close to Xc as for column buckling, see Figure 4.3 a) and b). For plates with 
longitudinal stiffeners column type buckling may also occur for alb ~ 1, see Figure 4.3 c). 

a) column-like behaviour 
of plates without 
longitudinal SUPP011S 

,/ / / // /. ,/ // / 

- '. J1//JI'/ 
k=71"--...,..<-.--L 

/'" / / / / ,,; ;-/ 
// //// 

b) column-like behaviour of an 
unstiffened plate with a small 
aspect ratio a 

column-like behaviour of a longitudina]]y 
stiffened plate with a large aspect ratio a 

Figure 4.3: Column-like behaviour 
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Table 4.1: Internal compression elements 

Stress distribution (compression positive) EffectiveP width beiT 

01 III!! i IIIII lilll[[[111 a2 

r E4 =p b 

be 1 = 0,5 belT 

] > Ijf> 0: 

a2 
belT = P 

-1 > 1J1 2-3~ 

Buckling factor I (1 ,05 + VI) 7,81 7,81 - 6,29W + 9,78Vr 5,98 (I - Vlt 

Table 4.2: Outstand compression elements 

Stress distribution (compression positive) EffectiveP width beiT 

bell = pc 

° -1 
Bucklin a factor k::; 0,43 0,57 0,85 0,57 - 0,21 VI + 0,07VI-

1 > 1jJ> 0: 

01 

° ° > VI>-1 
Buckling factor kG 1,70 1 ,7 - 51/' + ) 7, 1 23,8 
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4.5 Stiffened plate elements with longitudinal stiffeners 

4.5.1 General 

(I) For plates with longitudinal stiffeners the effectiveP areas from local buckling of the various subpanels 
between the stiffeners and the effectiveP areas from the global buckling of the stiffened panel should be 
accounted for. 

(2) The effectiveP section area of each subpanel should be determined by a reduction factor in accordance 
with 4.4 to account for local plate buckling. The stiffened plate with effectiveP section areas for the stiffeners 
should be checked for global plate buckling (by modelling it as an equivalent orthotropic plate) and a 
reduction factor IE1) Pc @ilshould be determined for overall plate buckling. 

(3) The effectiveP area of the compression zone of the stiffened plate should be taken as: 

(4.5) 

where is the effectivePlE1)section area@ilof all the stiffeners and subpane]s that are ful1y or partially 
in the compression zone except the effective parts supp0l1ed by an adjacent plate element with the width 

see example in Figure 4.4. 

(4) The area should be obtained from: 

A. -
c,c:I(Joc - + "P 17{·.'I)I .. t L...J toe (4.6) 

where L app1ies to the pat1 of the stiffened pane] width that is in compression except the parts 

see Figure 4.4; 

Asl.eff is the sum of the effectiveP sections according to 4.4 of all longitudinal stiffeners with gross 
area A~f located in the compression zone; 

18 

is the width of the compressed patt of each subpanel; 

Pine is the reduction factor from 4.4(2) for each subpanel. 

: 171 ,edge ,eff 
I 
I 

~Ac 
I 

hI PI Ac,eH,]oc 

2 
h3,edge,etT 

Figure 4.4: Stiffened plate under uniform compression 

NOTE: For non-uniform compression see Figure A.I. 



BS EN 1993-1-5:2006 
EN 1993-1-5:2006 (E) 

(5) In determining the reduction factor Pc for overal1 buckling, the reduction factor for column-type 
buckling, which is more severe than the reduction factor than for plate buckling, should be considered. 

(6) Interpolation should be carried out in accordance with 4.S.4( I) between the reduction factor p for plate 
buckling and the reduction factor Xc for column buckling to determine pc see 4.5.4. 

(7) The reduction of the compressed area through Pc may be taken as a uniform reduction across 
the whole cross section. 

(8) If shear lag is relevant (see 3.3), the effective cross-sectional area of the compression zone of the 

stiffened plate should then be taken as accounting not only for local plate buckling effects but also for 

shear lag effects. 

(9) The effective cross-sectional area of the tension zone of the stiffened plate should be taken as the gross 
area of the tension zone reduced for shear lag if relevant, see 3.3. 

(10) The effective section modul us WelT shou ld be taken as the second moment of area of the effecti ve cross 
section divided by the distance from its centroid to the mid depth of the flange plate. 

4.5.2 Plate type behaviour 

(1) The relative plate slenderness A J> of the equivalent plate is defined as: 

AI' = (4.7) 

with fJ joe 
iLc = --'-'--

where Ac is the gross area of the compression zone of the stiffened plate except the parts of subpanels 
supported by an adjacent plate, see Figure 4.4 (to be multipl ied by the shear lag factor if 
shear lag is relevant, see 3.3); 

is the effective area of the same part of the plate (including shear lag effect, if relevant) with 
due allowance made for possible plate buckling of subpanels and/or stiffeners. 

(2) The reduction factor p for the equivalent 011hotropic plate is obtained from 4.4(2) provided A p is 

ca1culated from equation (4.7). 

NOTE: For calculation of OCr.p see Annex A. 

4.5.3 Column type buckling behaviour 

(J) The elastic critical column buckling stress (1CLC of an unstiffened (see 4.4) or stiffened (see 4.5) plate 
should be taken as the buckling stress with the supports along the longitudinal edges removed. 

(2) For an llnstiffened plate the elastic critical column buckling stress lkLC may be obtai ned from 

Jr2 E t 2 

(4.8) 

(3) For a stiffened plate lkLC may be determined from the elastic critical column buckling stress lkr.sl of the 
stiffener closest to the panel edge with the highest compressive stress as follows: 

Jr 2 E 
(Jcr..;-f = ---.;...

AII,I a 
(4.9) 
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where IVI.1 is the second moment of area of the gross cross section of the stiffener and the adjacent parts 

of the plate, relative to the out-of-plane bending of the plate; 

is the gross cross-sectional area of the stiffener and the adjacent parts of the plate according to 

A.1. 

b. 
NOTE: UCI.C may be obtained fronl 0" ." . = 0",. ,{ -(- , where lkr,c is related to the compressed edge of the 

( .( (,.1 l 

platc, and, 

Figure A.I. 

') 1'1,1 

and be are geometric valucs from the stress distribution used for the extrapolation, see 

(4) The re1ative column slenderness Ac is defined as foJ]ows: 

for unstiffened plates (4.1 0) 

for stiffened plates (4.11 ) 

with 
All.! 

.I is defined in 4.5.3(3); 

is the effecti ve cross-sectional area of the stiffener and the adjacent pat1S of the plate with 

due allowance for plate buckling, see A.I. 

(5) The reduction factor Xc should be obtained from 6.3.1.2 of EN 1993-1-1. For unstiffened plates 
a = 0,21 corresponding to buckling curve a should be used. For stiffened plates its value should be increased 
to: 

0,09 
a =a+ 

C i Ie 
(4.12) 

with 

e max , e2) is the distance from the respective centroids of the plating and the one-sided 
stiffener (or of the centroids of either set of stiffeners when present on both sides) to the neutral 
axis of the effective column, see Figure A.I; 

a = 0,34 (curve b) for closed section stiffeners; 

= 0,49 (curve c) for open section stiffeners. 

4.5.4 Interaction between plate and column buckling 

(I) The final reduction factor Pc should be obtained by interpolation between Xc and pas fonows: 

(4.13) 

where ~ - 1 but 0:::; ~ :::; 1 

CicLP is the elastic critical plate buckling stress, see Annex A.l (2); 

C1ccc is the elastic critical column buckling stress according to 4.5.3(2) and (3), respectively; 
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Xc is the reduction factor due to column buckling. 

p is the reduction factor due to plate buckling, see 4.4( I). 

4.6 Verification 

(1) Member verification@1)tor compression and uniaxial bending 

'71 = --=-=-

Y,""0 
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should be performed as follows: 

(4.14) 

where ActT is the effective cross-section area in accordance with 4.3(3); 

eN is the shift in the position of neutral axis, see 4.3(3); 

MEd is the design bending moment; 

is the design axial force; 

Vl/eff is the effective elastic section modulus, see 4.3(4); 

/1v10 is the partial factor, see application parts EN 1993-2 to 6. 

NOTE: For members subject to compression and biaxial bending the abovc equation (4.14) may be modified as 
follows: 

+ N",d ez.N 

JI W:::.e(l ~ 1,0 
(4.15) 

Y,"'fO 

Mz.Ed are the design bending moments with respect to y-y and z-z axes respecrively: 

IEJ) ey.N, ez,N ~ are the eccentricities with respect to the neutral axis. 

(2) Action effects MEd and should include global second order effects where relevant. 

(3) The plate buckling verification of the panel should be carried out for the stress resultants at a distance 
O,4a or 0,5b, whichever is the smallest, from the panel end where the stresses are the greater. In this case the 
gross sectional resistance needs to be checked at the end of the panel. 

5 Resistance to shear 

5.1 Basis 

(I) This section gives rules for shear resistance of plates considering shear buckling at the ultimate limit 
state where the following criteria are met: 

a) the panels are rectangular within the angle limit stated in 2.3~ 

b) stiffeners, if any, are provided in the longitudinal or transverse direction or both; 

c) all holes and cut outs are small 2.3); 

d) members are of uniform cross section. 

(2) Plates with hw1f greater than 72 E for an unstiffened web, or 31 for a stiffened web, should be 
'7 ry 

checked for resistance to shear buckling and should be provided with transverse stiffeners at the supports, 

where E = 235 

JI [N 11111112] . 
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NOTE 1: h\\ see Figure 5.1 and for k, see 5.3(3). 

NOTE 2: The National Annex will define 77. Thc value 77 == 1,20 is recommended for steel grades up to and 

including S460. For highcr steel grades '7 == J ,00 is recommended. 

5.2 Design resistance 

(I) For ullstiffened or stiffened webs the design resistance for shear should be taken as: 

v + V. < 17 f,,,- !til t 
1M. Nil h./ J<d - '3 

-y j rMI 

(5.1) 

in which the contribution from the web is given by: 

(5.2) 

and the contribution from the flanges VbLRd is according to 5.4. 

(2) Stiffeners should comply with the requirements in 9.3 and welds should fulfil the requirement given in 
9.3.5. 

I 

I 

a I t 
Cross section notations a) No end post b) Rigid end post c) Non-rigid end post 

Figure 5.1: End supports 

5.3 Contribution from the web 

(I) For webs with transverse stiffeners at supports only and for webs with either intermediate transverse 
stiffeners or longitudinal stiffeners or both, the factor Xw for the contribution of the web to the shear buckling 
resistance should be obtained from Tab1e 5.1 or Figure 5.2. 

Table 5.1: Contribution from the web XW to shear buckling resistance 

Rigid end post N on-rigid end post 

AII'<0,83I17 '7 '7 
- -

0,83117 SAil' < 1,08 0,831 All' 0,831 

1,37/(0,7 + 2\1') 
-

~ 1,08 0,831 All' 

NOTE: Sec 6.2.6 in EN 1993- J -I. 
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(2) Figure 5.] shows various end supp0l1s for girders: 

a) No end post, see 6.1 (2), type 

b) Rigid end posts, see 9.3.1; this case IS also applicable for panels at an intermediate support of a 
continuous girder; 

c) Non rigid end posts see 9.3.2. 

(3) The modified slenderness @il ;L in Table 5.1 and 5.2 should be taken as: 

;L· 0,76 

NOTE 1: Values for (IE and k, may be taken from Annex A. 

NOTE 2: The ~ modified slenderness 

a) transverse stiffeners at supports on ly: 

may be taken as follows: 

A. H·=---
86,4 t c 

b) transverse stiffeners at supports and intermediate transverse or longitudinal stiffeners or both: 

11\\ 

37,4 t c Jk: 
in which kT is the minimum shear buckling coefficientf~)I' the weh panel. 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

NOTE 3: Where non-rigid transverse stiffeners are also used in addition to rigid transverse sti ITeners, kr. is taken 

as the minimum of the values from the web panels between any two transverse sti ffeners {/2 hw and (/Cl X 

hw) and that between two rigid stiffeners containi ng transverse stiffeners (e.g. 0-1 X 11\\.). 

NOTE 4: houndaries may he assumed for panels bordered by flanges and rigid transverse stiffeners. The 

web buckling analysis can then be based on the panels between two adjacent transverse stiffeners al X 111 

Figure 5.3). 

NOTE 5: For non-rigid transverse stiffeners the minimum value kr. may be obtained from the buckling analysis 
of the following: 

1. a combination of two adjacent web panels with one flexible transverse stiffener 

2. a combination of three adjacent web panels with two flexihle transverse stiffeners 

For procedure to determine k;; see Annex A.3. 

(4) The second moment of area of a longitudinal stiffener should be reduced to 1/3 of its actual val Lie 
when calculating kv Formulae for kr taking this reduction into account in A.3 may be used. 
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Figure 5.2: Shear buckling factor Xw 

(5) For webs with longitudinal stiffeners the ~ modified slenderness @il All' in (3) should not be taken 
as less than 

(5.7) 

where hWi and k,i refer to the subpanel with the largest ~ modified slenderness @il Au: of all subpanels 
within the web panel under consideration. 
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NOTE: To calculate the expression given in A.3 may be used with kTSI = O. 

(a) 

1 Rigid transverse st(ffener 
2 Longitudinal st{fiener 
3 Non-rigid transverse stiffener 

h 
w 
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Figure 5.3: Web with transverse and longitudinal stiffeners 

5.4 Contribution from flanges 

(l) When the flange resistance is not completely utilized in resisting the bending moment (M Ld < MI',ReI) 
the contribution from the tlanges should be obtained as fo]]ows: 

C YMI [I 
( M f:"d 12 
l Mr,Rd ) 

(5.8) 

br and tr are taken for the t1ange which provides the least axial resistance, 

hr being taken as not larger than 15t:tr on each side of the web, 

Mr,l?d is the moment of resistance of the cross section consisting of the effective area of the 

flanges only, 

c 
[ 

1,6, bJ~ fl,'/" J a 025 + ", 
, I") f' t 1\: . r\t 

(2) When an axial force NEd is present, the value of Nlf.ReI should be reduced by multiplying it by the 
following factor: 

[I (5.9) 

whereA fl and An are the areas of the top and bottom flanges respectively. 

5.5 Verification 

(1) The verification should be pelformed as follows: 

(5.10) 

where is the design shear force including shear from torque. 

6 Resistance to transverse forces 

6.1 Basis 

(l) The design resistance of the webs of rolled beams and welded girders should be determined 111 

accordance with 6.2, provided that the compression tlange is adequately restrained in the lateral direction. 

(2) The load is applied as follows: 

a) through the flange and resisted by shear forces in the web, see Figure 6.1 (a); 

b) through one and transferred through the web directly to the other flange, see Figure 6.1 (b). 

c) through one flange adjacent to an unstiffened end, see Figure 6. I (c) 
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(3) For box girders with inclined webs the resistance of both the web and flange should be checked. The 
internal forces to be taken into account are the components of the external load in the plane of the web and 
flange respectively. 

(4) The interaction of the transverse force, bending moment and axial force should be verified Llsing 7.2. 

Type (a) Type (b) Type (c) 

f 12 r ' J k F 6 + 2l~ I = 3,5 + 2 = 2 + 6 5\ + C S 6 
a ) \ hH' 

Figure 6.1: Buckling coefficients for different types of load application 

6.2 Design resistance 

(1) For unstiffened or stiffened webs the design resistance to local buckling under transverse forces should 
be taken as 

(6.1 ) 

where tw is the thickness of the web; 

f~w is the yield strength of the web; 

Lefr is the effective length for resistance to transverse forces, which should be determined from 

where t~ is the effective loaded length, see 6.5, appropliate to the length of stiff bearing see 6.3; 

Xr: is the reduction factor due to local buckling, see 6.4( 1). 

6.3 Length of stiff bearing 

(I) The length of stiff bearing s, on the flange should be taken as the distance over which the applied load 
is effectively distributed at a slope of ]: 1, see Figure 6.2. However, s~ should not be taken as larger than I1w. 

If severa] concentrated forces are closely spaced, the resistance should be checked for each individual 
force as well as for the total load with Ss as the centre-to-centre distance between the outer loads. 

~~/ ~;Y ~Fs !Fs ~Fs 
_____ ~~~/~~~ _____ ~I/~~ _____ ~~, ___________ j~L~ __________ ~I(~)~(~)1--t~ 

} ss} W W tf Ss == 0 

Figure 6.2: Length of stiff bearing 
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(3) If the bealing surface of the applied load rests at an angle to the flange surface, see Figure 6.2, s, 
should be taken as zero. 

6.4 Reduction factor %F for effective length for resistance 

(I) The reduction factor %r should be obtained from: 

(6.3) 

where AF (6.4) 

(6.5) 

(2) For webs without longitudinal stiffeners kr should be obtained from Figure 6.1. 

NOTE: For webs with longitudinal stiffeners information may be given in the National Annex. The following 
rules are recommended: 

For webs with longitudinal stiffeners kF may be taken as 

kF 6 + 2 [':'J + [5,44 ~ 0,21].JY:" (6.6) 

where b
J 

is the depth of the loaded subpanel taken as the clear distance between the loaded /lange and the 
stiffener 

y, = 10,9 ~,:!;~ ~ 13l :J + 210[0,3 - ~] 
where IIU is the second moment of area of the stiffener closest to the loaded /lange including contributing parts 

of the web according to Figure 9.1. 

Equation (6.6) is valid for 0,05 ~ ~ 0,3 and ~ 0,3 and loading according to type a) in Figure 6.1. 
a hl\' 

(3) fy should be obtained from 6.5. 

6.5 Effective loaded length 

(l) The effective loaded length should be calculated as follows: 

f ,rbr 
111)=-"-' 

if >0,5 

if AF ~ 0,5 

For box girders, bf in equation (6.8) should be limited to 15ctf on each side of the web. 

(2) For types a) and b) in Figure 6.1, ty should be obtained using: 

e y = Ss + 2 tr (1 + ,but e" ~ distance between adjacent transverse stiffeners 

(6.8) 

(6.9) 

(6.10) 
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(3) For type c) fy should be taken as the smallest value obtained from the equations (6.1 ]) and (6.12).@il 

(6.11 ) 

(.1 = (e +t, (6.12) 

where @ile c (6.] 3) 

6.6 Verification 

(]) The verification should be performed as follows: 

(6.14) 

where is the design transverse force; 

Lefe is the effective length for resistance to transverse forces, see 1ED6.2(1); 

tw is the thickness of the plate. 

7 Interaction 

7.1 Interaction between shear force, bending moment and axial force 

(I) Provided that 773 (see below) does not exceed 0,5 , the design resistance to bending moment and axial 

force need not be reduced to allow for the shear force. If 773 is more than 0,5 the combined effects of 

bending and shear in the web of an lor box girder should satisfy: 

ry] + (1 - M (2173 1)' ~ ],0 for 17, ~ ~ 1.Hd 

pl.HI! pl,Ht! 

(7.1) 

where NhRd is the design plastic moment of resistance of the section consisting of the effective area of 
the flanges; 

MpLRd is the design plastic resistance of the cross section consisting of the effective area of the 
flanges and the fully effective web irrespective of its section class. 

M c , 
771 = M f 

pl.Nd 

lED for ~)\1.Rd see expression (5.2), @il 

In addition the requirements in sections 4.6 and 5.5 should be met. 

Action effects should include global second order effects of members where relevant. 

(2) The criterion given in (1) should be verified at all sections other than those located at a distance less 
than hwl2 from a support with ve11ical stiffeners. 
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(3) The plastic moment of resistance MLRd may be taken as the product of the yield the effective 
area of the flange with the smallest value of Arf/{f1'1O and the distance between the centroids of the flanges. 

(4) If an axial force is present, Mpl. Rd and NhRd should be reduced in accordance with 6.2.9 of 
EN 1993-1-1 and 5.4(2) respectively. When the axial force is so large that the whole web is in compression 
7.1 (5) should be applied. 

(5) A llange in a box girder should be verified using 7. I (]) taking ° and TEd taken as the average 

shear stress in the flange which should not be less than half the maximum shear stress in the flange and 771 is 

taken as 171 according to 4.6( I). In addition the sllbpanels should be checked using the average shear stress 
within the subpanel and XW determined for shear buckling of the sllbpanel according to assuming the 
longitudinal stiffeners to be rigid. 

7.2 Interaction between transverse force, bending moment and axial force 

(1) If the girder is subjected to a concentrated transverse force acting on the compression flange in 
conjunction with bending and axial force, the resistance should be verified using 4.6, 6.6 and the following 
interaction expression: 

772 + 0,8 771 ~ 1,4 (7.2) 

(2) If the concentrated load is acting on the tension flange the resistance should be verified according to 
section 6. Additionally 6.2.1 (5) of EN 1993-1-1 ShOll Id be met. 

8 Flange induced buckling 

(1) To prevent the compression flange buckling in the plane of the web, the fol1owing criterion should be 
met: 

where Aw is the cross section area of the web; 

Arc is the effective cross section area of the compression flange; 

hI\' is the depth of the web; 

tw is the thickness of the web. 

The value of the factor k should be taken as follows: 

plastic rotation utilized k = 0,3 

plastic moment resistance utilized k 0,4 

elastic moment resistance utilized k 0,55 

(2) When the girder is curved in elevation, with the compression flange on the concave 
criterion should be met: 

r is the radius of curvature of the compression 

NOTE: The National Annex may further information on flange induced buckling. 

(8.1 ) 

the following 

(8.2) 
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9 Stiffeners and detailing 

9.1 General 

(1) This section gives design rules for stiffeners in plated structures which supplement the plate buckling 
rules specified in sections 4 to 7. 

NOTE: The National Annex may further requirements on stiffeners for specific applications. 

When checking the buckling resistance, the section of a stiffener may be taken as the gross area 
comprising the stiffener plus a width of plate equal to 15et but not more than the actual dimension available, 
on each side of the stiffener avoiding any overlap of contributing parts to adjacent stiffeners, see Figure 9.1. 

(3) The axial force in a transverse stiffener should be taken as the sum of the force resulting from shear 
(see 9.3.3(3» and any external loads. 

~ij/~~ 

Figure 9.1: Effective cross-section of stiffener 

9.2 Direct stresses 

9.2.1 Minimum requirements for transverse stiffeners 

(I) In order to provide a rigid support for a plate with or without longitudinal stiffeners, intermediate 
transverse stiffeners should satisfy the criteria given below. 

(2) The transverse stiffener should be treated as a simply supported member subject to lateral loading with 
an initial sinusoidal imperfection tVa equal to s/300, where s is the smallest of ai, {/2 or b, see Figure 9.2 , 
where {/ I and Cl2 are the lengths of the panels adjacent to the transverse stiffener under consideration and b is 
the height between the centroids of the flanges or span of the transverse stiffener. Eccentricities should be 
accounted for. 

f 
.n.f----l -b_----,.tJ 

I Transverse stiffener 

Figure 9.2: Transverse stiffener 

(3) The transverse stiffener should carry the deviation forces from the adjacent compressed panels under 
the assumption that both adjacent transverse stiffeners are rigid and straight together with any external load 
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and axial force according to the NOTE to 9.3.3(3). The compressed panels and the longitudinal stiffeners are 
considered to be simply supported at the transverse stiffeners. 

(4) It should be verified that using a second order elastic method analysis both the following criteria are 
satisfied at the ultimate limit state: 

that the maximum stress in the stiffener should not exceed f/li.,;! I. 

that the additional detlection should not exceed b/300. 

(5) In the absence of an axial force in the transverse stiffener both the criteria in (4) above may be 
assumed to be satisfied provided that the second moment of area Is[ of the transverse stiffeners is not less 
than: 

II" ( 
300) 1 + Hlo b II (9.1 ) 

where 

1(2£ 

U = 300 b ;:::: 1,0 

YMI 

emax is the maximum distance from the extreme fibre of the stiffener to the centroid of the stiffener; 

NEd is the maximum compressive force of the adjacent panels but not less than the maximum 
compressive stress times half the effectiveP compression area of the panel including stiffeners; 

(JCLC' are defined in 4.5.3 and Annex A. 

NOTE: Where out of plane loading is applied to the transverse stiffeners reference should be 111ade to 
EN 1993-2 and EN 1993-1-7. 

(6) If the stiffener carries axial compression this should be increased by MIl = (J'I)/ / in order to 

account for deviation forces. The criteria in (4) apply but ANq need not be considered when calculating the 
uniform stresses from axial load in the stiffener. 

(7) As a simplification the requirement of (4) may, in the absence of axial forces, be verified using a first 
order elastic analysis taking account of the following additional equivalent uniformly distributed lateral load 
q acting on the length b: 

q : (J'III (l~'a + Wei) 

where 0;11 is defined in (5) above; 

Wa is defined in Figure 9.2; 

(9.2) 

Wei is the elastic deformation, that may be either determined iteratively or be taken as the maximum 
additional deflection 17/300. 

(8) Unless a more advanced method of analysis is carried out in order to prevent torsional buckling of 
stiffeners with open cross-sections, the following criterion should be satisfied: 

f, 

E 

where Ip is the polar second moment of area of the stiffener alone arollnd the edge fixed to the plate; 

IT is the St. Venant torsional constant for the stiffener alone. 

(9.3) 
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(9) Where warping stiffness is considered stiffeners should either fulfil (8) or the criterion 

(9.4) 

where Ckr is the elastic critical stress for torsional buckling not considering rotational restraint from the 
plate; 

B is a parameter to ensure class 3 behaviour. 

NOTE: The parameter 8 may he given in the National Annex. The value 8= 6 is recommended. 

9.2.2 Minimum requirements for longitudinal stiffeners 

(l) The requirements concerning torsional buckling in 9.2.1(8) and (9) also apply to longitudinal 
stiffeners. 

(2) Discontinuous longitudinal stiffeners that do not pass through openings made in the transverse 
stiffeners or are not connected to either side of the transverse stiffeners should be: 

used only for webs (i.e. not allowed in flanges); 

neglected in global analysis; 

neglected in the calculation of stresses; 

considered in the calculation of the effectiveP widths of web sub-panels; 

considered in the calculation of the elastic critical stresses. 

(3) Strength assessments for stiffeners should be performed according to 4.5.3 and 4.6. 

9.2.3 Welded plates 

(1) Plates with changes in plate thickness should be welded adjacent to the transverse stiffener, see Figure 
9.3. The effects of eccentricity need not be taken into account unless the distance to the stiffener from the 
welded j unction exceeds bo/2 or 200 mm whichever is the smallest, where bo is the width of the p1ate 
between longitudinal stiffeners. 

) 
\ 
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I Transverse st~ffener 
2 Transverse vveld 

Figure 9.3: Welded plates 
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9.2.4 Cut outs in stiffeners 

(1) The dimensions of cut outs in longitudinal stiffeners should be as shown in Figure 9.4. 

Figure 9.4: Cut outs in longitudinal stiffeners 

(2) The length e should not exceed: 

f ~ 6 tmin for flat stiffeners in compression 

for other stiffeners in compression 

f ~ 15 tmin for stiffeners without compression 

where 'min is the lesser of the plate thicknesses 

(3) The limiting values f in (2) for stiffeners in compression may be increased by when 

(J\',E,d is the compression stress at the location of the cut-out 

(4) The dimensions of cut outs in transverse stiffeners should be as shown in Figure 9,5. 

(,,_/--------------------------------~! \ \------r-U--r-r.r--. -""'l'--~-o-, 6-h-
s 
--\ 

~·'~"-f·-

\ \ 
/ / 
~========================~i '\ 

Figure 9.5: Cut outs in transverse stiffeners 

(5) The gross web adjacent to the cut out should resist a shear force VEd , where 

(9.5) 

f net is the second moment of area for the net section of the transverse stiffener; 

e is the maximum distance from the underside of the flange plate to the neutral axis of net section, 
see Figure 9.5; 

bG is the length of the transverse stiffener between the flanges. 
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9.3 Shear 

9.3.1 Rigid end post 

(1) The rigid end post (see Figure 5.1) should act as a bearing stiffener resisting the reaction from the 
support (see 9.4), and should be designed as a short beam resisting the longitudinal membrane stresses in the 
plane of the web. 

NOTE: For the effects of eccentricity due to movements of bearings, see EN 1993-2. 

(2) A rigid end post should comprise of two double-sided transverse stiffeners that form the of a 
short beam of length hw, see Figure 5.1 (b). The strip of web plate between the stiffeners forms the web of 
the short beam. Alternatively, a rigid end post may be in the form of a rolled section, connected to the end of 
the web plate as shown in 9.6. 

I 
I A-A 
I 
I 
I 

hw I 
I 

t I 
I t 

A I A 
I 
I 

/ In.r.,'erted section 

Figure 9.6: Rolled section forming an end-post 

(3) Each double sided stiffener consisting of flats should have a cross sectional area of at least 4hn.t2 / e, 

where e is the centre to centre distance between the stiffeners and e > 0,1 h
ll

" see Figure 5.1 (b). Where a 

rol1ed section other than flats is used for the end-post its section modulus should be not less than 4hJ 2 for 

bending arollnd a horizontal axis perpendicular to the web. 

(4) As an alternative the girder end may be provided with a single double-sided stiffener and a ve11ical 
stiffener adjacent to the support so that the subpanel resists the maximum shear when designed with a non
rigid end post. 

9.3.2 Stiffeners acting as non-rigid end post 

(1) A non-rigid end post may be a single double sided stiffener as shown in Figure 5.1 (c). It may act as a 
bearing stiffener the reaction at the girder supp0l1 9.4). 

9.3.3 Intermediate transverse stiffeners 

(I) Intermediate stiffeners that act as rigid supports to interior panels of the web should be designed for 
strength and stiffness. 

(2) When flexible intermediate transverse stiffeners are Llsed, their stiffness should be considered in the 
calculation of kr in 5.3(5). 
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(3) The effective section of intermediate stiffeners acting as rigid supports for web panels should have a 
minimum second moment of area 1st : 

~l a 1 h\1 < J2: l~/ 2 1,5 h,~~, (3 1 a 2 

~l a 1 h\l 2 1\/ 2 0,75 h\i (:; 
(9.6) 

NOTE: Intermediate stiffeners Illay be designed for an axial f'orce equal to 

(Vh<l Jrwhj 1(13 
I lJ according to 9.2.1 (3). In the case of variable shear forces the eheck IS 

performed for the shear force at the distance O,Shw from the edge of the panel with the largest shear force. 

9.3.4 Longitudinal stiffeners 

(]) If longitudinal stiffeners are taken into account in the stress analysis they should be checked for direct 
stresses for the cross sectional resistance. 

9.3.5 Welds 

(1) The web to flange welds may be designed for the nominal shear flow V!:'d 1 h\l' if VEd does not exceed 

XH,Jy j1,J I(J3 Y,'Yl1)' For larger values VEd the weld between flanges and webs should be designed for the 

shear flow 1] I(J3 YM I ). 

(2) In all other cases welds should be designed to transfer forces along and across welds making up 
sections taking into account analysis method (elastic/plastic) and second order effects. 

9.4 Transverse loads 

(1) If the design resistance of an unstiffened web is insufficient, transverse stiffeners should be provided. 

(2) The out-of-plane buckling resistance of the transverse stiffener under transverse loads and shear force 
(see 9.3.3(3)) should be determined from 6.3.3 or 6.3.4 of EN 1993-] -1, using buckling curve c. When both 
ends are assumed to be fixed laterally a buckling length t of not less than 0,75hw should be used. A larger 
value of t should be used for conditions that provide less end restraint. If the stiffeners have cut outs at the 
loaded end, the cross sectional resistance should be checked at this end. 

(3) Where single sided or other asymmetric stiffeners are used, the resulting eccentncJty should be 
allowed for using 6.3.3 or 6.3.4 of EN 1993-1-1. If the stiffeners are assumed to provide lateral restraint to 
the compression flange they should comply with the stiffness and strength criteria in the design for lateral 
torsional buckling. 
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10 Reduced stress method 

(I) The reduced stress method may be used to determine the stress limits for stiffened or ul1stiffened 
plates. 

NOTE 1: This method is an alternative to the effective width method specified in section 4 to 7 in respect of the 
rollowing: 

(),.Ed, ~.Ed and TEd are considered as acting together 

the stress limits of the weakest part of the cross section may govern the resistance of the full cross section. 

NOTE 2: The stress limits may also be used to determine equivalent effective areas. The National Annex Illay 
limits of application for the methods. 

(2) For unstiffened or stiffened panels subjected to combined stresses (},.EcI , ~.Ed andZi~d class 3 section 
properties may be assumed, where 

P aI/II'" ~ 1 
Ykfl 

(10.1) 

where a;dtJ.. is the mlnllnum load amplifier for the design loads to reach the characteristic value of 
resistance of the most critical point of the plate, see (4); 

p is the reduction factor depending on the plate slenderness 1 Ji to take account of plate 

buckling, see (5): 

IMI is the partial factor applied to this method. 

(3) The lEi) modified plate slenderness @il 1/1 should be taken from 

(10.2) 

where acr is the minimum load amplifier for the design loads to reach the elastic critical load of the plate 
under the complete stress field, see (6) 

(4) 

NOTE 1: For calculating Ger for the complete stress field, the stiffened plate may be modelled using the rules in 
section 4 and 5 without reduction of the second moment of area of longitudinal stiffeners as specified in 5.3(4). 

NOTE 2: When ~r cannot be determined for the panel and its subpanels as a whole, separate checks for the 
subpanel and the full panel lllay be applied. 

In determining a;IILk the yield criterion may be used for resistance: 

+ r eY':w J' -( eY
X

:
DJ Jr eYe.'," J + i ",,, J2 

\ f\ l fr \ f\ l f, ( 10.3) 

where (ix.Ed, ~.Ed and TEd are the components of the stress field in the ult] mate limit state. 

NOTE: By using the equation (10.3) it is assumed that the resistance is reached when yieJding occurs without 
plate buckling. 

(5) The reduction factor p may be determlned using either of the following methods: 

a) the minimum value of the following reduction factors: 

Px for longitudi nal stresses from 4.5.4( I) taking into account column-like behaviour where relevant; 

pz for transverse stresses from I) taking into account column-like behaviour where relevant; 

Xw for shear stresses from 1Ei)5.3( I) @il; 
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each ca1cu lated for the modified plate slenderness @11 according to equation (10.2). 

NOTE: This method leads to the verification formula: 

(10.4 ) 

NOTE: For determining pz for transverse stresses the rules in section 4 for direct stresses (), should be applied 

to ()z in the z-direetion. For consistency section 6 should not be applied. 

b) a value interpolated between the values of Px, pz and XIV as determined in a) by using the formula for ~JILk 
as interpolation fllnction 

NOTE: This method leads to the verification format: 

::;1 (10.5) 

NOTE 1: Since verification formulae (10.3), (10.4) and (10.5) include an interaction between shear force, 
bending moment, axial force and transverse force, section 7 should not be applied. 

NOTE 2: The National Annex may further information on the usc of equations (10.4) and (10.5). In case 
of panels with tension and compression it is recommended to apply equations (10.4) and (10.5) only for the 
compressi ve parts. 

(6) Where acr values for the complete stress field are not available and only Ikr.i values for the various 
components of the stress field o;"Ed , o;,Ed and rEd can be used, the ~r value may be determined from: 

-~"-+ ' + . + '+ + ::. + 1+ 1+lf/_[(1+lf/\. 1+lf/~j2 I 1-lf/ 
acr 4 a iT.\ 4 au.: 4 acr.t 4 acr.z 2 a(~ .. r 2 a(~ .. : 

where aer ,\ 

"['cr 

acr,r = 
"[',:(/ 

and OCr.x, C7c:r.z, rw 'fix and l.f/z are determined from sections 4 to 6. 

(7) Stiffeners and detailing of plate panels should be designed according to section 9. 

(10.6) 
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Annex A [informative] - Calculation of critical stresses for stiffened 
plates 

A.1 Equivalent orthotropic plate 

(J) Plates with at least three longitudinal stiffeners may be treated as equivalent orthotropic plates. 

(2) The elastic critical plate buckling stress of the equivalent olihotropic plate may be taken as: 

where 
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a('/ .. /i k a, O'.p : (A. I) 

in [MPa] 

ka.p is the buckling coefficient according to orthotropic plate theory with the stiffeners smeared over 
the plate; 

b is defined in Figure A.I ; 

is the thickness of the plate. 

NOTE 1: The buckling coefficient is obtained either from appropriate charts for smeared sti ffeners or 
relevant computer simulations; alternatively charts for discretely located stiffeners may be used provided local 
buckling in the subpanels can be ignored and treated separately. 

NOTE 2: (}CLp is the elastic critical plate buckling stress at the 
compression stress occurs, see Figure A.I. 

of the panel where the maximum 

NOTE 3: \Vhere a web is of concern, [§) the width bin@11equations (A. I) and should be replaced by hw. 

NOTE 4: For stiffened plates with at least three equally spaced longitudinal stiffeners the plate buckl1ng 

coefficient (global buckling of the stiffened panel) may be approximated by: 

2( (I + a 2 r + r - I ) 
k O'.P= a 2 (vr + 0(1 + 8) 

4(1 + fY) 
(vr+ ])(1 + 8) 

= a >05 a b - , 

(f a> 'ifY 

where: (/ is the second moment of area of the whole stiffened plate; 

I/i is the second moment of area for bending of the plate 

(A.2) 

bt 3 bt 3 

-..,---,- = -- @11' 

12(1- v2
) 10,92 ' 

[§) @11 is the sum of the gross areas of the individual longitudinal stiffeners; 

Ap 

a] 

is the gross area of the plate = bt ; 

is the larger edge stress; 

is the smalJer edge stress; 



+ 

a ~ band t are as defined in Figure A.I. 

l@il 

bUnf 

bz.sup 

3 
~ 

4\ '\ 

5,\ 

_._-_.-

area I 

width for effective 
width for gross 

~ . area according to 

3 -lJIl b 
I 

5 If/l 

2 
---b,.., 
5 -lj/2 "-

! Table 4.1 

2 
---b.) ,,'/' 5 -lj/7 ,-,f, 
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1 centroid qf' ~ stUfener @iI 
2 centroid of ~ coLllmn @j] 

:;;t{fleners + accompanying 
plating 

3 subpal1cl 
4 stillener 
5 pLate thickness t 

condition for \jfi 

a"11 lJIl = (/ "I, > 0 
acr,p 

Figure A.1: Notations for longitudinally stiffened plates 
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A.2 Critical plate buckling stress for plates with one or two stiffeners in the 

compression zone 

A.2.1 General procedure 

(1) If the stiffened plate has only one longitudinal stiffener in the compression zone the procedure in A.I 
may be simplified by a fictitious isolated strut supp0l1ed on an elastic foundation reflecting the plate effect in 
the direction perpendicular to this strut. The elastic critical stress of the strut may be obtained from A.2.2. 

(2) For calculation of A,I . 1 and I\i.1 the gross cross-section of the column should be taken as the gross 

area of the stiffener and adjacent parts of the plate described as follows. If the subpanel is fully in 
compression, a portion (3 -ljf)j(5 -ljf) of its width hi should be taken at the of the panel and 

2/(5 -ljf) at the with the highest stress. If the stress changes from compression to tension within the 

subpanel, a portion 0,4 of the width be of the compressed part of this subpanel should be taken as paI1 of the 
column, see Figure A.2 and also Table 4.1. lfis the stress ratio relative to the subpanel in consideration. 

The effectiveP cross-sectional area A,l.etl of the column should be taken as the effectiveP cross-section 

of the stiffener and the adjacent parts of the plate, see A.I. The slenderness of the plate 
elements in the column may be determined according to 4.4(4), with Ocom.Ed calculated for the gross cross
section of the plate. 

(4) If pJ/lfvl],with pc determined according to I), is greater than the average stress in the column 
Ocolll.Ed no further reduction of the effectiveP area of the column should be made. Otherwise the effective area 
in (4.6) should be modified as follows: 

Pc A.. = ---'----
c.ell ,Inc (J 

COlli."'" 

(A.3) 

The reduction mentioned in A.2.1(4) should be applied only to the area of the column. No reduction 
need be applied to other compressed of the plate, except for checking buckling of subpanels. 

(6) As an alternative to using an effectiveP area according to A.2.1 (4), the resistance of the column may be 
determined from A.2.1 (5) to (7) and checked to ensure that it exceeds the average stress 0com.Ed. 

NOTE: The method outlined in (6) may be used in the ease of multiple stiffeners in which the restraining effect 
from the plate is neglected, that is the fictitious column is consideredh-ee to buckle out or the plane of the web. 

a N 
..Q 

Ir::= 

a. b. c. 
Figure A.2: Notations for a web plate with single stiffener in the compression 

zone 

(7) If the stiffened plate has two longitudinal stiffeners in the compression zone, the one stiffener 
procedure described in A.2.1 (1) may be applied, see Figure A.3. it is assumed that one of the stiffeners 
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buckles while the other one acts as a rigid support. Buckling of both the stiffeners simultaneously is 
accounted for by considering a single lumped stiffener that is substituted for both ind ividual ones such that: 

a) its cross-sectional area and its second moment of area~ 1,/ respectively the SLlm of that for the 
individual stiffeners 

b) it is positioned at the location of the resultant of the respective forces in the individual stiffeners 

For each of these situations illustrated in Figure A.3 a relevant vallie of 

bl = hi'" and b2 - h2 and B':· = 171 + b; , see Figure A.3. 

is computed, see A.2.2( I), with 

Cross-sectional area 

Second moment of area 

II 

Stiffener I 

A~(.l 

I~f.1 

Stiffener II 

1'.1.1/ 

I 
I 
I 
I 
I 
I 
I 
I 
I 

" .,. ,~ 
b1 

'i 
-r-.. 

" 

Lumped stiffener 

Arl .1 + A,I.II 

1,/,1 + Isl.11 

Figure A.3: Notations for plate with two stiffeners in the compression zone 

A.2.2 Simplified model using a column restrained by the plate 

(1) In the case of a stiffened plate with one longitudinal stiffener located in the compression zone, the 
elastic critical buckling stress of the stiffener can be ca1culated as follows ignOling stiffeners in the tension 
zone: 

with 

A,.u bl b2 

1[2 E I,i,1 ----'- + ---r--~r------
Arl . 1 a

2 

.1 b l
2 b~ 

t 3 b 

(AA) 

where A.\"J is the gross area of the column obtained from A.2.1 (2) 

1,(.1 is the second moment of area of the gross cross-section of the column defined in A.2.1 (2) 

about an axis through its centroid and parallel to the plane of the plate; 

hI, are the distances from the longitudinal edges of the web to the stiffener (b l+b2 b). 

/lote deleted@j] 

(2) In the case of a stiffened plate with two longitudinal stiffeners located in the compression zone the 
elastic critical plate buckling stress should be taken as the lowest of those computed for the three cases using 
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equation (AA) with hi hi' b2 = h; and b = BO, . The stiffeners in the tension zone should be ignored in the 

calculation. 

A.3 Shear buckling coefficients 

(l) For plates with rigid transverse stiffeners and without longitudinal stiffeners or with more than two 
longitudinal stiffeners, the shear buckling coefficient kr can be obtained as foHows: 

where 

kr = 5,34 + 4,00 (hI) / a r + kr;,/ when a / hI\' 2:: 1 

kr = 4,00 + 5,34 (hI!' / a r + k~{ 1A/hen a / h\1 < 1 
(A.s) 

=9 I I J 2,1 fl Jut not ess t Ian - 3 -,1-... 

t h\\, 

a is the distance between transverse stiffeners (see Figure 5.3); 

('i is the second moment of area of the longitudinal stiffener about the z-z axis, see Figure 5.3 (b). 

~ For webs with @illongitudinal stiffeners, not necessarily equally spaced, II'c is the sum of 

the stiffness of the individual stiffeners. 

NOTE: No intermediate nOll-rigid transverse stiffeners are allowed for in equation (A.5). 

(2) 'The equation (A.S) also applies to plates with one or two longitudinal stiffeners, if the aspect ratio 

a a satisfies a 2:: 3 . For plates with one or two longitudinal stiffeners and an aspect ratio a < 3 the 
hH' 

shear buckling coefficient should be taken from: 

6,3 + 0,18 

kr = 4,1 +------+2,2 3 

a 2 
(A.6) 
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(1) The rules in section 10 are applicable to webs of members with non parallel flanges as in haunched 
beams and to webs with regular or inegular openings and non orthogonal stiffeners. 

(2) ~It and acrit may be obtained from FE-methods, see Annex C. 

(3) The reduction factors Px , pz and XW for AI) may be obtained from the appropriate plate buckling 

curves, see sections 4 and 5. 

NOTE: The reduction factor p may be obtained as follows: 

1 
P = ------;=== 

where At V'p 

and AI' 

(B. 1) 

This procedure applies to Px, pz and Xw' The values of Apo and a p are given in Table B.I. These 

values have been calibrated against the plate buckling curves in sections 4 and 5 and give a direct 
correlation to the equivalent geometric imperfection, by : 

l
I) 

ap (1 p - ;:PD)~ --.....:....:.,-:-
6 I-pAp 

Table B.1: Values for },po and a p 

Product predominant buckling mode ali 

direct stress for If/2 ° 
hot rolled direct stress for If/ < ° 0,13 

shear 
transverse stress 

direct stress for lj/2 ° 
welded or direct stress for If/ < ° 0,34 

cold formed shear 
transverse stress 

(B.2) 

Apo 

0,70 

0,80 

0,70 

0,80 
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B.2 Interaction of plate buckling and lateral torsional buckling 

(1) The method gi ven in B.l may be extended to the verification of combined plate buckling and lateral 

torsional buckling of members by calculating ~lIt and ~acr @il as follows: 

~lit is the minimum load amplifier for the design loads to reach the characteristic value of resistance of the 
most critical cross section, neglecting any plate buckling and lateral torsional buckling; 

lkr is the minimum load amplifier for the design loads to reach the ~ elastic critical loading @il of the 
member including plate buckling and lateral torsional buckling modes. 

(2) When lkr contains lateral torsional buckling modes, the reduction factor p used should be the 
minimum of the reduction factor according to B.l (3) and the XLT - value for lateral torsional buckling 
according to 6.3.3 of EN 1993-1-1. 
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Annex C [informative] - Finite Element Methods of analysis (FEM) 

C.1 General 

(I) Annex C gives guidance on the use of FE-methods for ultimate limit state, serviceability limit state or 
fatigue verifications of plated structures. 

NOTE 1: For FE-calculation of shell structures see EN 1993-1-6. 

NOTE 2: This guidance is intended for engineers who are experienced in the use ofFinilc Elemenllllcl.hods. 

(2) The choice of the FE-method depends on the problem to be analysed and based on the following 
assumptions: 

Table C.1: Assumptions for FE-methods 

Material Geometric Imperfections, ! 

No 
behaviour behaviour see section C.S 

Example of use 

1 linear linear no elastic shear lag effect, elastic resistance 
2 non linear linear no plastic resistance in ULS 
3 linear non linear no critical plate buckling load 
4 linear non linear yes i elastic plate buckling resistance 
S non linear non linear yes elastic-plastic resistance in ULS 

C.2 Use 

(]) In using FEM for design special care should be taken to 

the modelling of the structural component and its boundary conditions; 

the choice of software and documentation; 

the use of imperfections; 

the modelling of material properties; 

the modelling of loads; 

the modelling of limit state criteria; 

the partial factors to be applied. 

NOTE: The National Annex may define the conditions for the use ofFEM analysis in design. 

C.3 Modelling 

(1) The choice of FE-models (shell models or volume models) and the size of mesh determine the 
accuracy of results. For validation sensitivity checks wjth sLlccessive refinement may be carried out. 

(2) The FE-modelling may be carried OLlt either for: 

the component as a whole or 

a substructure as a pal1 of the whole structure. 

NOTE: An example for a component could be the web and/or the bottom plate of continuous box girders in the 
region of an intermediate support whcre lhe bottom plate is in compression. An example for a substructure could 
be a subpancl of a botlom plate subject to biaxial stresses. 

(3) The boundary conditions for supports, interfaces and applied loads should be chosen such that results 
obtained are conservative. 
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(4) Geometric properties should be taken as nominal. 

(5) All imperfections should be based on the shapes and amplitudes as given in section C.S. 

(6) Material properties should conform to C.6(2). 

C.4 Choice of software and documentation 

(I) The software should be suitable for the task and be proven reliable. 

NOTE: Reliability can be proven by appropriate bench mark tests. 

(2) The mesh size, loading, boundary conditions and other input data as well as the output should be 
documented in a way that they can be reproduced by third parties. 

C.s Use of imperfections 

(l) Where imperfections need to be included in the FE-model these imperfections should include both 
geometric and structural imperfections. 

(2) Unless a more refined analysis of the geometric imperfections and the structural imperfections is 
carried out, equivalent geometric imperfections may be used. 

NOTE 1: Geometric imperrcctions may he based on the shape or the critical plate buckling modes with 
amplitUdes given in the National Annex. 8090' or the geometric fabrication tolerances is recommended. 

NOTE 2: Structural imperfections in terms of residual stresses may be represented by a stress pattern from the 
fabrication process with amplitudes equivalent to the mean (expected) values. 

(3) The direction of the applied imperfection should be sLlch that the lowest resistance is obtained. 

(4) For applying equivalent geometric imperfections Table C.2 and Figure C.I may be used. 

Table C.2: Equivalent geometric imperfections 

Type of imperfection Component Shape Magnitude 

global member with length e bow see EN 1993-1-1, Table 5.1 
global longitudinal stiffener with length a bow min (a/400, b/400) 

local panel or subpanel with sholi span a or b 
buckling 

min (a/200, b1200) 
shape 

local stiffener or flange subject to twist bow twist 1/50 
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b 
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Figure C.1: Modelling of equivalent geometric imperfections 
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(5) In combining imperfections a leading imperfection should be chosen and the accompanying 
imperfections may have their values reduced to 70%. 

NOTE 1: Any type of imperfection should be taken as the leading imperfection and the others may be taken as 
the <ll:companying imperfections. 

NOTE 2: Equivalent geometric imperfections may he substituted by the appropriate fictitious forces acting on 
the member. 

C.6 Material properties 

(1) Material prope11ies should be taken as characteristic values. 

(2) Depending on the accuracy and the allowable strain required for the analysis the following 
assLlmptions for the material behaviour may be used, see Figure C.2: 

a) elastic-plastic without strain hardening; 

b) elastic-plastic with a nomi nal plateau slope; 

c) elastic-plastic with linear strain hardening; 

d) true stress-strain curve modified from the test results as follows: 
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(J'II'ItC = (J' (1 + £) 
£11"111' = (1 +£) 

Model 

with 
yielding 
plateau 

with 
strain

hardening 

a) b) 

--"\\tan -1 (E) 

] tmz'] (EI] 00(0) 
(or similarly small value) 

1 

] true stress-strain CUll'e 
2 stress-strain cllrl'efrOl7l tests 

Figure C.2: Modelling of material behaviour 

(C. I) 



NOTE: For the elastic modulus E the nominal value is relevant. 

C.7 loads 
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(I) The loads applied to the structures should include relevant load factors and load combination factors. 

For simplicity a single load multiplier a may be used. 

C.B limit state criteria 

(1) The ultimate limit state criteria should be used as follows: 

1. for structures susceptible to buckling: 

attainment of the maximum load. 

2. for regions subjected to tensile stresses: 

attainment of a limiting value of the principal membrane strain. 

NOTE 1: The National Annex may specify the limiting of principal strain. A value of 5% is 
recommended. 

NOTE 2: Other criteria may be used, e.g. attainment of the yielding criterion or limitation of the 
yielding zone. 

C.g Partial factors 

(1) The load magnification factor ~I to the ultimate limit state should be sufficient to achieve the required 
reI iabil ity. 

(2) The magnification factor ~I should consist of two factors as follows: 

1. a] to cover the model uncertainty of the FE-modelling used. It should be obtained from evaluations 
of test calibrations, see Annex D to EN 1990; 

2. a2 to cover the scatter of the loading and resistance models. It may be taken as J!MI if instability 
governs and )}M2 if fracture governs. 

(3) It should be verified that: 

(C.2) 

NOTE: The National Annex may give information on I'M] and Yrv12' The use of YM] and )1M2 as speci fied in the 
relevant parts of EN 1993 is recommended. 
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Annex 0 [informative] - Plate girders with corrugated webs 

0.1 General 

(I) Annex D covers design rules for I-girders with trapezoidal or sinusoidal corrugated webs, see Figure 
D.l. 

rx 
z 

F==r.Ei====:;;;~;;;;:::::== 1 ~ 
~ .c 

~~ ... ~~~~ 

E 
2w 

Figure 0.1: Geometric notations 

0.2 Ultimate limit state 

D.2.1 Moment of resistance 

where 

50 

is the value of yield stress reduced due to transverse moments in the flanges 

fyLr .f~r.fr 

O:x(MJ is the stress due to the transverse moment in the flange 

Z is the reduction factor for out of plane buckling according to 6.3 of ENI993-J-J 

NOTE 1: The transverse moment Mz results from the shear flow in flanges as indicated in Figure D.2. 

NOTE 2: For sinusoidally corrugated websf-r is LO. 



I 

1--
I I 
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Figure 0.2: Transverse actions due to shear flow introduction into the flange 

(2) The effectiveP area of the compression t1ange should be determined from 4.4( 1) using the larger value 

of the slenderness parameter A jJ defined in 4.4(2). ~ The buckling factor kG should be taken as the larger of 

a) and b): @1] 

a) 

where b 1S the maximum width of the outstand from the toe of the weld to the free edge 

a = a l + 2a4 

b) 

~ text deleted @1] 

0.2.2 Shear resistance 

( 1) The shear resistance ~ Ybw,Rd @1] should be taken as: 

(D.2) 

(D.3) 

(D.4) 

where Xc is the lesser of the values of reduction factors for local buckling Xc.C and global buckling XCg 
obtained from (2) and (3) 

(2) The reduction factor Xc) for local buckling should be calculated from: 

---::::-- ::; 1,0 (D.S) 

~ where Ac,l = @1] (D.6) 

(D.7) 

a max should be taken as the greater of at and a2. 
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NOTE: For sinusoidally corrugated webs the National Annex may give information on the calculation of Tn, r 
and Xc ,/' 

The use of the following equation is recommended: 

where w is the length of one half wave, see D.l, 

is the unfolded length of one half wave, see D.l 

(3) The reduction factor XC,g for global buckling should be taken as 

1,5 ° Xc,;; =----::;1, (D.S) 
0,5+ 

~ where (D.9) 

(D.lO) 

Dx = ----r-----, 
w 

S 

D 
EL 

Hi 

It second moment of area of one corrugation of length w, see D.l 

NOTE 1: sand /z are related to the actual shape of the cOlTugation. 

NOTE 2: Equation (D. 1 0) is valid for plates that are assumed to be hinged at the 

0.2.3 Requirements for end stiffeners 

(]) Bearing stiffeners should be designed according to section 9. 
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Annex E [normative] - Alternative methods for determining effective 
cross sections 

E.1 Effective areas for stress levels below the yield strength 

(1) As an alternative to the method in 4.4(2) the following formulae may be applied to determine 
effective areas at stress levels lower than the yield strength: 

a) for internal compression elements: 

p _ 1 0,055(3 + \if lap,,,, + 0,18 (~p - ~P'"d) but p 
Ap,rcd (Ap - 0,6) 

1,0 (E. I) 

b) for outstand compression elements: 

p + 0,18 (2p -2p,red) b 1 0 
--=--- ( ) utP~, 

Ap -0,6 

For notations see 4.4(2) and 4.4(4). For calculation of resistance to global buckling 4.4(5) applies. 

E.2 Effective areas for stiffness 

(I) For the calculation of effective areas for stiffness the serviceability limit state slenderness A !i,I('/' may 

be calculated from: 

A",scr = AI} (E.3) 

where Clcol11.Ed.ser is defined as the maximum compressive stress (calculated on the basis of the effective cross 
section) in the relevant element under loads at serviceability limit state. 

(2) The second moment of area may be calculated by an interpolation of the gross cross section and the 
effective cross section for the relevant load combination using the expression: 

where 

----(Igr -
(}colll.Ld.ser 

)) 

is the second moment of area of the gross cross section 

(E.4) 

is the maximum bending stress at serviceability limit states based on the gross cross section 

is the second moment of area of the effective cross section with allowance for local 
buckling according to E.I calculated for the maximum stress 2:: within the 
span length considered. 

The effective second moment of area leff may be taken as variable along the span according to the most 
severe locations. Alternatively a uniform value may be used based on the maximum absolute 
moment under serviceability loading. 

(4) The calculations require iterations, but as a conservative approximation they may be carried out as a 

single calculation at a stress level equal to or higher than O;:'om.Ed.~er' 
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This European Standard EN 1993-1-6, Eurocode 3: Design of steel structures: Part 1-6 Strength and 
stability of shell structures, has been prepared by Technical Committee CEN/TC250 «Structural 
Eurocodes », the Secretariat of which is held by BSl. CEN/TC250 is responsible for all Structural 
Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an 

identical text or by endorsement, at the latest by August 2007, and conflicting National Standards shall 

be withdrawn at latest by March 20 I O. 

This Eurocode supersedes ENV 1993-1-6. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 

following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria Cyprus, 

Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, 
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Latvia: Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, 
Slovenia, Spain, Sweden, Switzerland and United Kingdom. 

National annex for EN 1993-1-6 

This standard gives alternative procedures, values and recommendations with notes indicating where 
national choices may have to be made. Therefore the National Standard implementing EN 1993-1-6 
should have a National Annex containing all Nationally Determined Parameters to be used for the 
design of steel structures to be constructed in the relevant country. 

National choice is allowed in EN 1993-1-6 through: 

3.1.(4) 

4.1.4(3) 

5.2.4(1) 

6.3 (5) 

7.3.1 (1) 

7.3.2 (1) 

8.4.2 (3) 

8.4.3 (2) 

8.4.3 (4) 

8.4.4 (4) 

8.4.5 (1) 

8.5.2 (2) 

8.5.2 (4) 

8.7.2 (7) 

8.7.2 (16) 

8.7.2 (18) (2 times) 

9.2.1 (2)P 

1. General 

1.1 Scope 

(]) EN 1993-1-6 gives basic design rules for plated steel structures that have the form of a shell of 
revolution. 

(2) This Standard is intended for use in conjunction with EN 1993-1-1, EN 1993-1-3, EN 1993-1-4, 
EN 1993-] -9 and the relevant application parts of EN 1993, which include: 

Part 3.1 for towers and masts; 
Part 3.2 for chimneys; 
Part 4.1 for silos; 
Part 4.2 for tanks; 
Palt 4.3 for pipelines. 

(3) This Standard defines the characteristic and design values of the resistance of the structure. 
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(4) This Standard is concerned with the requirements for design against the ultimate limit states of: 

plastic limit; 
cyclic plasticity; 
buckl ing; 
fatigue. 

(5) Overall equilibrium of the structure (sliding, uplifting, overturning) is not included in this 
Standard, but is treated in EN 1993-1-1. Special considerations for specific applications are included 
in the relevant application parts of EN 1993. 

(6) The provisions in this Standard apply to axisymmetric shells and associated circular or annular 
plates and to beam section rings and stringer where they form part of the complete structure. 
General procedures for computer calculations of all shell forms are covered. Detailed expressions for 
the hand calculation of unstiffened cylinders and cones are given in the Annexes. 

(7) Cylindrical and conical panels are not explicitly covered by this Standard. However, the 
provisions can be applicable if the appropriate boundary conditions are duly taken into account. 

(8) This Standard is intended for application to steel she11 structures. Where no standard exists for 
shell structures made of other metals, the provisions of this standards may be applied provided that 
the appropriate material properties are duly taken into account. 

(9) The provisions of this Standard are intended to be applied within the temperature range defined 
in the relevant EN 1993 application parts. The maximum temperature is restricted so that the 
int1uence of creep can be neglected if high temperature creep effects are not covered by the relevant 
application part. 

(10) The provisions in this Standard apply to structures that satisfy the brittle fracture provisions 
given in EN 1993-1-1 O. 

(11) The provisions of this Standard apply to structural 
quasi-static in nature. 

under actions that can be treated as 

(12) In this Standard, it is assumed that both wind loading and bulk so1ids flow can, in general, be 
treated as quasi-static actions. 

(13) Dynamic effects should be taken into account according to the relevant application part of EN 
1993, including the consequences for fatigue. However, the stress resultants arising from dynamic 
behaviour are treated in this part as quasi-static. 

(14) The provisions in this Standard apply to structures that are constructed III accordance with 
EN 1090-2. 

(15) This Standard does not cover the aspects of leakage. 

(16) This Standard is intended for application to structures within the following llmits: 

design metal temperatures within the range -50°C to +300°C; 
radius to thickness ratios within the range 20 to 5000. 

NOTE: It should be noted that the stress design rules of this standard may be rather conservati ve if 
applied to some geometries and loading conditions for relatively thick-walled shells. 

1.2 Normative references 

(1) This European Standard incorporates, by dated or undated reference, prOVISIons from other 
publications. These normative references are cited at the appropriate places in the text and the 
publications are listed hereafter. For dated references, subsequent amendments to or revisions of any 
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of these publications apply to this European Standard only when incorporated in it by amendment or 
revision. For undated references the latest edition of the publication referred to applies. 

EN 1090-2 Execution of steel structures alld aluminium structures Part 2: Technical 
requirements steel structures; 

EN 1990 Basis ofstrllctlfral design; 

EN 1991 Ellrocode J: Actions on structures; 

EN 1993 Eurocode 3: Design of steel structures: 

Part 1.]: General rules and rules for buildings; 

Part 1.3: Coldformed thin gal/ged members and sheeting; 

Part 1.4: Stainless steels; 

Part] .5: Plated structural elements; 

Part 1.9: Fatigue strength qlsteel structures; 

Part] .10: Selection ql steel forfracture toughness and through-thickness properties; 

Part] .12: Additional rules for the extension of EN 1993 up to ,'Neel grades S 700 

Part 2: Steel bridges; 

Part 3.1: Tmvers and Ilwst,,)'; 

Part 3.2: Chimneys; 

Part 4. ] : Silo.";'; 

Part 4.2: Tanks; 

Part 4.3: Pipelines; 

Part 5: Piling. 

1.3 Terms and definitions 
The terms that are defined in EN 1990 for common use in the Structural Eurocodes apply to this 
Standard. Unless otherwise stated, the definitions given in ISO 8930 also apply in this Standard. 
Supplementary to EN 1993-1-1, for the purposes of this Standard, the following definitions apply: 

1.3.1 Structural forms and geometry 

1.3.1.1 shell 

A structure or a structural component formed from a curved thin plate. 

1.3.1.2shell of revolution 

A shell whose geometric form is defined by a middle surface that is formed by rotating a meridional 
generator line around a single axis through 2n radians. The shell can be of any length. 

1.3.1.3 complete axisymmetric shell 

A shel1 composed of a number of parts, each of which is a shel1 of revolution. 

1.3.1.4 shell segment 

A shel1 of revolution in the form of a defined shell geometry with a constant wall thickness: a 
cylinder, conical frustum, spherical frustum, annular plate, toroidal knuckle or other form. 
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An incomplete shell of revolution: the shell form is defined by a rotation of the generator about the 
axis through less than 2n radians. 

1.3.1.6 middle surface 

The surface that I ies midway between the inside and outside surfaces of the shell at every point. 
Where the shell is stiffened on either one or both surfaces, the reference middle surface is still taken 
as the middle surface of the curved shell plate. The middle surface is the reference surface for 
analysis, and can be discontinuous at changes of thickness or at shell junctions, leading to 
eccentricities that may be important to the shell structural behaviour. 

1.3.1.7 junction 

The line at which two or more shell segments meet: it can include a stiffener. The circumferential line 
of attachment of a ring stiffener to the she]] may be treated as a junction. 

1.3.1.8 stringer stiffener 

A local stiffening member that follows the meridian of the shell, representing a generator of the shell 
of revolution. It is provided to increase the stabi) ity, or to assist with the introduction of local loads. It 
is not intended to provide a primary resistance to bending effects caused by transverse loads. 

1.3.1.9 rib 

A local member that provides a primary load carrying path for bending down the meridian of the 
shell, representing a generator of the she]] of revolution. It is used to transfer or distribute transverse 
loads by bending. 

1.3.1.10 ring stiffener 

A local stiffening member that passes around the circumference of the shell of revolution at a given 
point on the meridian. It is normally assumed to have no stiffness for deformations out of its own 
plane (meridional displacements of the shell) but is stiff for deformations in the plane of the ring. It is 
provided to increase the stability or to introduce local loads acting in the plane of the ring. 

1.3.1.11 base ring 

A structural member that passes around the circumference of the shell of revolution at the base and 
provides a means of attachment of the shell to a foundation or other structural member. It is needed to 
ensure that the assumed boundary conditions are achieved in practice. 

1.3.1.12 ring beam or ring girder 

A circumferential stiffener that has bending stiffness and strength both in the plane of the shell 
circular section and normal to that plane. It is a primary load carrying structural member, provided for 
the distribution of local loads into the shell. 

1.3.2 Limit states 

1.3.2.1 plastic limit 

The ultimate limit state where the structure develops zones of yielding in a pattern such that its ability 
to resist increased loading is deemed to be exhausted. It is closely related to a small detlection theory 
plastic limit load or plastic collapse mechanism. 

1.3.2.2 tensile rupture 

The ultimate limit state where the shel1 plate experiences gross section failure due to tension. 

1.3.2.3 cyclic plasticity 

The ultimate limit state where repeated yielding is caused by cycles of loading and unloading, leading 
to a low cycle fatigue failure where the energy absorption capacity of the material is exhausted. 
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1.3.2.4 buckling 

The ultimate limit state where the structure suddenly loses its stability under membrane compression 
and/or shear. It leads either to large displacements or to the structure being unable to carry the applied 
loads. 

1.3.2.5fatigue 

The ultimate limit state where many cycles of loading cause cracks to develop in the shel1 plate that 
by further load cycles may lead to rupture. 

1.3.3 Actions 

1.3.3.1 axial load 

Externally applied loading acting in the axial direction, 

1.3.3.2 rad ial load 

Externally applied loading acting normal to the surface of a cylindrical shell. 

1.3.3.3 internal pressure 

Component of the surface loading acting normal to the shell in the outward direction. Its magnitude 
can vary in both the meridional and circumferential directions under solids loading in a silo). 

1.3.3.4external pressure 

Component of the surface loading acting normal to the shell in the inward direction. Its magnitude can 
vary in both the meridional and circumferential directions (e.g. under wind). 

1.3.3.5 hydrostatic pressure 

Pressure varying linearly with the axial coordinate of the shell of revolution. 

1.3.3.6 wall friction load 

Meridional component of the surface loading acting on the shell wall due to friction connected with 
internal pressure (e.g. when solids are contained within the shell). 

1.3.3.7Iocal load 

Point applied force or distributed load acting on a limited part of the circumference of the shell and 
over a limited height. 

1.3.3.8 patch load 

Local distributed load acting normal to the shell. 

1.3.3.9 suction 

Uniform net external pressure due to the reduced internal pressure in a she]] with openings or vents 
under wind action. 

1.3.3.10 partial vacuum 

Uniform net external pressure due to the removal of stored liquids or solids from within a container 
that is inadequately vented. 

1.3.3.11 thermal action 

Temperature variation either down the shell meridian, or around the shell circumference or through 
the shell thickness. 
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The membrane stress resultants are the forces per unit width of shell that arise as the integral of the 
distribution of direct and shear stresses acting paral1el to the shell middle surface through the 
thickness of the shell. Under elastic conditions, each of these stress resultants induces a stress state 
that is uniform through the shell thickness. There are three membrane stress resultants at any point 
(see figure 1.1(e». 

1.3.4.2 bending stress resultants 

The bending stress resultants are the bending and twisting moments per unit width of shell that arise 
as the integral of the first moment of the distribution of direct and shear stresses acting paralleJ to the 
shell middle surface through the thickness of the shell. Under elastic conditions, each of these stress 
resultants induces stress state that varies linearly through the shell thickness, with value zero and the 
middle surface. There are two bending moments and one twisting moment at any point. 

1.3.4.3 transverse shear stress resultants 

The transverse stress resultants are the forces per unit width of shell that arise as the integral of the 
distribution of shear stresses acting normal to the shell middJe surface through the thickness of the 
shell. Under elastic conditions, each of these stress resultants induces a stress state that varies 
parabolically through the shell thickness. There are two transverse shear stress resultants at any point 
(see figure l.I(f). 

1.3.4.4 membrane stress 

The membrane stress is defined as the membrane stress resultant divided by the shell thickness 
figure 1.1 (e). 

1.3.4.5 bending stress 

The bending stress is defined as the bending stress resultant multiplied by 6 and divided by the square 
of the shell thickness. It is only meaningful for conditions in which the shell is elastic. 

1.3.5 Types of analysis 

1.3.5.1 global analysis 

An analysis that includes the complete structure, rather than individual structural parts treated 
separately. 

1.3.5.2 membrane theory analysis 

An analysis that predicts the behaviour of a thin-walled shell structure under distributed loads by 
assuming that only membrane forces satisfy equilibrium with the external loads. 

1.3.5.3Iinear elastic shell analysis (LA) 

An analysis that predicts the behaviour of a thin-walled shell structure on the basis of the small 
deflection linear elastic shell bending theory, related to the perfect geometry of the middle surface of 
the shell. 

1.3.5.4 linear elastic bifurcation (eigenvalue) analysis (LBA) 

An analysis that evaluates the linear bifurcation eigenvalue for a thin-walled shell structure on the 
basis of the small detlection linear elastic shell bending theory, related to the perfect geometry of the 
middle surface of the shell. It should be noted that, where an eigenvalue is mentioned, this does not 
relate to vibration modes. 

1.3.5.5geometrically nonlinear elastic analysis (GNA) 

An analysis based on the principles of shell bending theory applied to the perfect structure, lIsing a 
linear elastic material law but including nonlinear large deflection theory for the displacements that 
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accounts full for any change in geometry due to the actions on the shell. A bifurcation eigenvalue 
check is included at each load level. 

1.3.5.6 materially nonlinear analysis (MNA) 

An anal ysis based on shell bending theory appl ied to the perfect structure, using the assumption of 

small deflections, as in ~ 1.3.5.3 , but adopting a nonlinear elasto-plastic material law. 

1.3.5.7 geometrically and materially nonlinear analysis (GMNA) 

An analysis based on shell bending theory applied to the perfect structure, usi ng the assumptions of 
nonlinear large deflection theory for the displacements and a nonlinear elasto-plastic material law. A 
bifurcation eigenvalue check is included at each load leve1. 

1.3.5.8geometrically nonlinear elastic analysis with imperfections included (GNIA) 

An analysis with imperfections explicitly included, similar to a GNA analysis as defined in 

~ 1.3.5.5 , but adopting a model for the geometry of the structure that includes the 
imperfect shape (i.e. the geometry of the middle surface includes unintended deviations from the 
ideal shape). The imperfection may also cover the effects of deviations in boundary conditions 
and / or the effects of residual stresses. A bifurcation eigenvalue check is included at each load level. 

1.3.5.9 geometrically and materially nonlinear analysis with imperfections included 
(GMNIA) 

An analysis with imperfections explicitly included, based on the principles of shel1 bending theory 
applied to the imperfect structure (i.e. the geometry of the middle surface includes unintended 
deviations from the ideal shape), including nonlinear large deflection theory for the displacements 
that accounts full for any change in geometry due to the actions on the shell and a nonlinear elasto
plastic material law. The imperfections may also include imperfections in boundary conditions and 
residual stresses. A bifurcation eigenvalue check is incl uded at each load level. 

1.3.6 Stress categories used in stress design 

1.3.6.1 Primary stresses 

The stress system required for equilibrium with the imposed loading. This consists primarily of 
membrane stresses, but in some conditions, bending stresses may also be required to achieve 
equil ibrium. 

1.3.6.2 Secondary stresses 

Stresses induced by internal compatibillty or by compatibility with the boundary conditions, 
associated with imposed loading or imposed displacements (temperature, prestressing, settlement, 
shrinkage), These stresses are not required to achieve equilibrium between an internal stress state and 
the external10ading. 

1.3.7 Special definitions for buckling calculations 

1.3.7.1 critical buckling resistance 

The smallest bifurcation or limit load determined assuming the idea1ised conditions of elastic material 
behaviour, perfect geometry, perfect load application, perfect support, material isotropy and absence 
of residual stresses (LBA analysis). 

1.3.7.2critical buckling stress 

The membrane stress associated with the critical buckllng resistance. 

1.3.7.3 plastic reference resistance 

The plastic limit load, determined assuming the idealised conditions of rigid-plastic material 
behaviour, perfect geometry, perfect load application, perfect support and material isotropy (modelled 
using MNA analysis). 
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1.3.7.4characteristic buckling resistance 

The load associated with buckling in the presence of inelastic material behaviour, the geometrical and 
structural imperfections that are inevitable in practical construction, and follower load effects. 

1.3.7.5characteristic buckling stress 

The membrane stress associated with the characteristic buckling resistance. 

1.3.7.6 design buckling resistance 

The design value of the buckling load, obtained by dividing the characteristic buckling resistance by 
the partial factor for resistance. 

1.3.7.7 deSign buckling stress 

The membrane stress associated with the design buckling resistance. 

1.3.7.8key value of the stress 

The value of stress in a non-uniform stress field that is used to characterise the stress magnitudes in a 
buckling limit state assessment. 

1.3.7.9fabrication tolerance quality class 

The category of fabrication tolerance requirements that is assumed in design, see 8.4. 

1.4 Symbols 

(I) In addition to those given in EN ] 990 and EN 1993-1 I, the following symbols are used: 

(2) Coordinate system, see figure 1.1: 

r 

x 
radial coordinate, normal to the axis of revolution; 
meridional coordinate; 
axial coordinate; 

circumferential coordinate; e 
if' meridional slope: between axis of revolution and normal to the meridian of the 

shell; 

(3) Pressures: 

Pn normal to the shell; 
Px meridional surface loading parallel to the shell; 
Po circumferential surface loading parallel to the shell; 

(4) Line forces: 

P n load per unit circumference norma] to the shell: 
P x load per unit circumference acting in the meridional direction; 
Po load per unit circumference acting circumferential1y on the shell; 

(5) Membrane stress resultants: 

l1x meridional membrane stress resultant; 
11e circumferential membrane stress resultant; 
llxe membrane shear stress resultant; 

(6) Bending stress resultants: 

T7l x meridional bending moment per unit width; 
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(7) 

me 

171x8 

qXIl 

qSn 

Stresses: 

(Tx 

(Te 

(Teq 

t; 

circumferential bending moment per unit width; 

twisting shear moment per unit width; 

transverse shear force associated with meridional bending; 

transverse shear force associated with circumferential bending; 

meridional stress; 

circumferential stress; 

von Mises equivalent stress (can also take negative values during cycJic loading); 

in-plane shear stress; 

t"x1pt"Sn meridional, circumferential transverse shear stresses associated with bending; 

(8) Displacements: 

II meridional displacement; 
v circumferential displacement; 
w displacement normal to the shell surface; 

f3~ meridional rotation, see 5.2.2; 

(9) She]} dimensions: 

d internal diameter of shell; 
L total1ength of the shell; 
C length of shell segment; 

gauge length for measurement of imperfections; 

egS gauge length in circumferential direction for measurement of imperfections; 

euw gauge length across welds for measurement of imperfections; 
b 

gauge length in meridional direction for measurement of imperfections; 

CR limited length of shell for buckling strength assessment; 
r radius of the middle surface, normal to the axis of revolution; 

thickness of shell wa11; 
tmax maximum thickness of shell wall at a joint; 
tmill minimum thickness of shell wan at a joint; 
fave average thickness of shell wall at a joint; 

f3 apex half angle of cone; 
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Circumferential 
B 

~Nonnal ~n 
Meridional x 

Directions Coordinates 

Surface pressures I Membrane stresses I 

v 

~ ~v 
u 

I Displacelnents I 

Transverse shear 
stresses 

Figure 1.1: Symbols in shells of revolution 

(10) Tolerances, see 8.4: 

e eccentricity between the middle surfaces of joined plates; 

Ue ~ non-intended eccentricity tolerance parameter; 
VI' out-of-roundness tolerance parameter; 
Vn initial dimple imperfection amplitude parameter for numerical calculations; 
Vo initial dimple tolerance parameter; 

,1lVO tolerance normal to the shell surface; 

(11) Properties of materials: 

E Young's modulus of elasticity; 

leq von Mises equivalent strength; 

yield strength; 

fu ultimate strength; 

v Poisson's ratio; 

(12) Parameters in strength assessment: 

C coefficient in buckling strength assessment; 
D cumulative damage in fatigue assessment; 
F generalised action; 

FEd action set on a complete structure corresponding to a design situation (design 
values); 

FRd calculated values of the action set at the maximum resistance condition of the 
structure 
(design values); 

rRk characteristic reference resistance ratio (used with subscripts to identify the basis): 
defined as 
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the ratio (Flu / FEd); 
rRpi plastic reference resistance ratio (defined as a load factor on design loads using 

MNA 
analysis); 

rRef critical buckling resistance ratio (defined as a load factor on design loads using LBA 
analysis); 

NOTE: For consistency of symbols throughout the EN1993 the symbol for the reference resistance 
ratio rl<i is used instead of the symbol RRi. However, in order to avoid misunderstanding, it needs to be 
noted here that the symbol RRi is widely used in the expert field of sheJi structure design. 

k calibration factor for nonlinear analyses; 

k power of interaction expressions in buckling strength interaction expressions; 

17 number of cycles of loading; 

a elastic imperfection reduction factor in buckling strength assessment; 

J3 plastic range factor in buckling interaction; 

r partial factor~ 

~ range of parameter when alternating or cyclic actions are involved; 

Cp plastic strain; 

77 interaction exponent for buckling; 

I relative slenderness of shell; 

lOY overall relative slenderness for the complete shell (multiple segments); 

10 squash limit relative slenderness (value of I above which resistance reductions due 

to instability or change of geometry occur); 

Ip plastic limit relative slenderness (value of I below which plasticity affects the 

stability); 

OJ relative length parameter for shell; 

X buckling reduction factor for elastic-plastic effects in buckling strength assessment; 

Xov overall buckling resistance reduction factor for complete shell; 

(1 Subscripts: 

E value of stress or displacement (arising from design actions); 
Factions: 
M material; 
R resistance; 
cr critical buckling value; 
d design value; 
int internal; 
k characteristic value; 
max maximum value; 
mm minimum value; 
nOI11 nominal value; 
pI plastic value; 
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u ultimate; 
y yield. 

(14) Further symbols are defined where they first occur. 

1.5 Sign conventions 
(1) Outward direction positive: internal pressure positive, outward displacement positive, except as 
noted in (4). 

(2) Tensile stresses positive, except as noted in (4). 

NOTE: Compression is treated as positive in EN 1993- I - I. 

(3) Shear stresses positive as shown in figures 1. I and D.I. 

(4) For simplicity, in section 8 and Annex D, compressive stresses are treated as positive. For 
these cases, both external pressures and internal pressures are treated as positive where they occur. 

2 Basis of design and modelling 

2.1 General 
(l)P The basis of design shall be in accordance with EN 1990, as supplemented by the following. 

(2) In particular, the shell should be designed in such a way that it will sustain all actions and 
satisfy the following requirements: 

overall equilibrium; 
equi1ibrium between actions and internal forces and moments, see sections 6 and 8; 
limitation of cracks due to cyclic plastification, see section 7; 
limitation of cracks due to fatigue, see section 9. 

(3) The design of the shell should satisfy the serviceability requirements set out in the appropriate 
application standard (EN 1993 Parts 3.1, 3.2, 4.1, 4.2, 4.3). 

(4) The shell may be proportioned using design assisted by testing. Where appropriate, the 
requirements are set out in the appropriate application standard (EN 1993 Parts 3.1,3.2,4.1,4.2,4.3). 

(5) All actions should be introduced using their design values according to EN 1991 and EN 1993 
Parts 3.1, 4.1, 4.2, 4.3 as appropriate. 

2.2 Types of analysis 

2.2.1 General 

(I) One or more of the following types of analysis should be used as detailed in section 4, 
depending on the 11mit state and other considerations: 

Globa] analysis, see 2.2.2; 
Membrane theory analysis, see 2.2.3; 
Linear elastic shell analysis, see 2.2.4; 
Linear elastic bifurcation analysis, see 2.2.5; 
Geometrically nonlinear elastic analysis, see 2.2.6; 
Materially nonlinear analysis, see 2.2.7; 
Geometrically and materially nonlinear analysis, see 2.2.8; 
Geometrically nonlinear elastic analysis with imperfections included, see 2.2.9; 
Geometrically and materially nonlinear analysis with imperfections included, see 2.2.10. 
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2.2.2 Global analysis 

(1) In a global analysis simplified treatments may be llsed for certain parts of the structure. 

2.2.3 Membrane theory analysis 

(I) A membrane theory analysis should only be used provided that the following conditions are 
met: 

the boundary conditions are appropriate for transfer of the stresses in the shell into support 
reactions without causing significant bending effects; 

the shell geometry varies smoothly in shape (without discontinuities); 
the loads have a smooth distribution (without locally concentrated or point loads). 

(2) A membrane theory analysis does not necessarily fu1fil the compatibility of deformations at 
boundaries or between shell segments of different shape or between shell segments subjected to 
different loading. However, the resulting field of membrane forces satisfies the requirements of 
primary stresses (LS 1). 

2.2.4 Linear elastic shell analysis (LA) 

(1) The linearity of the theory results from the assumptions of a linear elastic material law and the 
linear sma]} deflection theory. Small deflection theory implies that the assumed geometry remains 
that of the undeformed structure. 

(2) An LA analysis satisfies compatibility in the deformations as well as equilibrium. The 
resulting field of membrane and bending stresses satisfy the requirements of primary plus secondary 

stresses ~ (LS I to LS4) 

2.2.5 Linear elastic bifurcation analysis (LBA) 

(1) The conditions of 2.2.4 concerning the materia] and geometric assumptions are met. However, 
this linear bifurcation analysis obtains the lowest eigenvalue at which the shell may buckle into a 
different deformation mode, assuming no change of geometry, no change in the direction of action of 
the loads, and no material degradation. Imperfections of all kinds are ignored. This analysis provides 
the elastic critical buckling resistance rRcr' see 8.6 and 8.7 (LS3). 

2.2.6 Geometrically nonlinear elastic analysis (GNA) 

(1) A GNA analysis satisfies both equilibrium and compatibility of the deflections under conditions 
in which the change in the geometry of the structure caused by loading is included. The resulting 

field of stresses matches the definition of primary plus secondary stresses (LS2 and LS4) @il. 

(2) Where compression or shear stresses are predominant in some paI1 of the shell, a GNA analysis 
delivers the elastic buckling load of the structure, including changes in geometry, that may be 
of assistance in checking the limit state LS3, see 8.7. 

(3) Where this analysis is used for a buckling load evaluation, the eigenvalues of the system must 
be checked to ensure that the numerical process does not fail to detect a bifurcation in the load path. 

2.2.7 Materially nonlinear analysis (MNA) 

(]) The result of an MNA analysis gives the plastic limit load, which can be interpreted as a load 
amplification factor rRpl on the design value of the loads FEd. This analysis provides the plastic 
reference resistance ratio rRpl used in 8.6 and 8.7. 

(2) An MNA analysis may be used to verify limit states LS] and LS3 

(3) An MNA analysis may be used to the plastic strain increment L1£ during one cycle of 
cyclic loading that may be used to verify limit state LS2. 
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2.2.8 Geometrically and materially nonlinear analysis (GMNA) 

(I) The result of a GMNA analysis, analogously to 2.2.7, gives the geometrically nonlinear plastic 
limit load of the perfect structure and the plastic strain increment that may be lIsed for checking the 
limit states LS 1 and LS2. 

(2) Where compression or shear stresses are predominant in some part of the shell, a GMN A 
analysis the elasto-plastic buckling load of the perfect structure, that may be of assistance in 
checking the limit state LS3, see 8.7. 

(3) Where this analysis is used for a buckling load evaluation, the eigenvalues of the system should 
be checked to ensure that the numerical process does not fail to detect a bifurcation in the load path. 

2.2.9 Geometrically nonlinear elastic analysis with imperfections included (GNIA) 

(1) A GNIA analysis is lIsed in cases where compression or shear stresses dominate in the shell. It 
delivers elastic buckling loads of the imperfect structure, that may be of assistance il1 checking the 
limit state LS3, see 8.7. 

(2) Where this analysis is used for a buckling load evaluation (LS3), the eigenvalues of the system 
should be checked to ensure that the numerical process does not fail to detect a bifurcation in the load 
path. Care must be taken to ensure that the local stresses do not exceed values at which material 
nonlinearity may affect the behaviour. 

2.2.10 Geometrically and materially nonlinear analysis with imperfections included 
(GMNIA) 

(1) A GMNIA analysis is used in cases where compression or shear stresses are dominant in the 
shell. It delivers elasto-plastic buckling loads for the Hreal" imperfect structure, that may be used for 
checking the limit state LS3, see 8.7. 

(2) Where this analysis is used for a buckling load evaluation, the eigenvalues of the system should 
be checked to ensure that the numerical process does not fail to detect a bifurcation in the load path. 

(3) Where this analysis 1S used for a buckling load evaluation, an additional G~1NA analysis of the 
perfect shell should always be conducted to ensure that the of imperfection sensitivity of the 
structural system is identified. 

2.3 Shell boundary conditions 

(I) The boundary conditions assumed in the design calculation should be chosen in such a way as 
to ensure that they achieve a realistic or conservati ve model of the real construction. Special attention 
should be given not only to the constraint of displacements normal to the shell wall (deflections), but 
also to the constraint of the displacements in the plane of the shell wall (meridional and 
circumferential) because of the significant effect these have on shell strength and buckling resistance. 

(2) In shell buckling (eigenvalue) calculations (limit state LS3), the definition of the boundary 
conditions should refer to the incremental displacements during the buckling process, and not to total 
displacements induced by the applied actions before buckling. 

(3) The boundary conditions at a continuously supported lower edge of a shell should take into 
account whether local uplifting of the shell is prevented or not. 

(4) The shell rotation f3¢ should be particularly considered in short shells and 111 the 
calculation of secondary stresses in longer shells (according to the limit states LS2 and LS4). 

(5) The boundary conditions set out in 5.2.2 should be lIsed in computer analyses and in selecting 
expressions from Annexes A to D. 
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(6) The structural connections between shell segments at a junction should be such as to ensure 
that the boundary condition assumptions used in the design of the individual shell segments are 
satisfied. 

3 Materials and geometry 

3.1 Material properties 

(I) The material properties of steels should be obtained from the relevant application standard. 

(2) Where materials with nonlinear stress-strain curves are involved and a buckling analysis is 
carried out under stress design (see 8.5), the initial tangent value of Young/ s modulus E should be 
replaced by a reduced value. If no better method is available, the secant modulus at the 0,2% proof 
stress should be used when assessing the elastic critical load or elastic critical stress. 

(3) In a global numerical analysis using material nonlinearity, the 0,2% proof stress should be used 
to represent the yield stress in all relevant expressions. The stress-strain curve should be obtained 
from EN 1993-] -5 Annex C for carbon stee1s and EN 1993-1-4 Annex C for stainless steels. 

(4) The material properties apply to temperatures not exceeding 150°C. 

NOTE: The national annex may give information about material properties at temperatures exceeding 
150°C. 

3.2 Design values of geometrical data 

(I) The thickness t of the shell should be taken as defined in the relevant application standard. If no 
application standard is relevant, the nominal thickness of the wall, reduced by the prescribed value of 
the corrosion loss, should be used. 

(2) The thickness ranges within which the rules of this Standard may be applied are defined in the 
relevant EN 1993 appl ication parts. 

(3) '-fhe middle surface of the she]] should be taken as the reference surface for loads. 

(4) The radius r of the shell should be taken as the nominal radius of the middle surface of the 
shell, measured normal to the axis of revolution. 

(5) The buckling design rules of this Standard should not be applied outside the ranges of the 1ft 

ratio set out in section 8 or Annex D or in the relevant EN 1993 application parts. 

3.3 Geometrical tolerances and geometrical imperfections 

(1) Tolerance values for the deviations of the geometry of the she]] smi'ace from the nominal values 
are defined in the execution standards due to the requirements of serviceability. Relevant items are: 

out-of-roundness (deviation from circularity), 
eccentricities (deviations from a continuous middle surface in the direction normal to the shell 

across the junctions between plates), 
local dimples (local normal deviations from the nominal middle surface). 

NOTE: The requirements for execution are set out in EN 1090, but a fuller description of these 
tolerances is given here because of the critical relationship between the form of the tolerance measure, 
its amplitude and the evaluatcd resistance of the shell structurc. 

(2) If the limit state of buckling (LS3, as described in 4.1.3) is one of the ultimate limit states to be 
considered, additional buckling-relevant geometrical tolerances have to be observed in order to keep 
the geometrical imperfections within specified limits. These buckling-relevant geometrical tolerances 
are quantified in section 8 or in the relevant EN 1993 application parts. 
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(3) Calculation values for the deviations of the shell surface geometry from the nominal geometry, 
as required for geometrical imperfection assumptions (overal1 imperfections or local imperfections) 
for the buckling design by global GMNIA analysis (see 8.7), should be derived from the specified 
geometrical tolerances. Relevant rules are given in 8.7 or in relevant EN 1993 application parts. 

4 Ultimate limit states in steel shells 

4.1 Ultimate limit states to be considered 

4.1.1 lS1: Plastic limit 

(1) The limit state of the plastic limit should be taken as the condition in which the capacity of the 
structure to resist the actions on it is exhausted by yielding of the material. The resistance offered by 
the structure at the plastic limit state may be derived as the plastic collapse load obtained from a 
mechanism based on small displacement theory. 

(2) The limit state of tensile rupture should be taken as the condition in which the shell wall 
experiences gross section tensile failure, leading to separation of the two parts of the shell. 

(3) In the absence of fastener holes, verification at the limit state of tensile rupture may be assumed 
to be covered by the check for the plastic limit state. However, where holes for fasteners occur, a 
supplementary check in accordance with 6.2 of EN 1993-1-1 should be carried out. 

(4) In verifying the plastic limit state, plastic or partially plastic behaviour of the structure may be 
assumed (i.e. elastic compatibility considerations may be neglected), 

NOTE: The basic characteristic of this limit state is that the load or actions sustained 
cannot be increased without exploiting a significant change in the geometry of the structure or 
strain-hardening of the material. 

(5) All relevant load combinations should be accounted for when checking LS 1. 

(6) One or more of the following methods of analysis (see 
the design stresses and stress resultants when checking LS I: 

membrane theory; 
expressions in Annexes A and B; 
linear elastic analysis (LA); 
materially nonlinear analysis (MNA); 
geometrically and materially nonlinear analysis (GMNA). 

4.1.2 lS2: Cyclic plasticity 

should be used for the calculation of 

(1) The limit state of cyclic plasticity should be taken as the condition in which repeated cycles of 
loading and unloading produce yielding in tension and in compression at the same point, thus causing 
plastic work to be repeatedly done on the structure, eventually leading to local cracking by exhaustion 
of the energy absorption capacity of the material. 

NOTE: The stresses that are associated with this limit state develop under a combination of all actions 
and the compatibility conditions for the structure. 

(2) A11 variable actions (such as imposed loads and temperature variations) that can lead to 
yielding, and which might be applied with more than three cycles in the life of the structure, should be 
accounted for when checking LS2. 

(3) In the verification of this limit state, compatibility of the deformations under elastic or elastic-
plastic conditions should be considered. 

(4) One or more of the following methods of analysis (see should be used for the calculation of 
the design stresses and stress resultants when checking LS2: 
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expre..;sions in Annex C; 
elastic analysis (LA or GNA); 
MNA or GMNA to determine the plastic strain range. 

(5) Low cycle fatigue failure may be assumed to be prevented if the procedures set out in this 
standard are adopted. 

4.1.3 LS3: Buckling 

(1) The limit state of buckling should be taken as the condition in which all or part of the structure 
suddenly develops large displacements normal to the shell surface, caused by loss of stability under 
compressive membrane or shear membrane stresses in the shell waH, leading to inability to sustain 
any increase in the stress resultants, possibly causing total coHapse of the structure. 

(2) One or more of the fol1owing methods of analysis (see 2.2) should be used for the calculation of 
the design stresses and stress resultants when checking LS3: 

membrane theory for axisymmetric conditions only (for exceptions, see relevant application 
parts of EN 1993) 

expressions in Annex A; 
linear elastic analysis (LA), which is a minimum requirement for stress analysis under general 

loading conditions (unless the load case is given in Annex A); 
linear elastic bifurcation analysis (LBA), which is required for shel1s under general loading 

conditions if the critical buckling resistance is to be used; 
material1y nonlinear analysis (MNA), which is required for shells under general loading 

conditions if the reference plastic resistance is to be used; 
GMNIA, coupled with MNA, LBA and GMNA, using appropriate imperfections and calculated 

calibration factors. 

(3) All relevant load combinations causing compressive membrane or shear membrane stresses in 
the shell should be accounted for when checking LS3. 

Because the strength under limit state LS3 depends strongly on the quality of construction, the 
strength assessment should take account of the associated requirements for execution tolerances. 

NOTE: For this purpose, three classes of geometrical tolerances, termed "fabrication quality 
classes" are given in section 8. 

4.1.4 LS4: Fatigue 

(1) The limit state of fatigue should be taken as the condition in which repeated cycJes of 
increasing and decreasing stress lead to the development of a fatigue crack. 

(2) The following methods of analysis 2.2) should be used for the calculation of the design 
stresses and stress resultants when checking LS4: 

expressions in Annex C, using stress concentration factors; 
elastic analysis (LA or GNA), using stress concentration factors. 

All variable actions that will be applied with more than Nf cycJes in the design life time of the 
structure according to the relevant action spectrum in EN 1991 in accordance with the appropriate 
application part of EN 1993-3 or EN 1993-4, should be accounted for when checking LS4. 

NOTE: The National Annex may choose the value of Nf . The value :::: 10000 is recommended. 

4.2 DeSign concepts for the limit states design of shells 

4.2.1 General 

(1) The limit state verification should be carried out using one of the following: 
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design by global numerical analysis (for example, by means of computer programs such as 
those based on the finite element method). 

(2) Account should be taken of the fact that elasto-plastic material responses induced by different 
stress components in the shell have different effects on the failure modes and the ultimate limit states. 
The stress components should therefore be placed in stress categories with different limits. Stresses 
that develop to meet equilibrium requirements should be treated as more significant than stresses that 
are induced by the compatibility of deformations normal to the sheIL Local stresses caused by notch 
effects in construction details may be assumed to have a negligibly small intluence on the resistance 
to static loading. 

(3) The categories distinguished in the stress design should be primary, secondary and local 
stresses. Primary and secondary stress states may be replaced by stress resultants where appropriate. 

(4) In a global analysis, the pri mary and secondary stress states should be replaced by the I imit load 
and the strain range for cyclic loading. 

(5) In general, it may be assumed that primary stress states control LS I, LS3 depends strongly on 
primary stress states but may be affected by secondary stress states, LS2 depends on the combination 
of primary and secondary stress states, and local stresses govern LS4. 

4.2.2 Stress design 

4.2.2.1 General 

(1) Where the stress design approach is used, the limit states should be assessed in terms of three 
categories of stress: primary, secondary and local. The categorisation is performed, in general, on the 
von Mises equivalent stress at a point, but buckling stresses cannot be assessed using this value. 

4.2.2.2 Primary stresses 

(1) The primary stresses should be taken as the stress system required for equilibrium with the 
imposed loading. They may be calculated from any realistic statically admissible determinate system. 
The plastic limit state (LS]) should be deemed to be reached when the primary stress reaches the 
yield strength throughout the full thickness of the wall at a sufficient number of points, sllch that only 
the strain hardening reserve or a change of geometry would lead to an increase in the resistance of the 
structure. 

(2) The calculation of primary stresses should be based on any system of stress resultants, 
consistent with the requirements of equilibrium of the structure. It may also take into account the 
benefits of plasticity theory. Alternatively, since linear elastic analysis satisfies equilibrium 
requirements, its predictions may also be used as a safe representation of the plastic limit state (LS I). 
Any of the analysis methods given in 5.3 may be applied. 

(3) Because limit state design for LS I allows for full plastification of the cross-section, the pri mary 
stresses due to bending moments may be calculated on the basis of the plastic section Illodul us, see 
6.2. L Where there is interaction between stress resultants in the cross-section, interaction rules based 
on the von Mises yield criterion may be applied. 

(4) The primary stresses should be limited to the design value of the yield strength, see section 6 
(LS 1). 

21 



BS EN 1993-1-6:2007 
EN 1993-1-6: 2007 (E) 

4.2.2.3 Secondary stresses 

(I) In statically indeterminate structures, account should be taken of the secondary stresses, 
induced by internal compatibility and compatibility with the boundary conditions that are caused by 
imposed loading or imposed displacements (temperature, prestressing, settlement, shrinkage). 

NOTE: As the von Mises yield condition is approached, the displacements of the structure increase 
withollt further increase in the stress state. 

(2) Where cyclic loading causes plasticity, and several loading occur, consideration should 
be given to the possible reduction of resistance caused by the secondary stresses. Where the cyclic 
loading is of such a magnitude that yielding occurs both at the maximum load and again on unloading, 
account should be taken of a possible failure by cyclic plasticity associated with the secondary 
stresses. 

(3) If the stress calculation is carried out using a linear elastic analysis that allows for all relevant 
compatibility conditions (effects at boundaries, junctions, variations in wall thickness etc.), the 
stresses that vary linearly through the thickness may be taken as the sum of the primary and secondary 
stresses and used in an assessment involving the von Mises yield criterion, see 6.2. 

NOTE: The seCOllularv stresses are never needed 0pn·,",·'.,I"(""\1 fi'om the primary stresses. 

(4) The secondary stresses should be limited as follows: 

The SlIlll of the primary and secondary stresses (including bending should be limited to 
for the condition of cyclic plasticity (LS2: see section 7); 

The membrane component of the Sllm of the primary and secondary stresses should be limited 
by the design buckling resistance (LS3: see section 8). 

The sum of the primary and secondary stresses (including bending should be limited to 
the fatigue resistance (LS4: see section 9). 

4.2.2.4 Local stresses 

(I) The highly localised stresses associated with stress raisers in the shell wall due to notch effects 
(holes, welds, stepped walls, attachments, and joints) should be taken into account in a fatigue 
assessment (LS4). 

(2) For construction details given in EN 1993-1-9, the fatigue design may be based on the nominal 
linear elastic stresses (sum of the primary and secondary stresses) at the relevant point. For all other 
details, the local stresses may be calculated by applying stress concentration factors (notch factors) to 
the stresses calculated using a linear elastic stress analysis. 

(3) The local stresses should be limited according to the requirements for (LS4) set out in 
section 9. 

4.2.3 Direct design 

(l) Where direct design is Llsed, the limit states may be represented by standard expressions that 
have been derived from either membrane theory, plastic mechanism theory or linear elastic analysis. 

(2) The membrane theory expressions given in Annex A may be used to determine the primary 
stresses needed for assessing LS I and LS3. 

(3) The expressions for plastic design given in Annex B may be used to determine the plastic limit 
loads needed for LS 1. 

(4) The expressions for linear elastic analysis given in Annex C may be used to determine stresses 
of the primary plus secondary stress type needed for LS2 and LS4. An LS3 assessment may 
be based on the membrane part these expressions. 
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(1) \Vhere a global numerical analysis is used, the assessment of the limit states should be carried 
out using one of the alternative types analysis specified in 2.2 (but 110t membrane theory analysis) 
applied to the complete structure. 

(2) Linear elastic analysis (LA) may be used to determine stresses or stress resultants, for use in 
assessing LS2 and LS4. The membrane parts of the stresses found by LA may be used in assessing 
LS3. LS 1 may be assessed llsing LA, but LA only an approximate estimate and its results 
should be interpreted as set out in section 6. 

(3) Linear elastic bifurcation analysis (LBA) may be used to determine the critical buckl ing 
resistance of the structure, for use in assessing LS3. 

A materially nonlinear analysis (MNA) may be used to determine the plastic reference 
resistance, and this may be used for assessing LS I. Under a cyclic loading history, an MNA analysis 
may be used to determine plastic strain incremental changes, for use in assessing LS2. The plastic 
reference resistance is also required as part of the assessment of LS3, and this may be found from an 
MNA analysis. 

(5) Geometrically nonlinear elastic analyses (GNA and GNIA) include consideration of the 
deformations of the structure, but none of the design methodologies of section 8 permit these to be 
used without a GMNIA analysis. A GNA analysis may be used to determine the elastic buckling load 
of the perfect structure. A GNIA analysis may be used to determine the elastic buckling load of the 
imperfect structure. 

(6) Geometrically and materially nonlinear analysis (OMNA and G1VINIA) may be used to 
determine collapse loads for the perfect (GMNA) and the imperfect structure (OMNIA). The GMNA 
analysis may be used in assessing LS I, as detailed in 6.3. The GMNIA collapse load may be lIsed, 
with additional consideration of the GMNA collapse load, for assessing LS3 as detailed in 8.7. Under 
a cyclic loading history, the plastic strain incremental changes taken from a GMNA analysis may be 
used for assessing LS2. 

5 Stress resultants and stresses in shells 

5.1 Stress resultants in the shell 

(1) In principle, the eight stress resultants in the shell wall at any point should be calculated and the 
assessment of the shell with respect to each limit state should take all of them into account. However, 

the shear stresses 'rxn, t'en due to the transverse shear forces qXlh qen are insignificant compared with 
the other components of stress in almost all practical cases, so they may usually be neglected in 
design. 

(2) According]y, for most design purposes, the evaluation of the limit states may be made using 

only the six stress resultants in the shell wall !lx, !le, i1 xe, I11 x• me, mxe. Where the structure is 

axisymmetric and subject only to axisymmetric loading and support, only nx, l1e, ll1x and l7lt) need be 
used. 

(3) If any uncertainty arises concerning the stress to be used in any of the limit state verifications, 
the von Mises equi valent stress on the shell surface should be used. 

5.2 Modelling of the shell for analysis 

5.2.1 Geometry 

(1) The shell should be represented by its middle surface. 
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(2) The radius of curvature should be taken as the nominal radius of curvature. Imperfections 
should be neglected, except as set out in section 8 (LS3 buckling limit state). 

(3) An assembly of shell segments should not be subdivided into separate segments for analysis 
unless the boundary conditions for each segment are chosen in such a way as to represent interactions 
between them in a conservative manner. 

(4) A base ring intended to transfer local support forces into the shel1 should not be separated from 
the shell it supports in an assessment of limit state LS3. 

(S) Eccentricities and steps in the shell middle surface should be included in the analysis model if 
they induce significant bending effects as a result of the membrane stress resu1tants following an 
eccentric path. 

(6) At junctions between shell segments, any eccentricity between the middle surfaces of the shell 
segments should be considered in the modelling. 

(7) A ring stiffener should be treated as a separate structural component of the shell, except where 

the spacing of the rings is closer than I,S -{H . 

(8) A shell that has discrete stringer stiffeners attached to it may be treated as an orthotropic 

uniform shell, provided that the stringer stiffeners are no further apart than s-{H. 

(9) A shell that is corrugated (vertically or horizontally) may be treated as an orthotropic uniform 

shell provided that the corrugation wavelength is less than o,s-{H. 

(10) A hole in the shell may be neglected in the modelling provided its largest dimension is smaller 

than o,s...jH. 

(11) The overall stability of the complete structure should be verified as detailed in EN 1993 Parts 
3.1, 3.2, 4.1,4.2 or 4.3 as appropriate. 

5.2.2 Boundary conditions 

(l) The appropriate boundary conditions should be used in analyses for the assessment of limit 
states according to the conditions shown in table S.l. For the special conditions needed for buckling 
calculations, reference should be made to 8.3. 

(2) Rotational restraints at shell boundaries may be neglected in model1ing for limit state LS 1, but 
should be included in modelling for limit states LS2 and LS4. For short shells (see Annex D), the 
rotational restraint should be included for limit state LS3. 

(3) Support boundary conditions should be checked to ensure that they do not cause excessive 
non-uniformity of transmitted forces or introduced forces that are eccentric to the shell middle 
surface. Reference should be made to the relevant EN 1993 application parts for the detailed 
application of this rule to silos and tanks. 

(4) When a global numerical analysis is used, the boundary condition for the normal displacement 
w should also be used for the circumferential displacement v, except where special circumstances 
make this inappropriate. 
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Table 5.1: Boundary conditions for shells 

Boundary Simple Description Nonnal Meridional Meridional 
condition term displacement displacements rotation 

code s 

radially restrained 
BClr Clamped meridionally restrained lV 0 II 0 J3d! = 0 

rotation restrained 
radially restrained 

BClf meridionally restrained w=O 
rotation free 

if 0 J3(j) 0 

radially restrained 
BC2r meridionally free ~v 0 ll:;t:O J3Q 0 

rotation restrained 
radially restrained 

BC2f Pinned meridionally free vv 0 ll:;t:O /34) :;t: 0 
rotation free 

Free 
radially free 

BC3 
edge 

meridionally free w:;t:O II 0 J3d!:;t: 0 
rotati on free 

NOTE: The circumferential displacement v is closely linked to the displacement tV normal to the surface, 
separate boundary condiLions are 110t identified for these two parameters but the values in column 4 
should be adopted for displacement v. 

5.2.3 Actions and environmental influences 

(1) Actions should all be assumed to act at the shell middle surface. Eccentricities of load should 
be represented by static equivalent forces and moments at the shell middle surface. 

(2) Local actions and local patches of action should not be represented by equivalent un iform loads 
except as detailed in section 8 for buckling (LS3). 

(3) The modelling should account for whichever of the following are relevant: 

local settlement under shell walls; 
local settlement under discrete supports: 
uniformity / non-uniformity of support of structure; 
thermal differentials from one side of the structure to the other; 
thermal differentials from inside to outside the structure; 
wind effects on openings and penetrations; 
interaction of wind effects on groups of structures; 
connections to other structures; 
conditions during erection. 

5.2.4 Stress resultants and stresses 

(1) Provided that the radius to thickness ratio is greater than (dt)min' the curvature of the shell may 
be ignored when calculating the stress resultants from the stresses in the she]] wall. 

NOTE: The National Annex may choose the value of (dt)min" The value (dr)min 25 is 
recommended. 
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5.3 Types of analysis 

(1) The design should be based on one or more of the types of analysis given in table 5.2. 
Reference should be made to 2.2 for the conditions governing the use of each type of analysis. 

Table 5.2: Types of shell analysis 

Type of analysis Shell the, Material law Shell geometry 

Membrane theory of shells membrane equilibrium not applicable perfect 

Linear elastic shell analysis (LA) linear bending linear perfect 
, and stretching 

Linear elastic bifurcation analysis (LBA) linear bending linear perfect 
and stretching 

Geometrically non-linear elastic analysis non-linear linear perfect 
(GNA) 
Materially non-linear analysis (MNA) linear non-linear perfect 

Geometrically and materially non-linear non-linear non-linear perfect 
analysis (GMNA) 
Geometrically nOll-linear elastic analysis non-linear linear imperfect 
with imperfections (GNIA) 
Geometrically and materially non-linear non-linear non-linear imperfect 
analysis with imperfeclions (GMNIA) 

6 Plastic limit state (LS1) 

6.1 Design values of actions 

(l)P 'rhe design values of the actions shall be based on the most adverse relevant load combination 

(including the relevant It and 1.j/ factors). 

(2) Only those actions that represent loads affecting the equilibrium of the structure need be 
included. 

6.2 Stress design 

6.2.1 Design values of stresses 

(1) Although stress design 1S based on an elastic analysis and therefore cannot accurately predict 
the plastic limit state, it may be used, on the basis of the lower bound theorem, to provide a 
conservative assessment of the plastic collapse resistance which is used to represent the plastic limit 
state, see 4. I . I. 

The Ilyushin yield criterion may be used, as detailed in (6), that comes closer to the true plastic 
collapse state than a simple elastic surface stress evaluation. 

(3) At each point in the structure the design value of the stress O"eq,Ed should be taken as the highest 
primary stress determined in a structural analysis that considers the laws of equilibrium between 
imposed design load and internal forces and moments. 

(4) The primary stress may be taken as the maximum value of the stresses required for equilibrium 
with the applied loads at a point or along an axisymmetric line in the shell structure. 

(5) Where a membrane theory analysis is lIsed, the resulting two-dimensional field of stress 

resultants I1x.Ed,l1e.Ed and I1xe.Ed may be represented by the equivalent design stress O"eq.Ed obtained 
from: 

26 



I ') ') 
(Jeq,Ed = t n;,Ed + flO, Ed 

') 

. He. Ed + 3n.;e.DI 

BS EN 1993-1-6:2007 
EN 1993-1-6: 2007 (E) 

... (6.1) 

(6) Where an LA or GNA analysis is used, the resulting two dimensional field of primary stresses 
may be represented by the von Mises equivalent design stress: 

()eq.Ed ... (6.2) 

in which: 

(J'OJj/ = ... (6.3) 

'xn.Ed == 
CfBn.Ed ... (6.4) 

NOTE 1: The above expressions give a simplified conservative equivalent stress for design purposes. 

NOTE2: The values of 'l';xJ1.Ed and 'en.Ed are usually very small and do not affect the plastic 
resistance, so they may generally be ignored. 

6.2.2 Design values of resistance 

(1) The von Mises design strength should be taken from: 

feq.Rd = fyd = fyk / /1v1O ... (6.5) 

(2) The partial factor for resistance ]Mo should be taken from the relevant application standard. 

(3) Where no application standard exists for the form of construction involved, or the application 
standard does not define the relevant values of /1v10, the value of /1v1O should be taken from 
EN1993-1-1. 

(4) \Vhere the material has a nonlinear stress strain curve, the value of the characteristic yieJd 
strength fyk should be taken as the 0,2% proof stress. 

(5) The effect of fastener holes should be taken into account in accordance with 6.2.3 of 
EN 1993-1-1 for tension and 6.2.4 of EN 1993-1 1 for compression. For the tension check, the 
resistance should be based on the design value of the ultimate strength j~ld. 

6.2.3 Stress limitation 

(1)P In every verification of this limit state, the design stresses shall satisfy the condition: 

()cq,Ed ~ /eq,Rd ... (6.6) 

6.3 Design by global numerical MNA or GMNA analysiS 

(l)P The design plastic limit resistance shall be determined as a load factor l'R applied to the design 
values FEd of the combination of actions for the relevant load case. 

(2) The design values of the actions FEd should be determined as detailed in 6.1. The relevant load 
cases should be formed according to the required load combinations. 

(3) In an MNA or GMNA analysis based on the design yield strength fyd, the shell should be 
subject to the design values of the load cases detailed in (2), progressively increased by the load ratio 
rR until the plastic limit condition is reached. 
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(4) Where an MNA analysis is used, the load ratio 'kMNA may be taken as the largest value attained 
in the analysis, ignoring the effect of strain hardening. This load ratio is identified as the plastic 
reference resistance ratio in 8.7. 

(5) Where a GfvlNA analysis is used, if the analysis predicts a maximum load followed by a 
descending path, the maximum value should be used to determine the load ratio r"R.GlVINt\. Where a 
GMNA analysis does not predict a maximum load, but produces a progressively rising action
displacement relationship without strain hardening of the material, the load ratio rR.GMNA should be 
taken as no larger than the value at which the maximum von Mises equivalent plastic strain in the 
structure attains the value £mps = I1mps (fYd / E). 

NOTE: The National Annex may choose the value of I1mps' The value I1l11ps = 50 is recomrnended. 

(6) The characteristic plastic limit resistance rRk should be taken as either rR.MNA or rR.GMNA 

according to the analysis that has been used. 

(7)P The design plastic limit resistance FRd shall be obtained from: 

·F Ed ... (6.7) 

where: 
is the partial factor for resistance to plasticity according to 6.2.2. 

(8)P It shall be verified that: 

or IRJ ... (6.8) 

6.4 Direct design 

(1) For each shell segment in the structure represented by a basic loading case as given by Annex 
A, the highest von f\!Jises membrane stress O'eq.Ed determined under the design values of the actions 

should be Ii mited to the stress resistance according to 6.2.2. 

(2) For each shell or plate segment in the structure represented by a basic load case as given in 
Annex B, the design value of the actions FEd should not exceed the resistance FRd based on the design 
yield strength 

(3) Where net section failure at a bolted joint is a design criterion, the design value of the actions 
FEd should be determined for each joint. Where the stress can be represented by a basic load case as 
given in Annex A, and where the resulting stress state involves only membrane stresses, should 
not exceed the resistance FRd based on the design ultimate strength fud, see 6.2.2(5). 

7 Cyclic plasticity limit state (LS2) 

7.1 DeSign values of actions 

(J) Unless an improved definition is used, the design values of the actions for each load case 
should be chosen as the characteristic values of those parts of the total actions that are expected to be 
applied and removed more than three times in the design life of the structure. 

(2) Where an elastic analysis or the expressions from Annex C are used, only the varying part of 
the actions between the extreme upper and lower values should be taken into account. 
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(3) Where a materially nonlinear computer analysis is used, the varying part of the actions between 
the extreme upper and lower values should be considered to act in the presence of coexistent 
permanent parts of the load. 

7.2 Stress design 

7.2.1 Design values of stress range 

(1) The shell should be analysed using an LA or GNA analysis of the structure subject to the two 
extreme design values of the actions FEd. For each extreme load condition in the cyclic process, the 
stress components should be evaluated. From adjacent extremes in the cyclic process, the design 

values of the change in each stress component Lla;".Ed,i, LlO"El.Ed,j, Ll ~'\8,Ed.i on each shell surface 
(represented as i= l,2 for the inner and outer surfaces of the shell) and at any point in the structure 
should be determined. From these changes in stress, the design value of the von Mises equivalent 
stress change on the inner and outer surfaces should be found from: 

L1O"eq.Ed.i ... (7.1) 

(2) The design value of the stress range LlOCq.Ed should be taken as the largest change in the von 
Mises equivalent stress changes LlO"eq.Ed.i, considering each shell surface in turn (i= I and i=2 
considered separately). 

(3) At a junction between shell segments, where the analysis models the intersection of the middle 
surfaces and ignores the finite size of the junction, the stress range may be taken at the first physical 
point in the shell segment (as opposed to the value calculated at the intersection of the two middle 
surfaces). 

NOTE: This allowance is relevant where the stress changes very rapidly close to the jUllction. 

7.2.2 Design values of resistance 

(I) The von Mises equivalent stress range resistance 4f~q.Rd should be determined from: 

2fYd ... (7.2) 

7.2.3 Stress range limitation 

(l)P In every verification of this limit state, the design stress range shall satisfy: 

... (7.3) 

7.3 Design by global numerical MNA or GMNA analysis 

7.3.1 Design values of total accumulated plastic strain 

(I) Where a materially nonlinear global numerical analysis (MNA or G1\1NA) is used, the shell 
should be subject to the design values of the varying and permanent actions detailed in 7.] . 

NOTE 1: It is usual to use an MNA analysis for this purpose. 

NOTE 2: The National Annex may recommendations for a more refined analysis. 

(2) The total accumulated von Mises equivalent plastic strain qJ.eq.Ed at the end of the design life 
of the structure should be assessed. 

(3) The total accumulated von Mises equivalent plastic strain may be determined using an analysis 
that models all cycles of loading during the design life. 

29 



BS EN 1993-1-6:2007 
EN 1993-1-6: 2007 (E) 

(4) Unless a more refined analysis is carried out, the total accumulated von Mises equivalent 

plastic strain tj),eq,Ed may be determined from: 

cp.eq.Ed n ~tj).Cq.Ed ... (7.4) 

where: 
n is the number of cycles of loading in the design life of the structure; 

~tj).cq,Ed is the largest increment in the von Mises equivalent plastic strain during one 

complete load cycle at any point in the structure, occurring after the third 

cycle. 

(5) It may be assumed that "at any point in the structure" means at any point not closer to a notch 
or local discontinuity than the thickest adjacent plate thickness. 

7.3.2 Total accumulated plastic strain limitation 

(]) Unless a more sophisticated low cycle fatigue assessment is undertaken, the value of the 

total accumulated von Mises equivalent plastic strain should satisfy the condition: 

s; l1p.eq (jyd / E) ... (7.S) 

NOTE: The National Anncx may choose the value of I1p.eq' The value I1p,eq 25 is recommended. 

7.4 Direct design 

(1) For each shell segment in the structure, represented by a basic loading case as by Annex 

C, the highest von Mises equi valent stress range ~(jeq.Ed considering both she]] surfaces under the 
design values of the actions FEd should be determined the relevant expressions given in Annex 
C. The further assessment procedure should be as detailed in 7.2. 

8 Buckling limit state (LS3) 

8.1 Design values of actions 

(I)P AI] relevant combinations of actions causing compressive membrane stresses or shear 
membrane stresses in the shell wall shan be taken into account. 

8.2 Special definitions and symbols 

(J) Reference should be made to the special definitions of terms concerning buckling in J .3.6. 

(2) In addition to the symbols defined in 1.4, additional symbols should be used in this section 8 as 
set out in (3) and (4). 

(3) The stress resultant and stress quantities should be taken as fo11ows: 
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/lx.Ed, O:'\,Ed are the design values of the acting buckling-relevant meridional membrane 

stress resultant and stress (positive when compression); 

!'le.Ed, (je.Ed are the design values of the acting buckling-relevant circumferential membrane 

(hoop) stress resultant and stress (positive when compression); 
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n x8.Eej, 'Z:xe.Ed are the design values of the acting buckling-relevant shear membrane stress 

resultant and stress. 

(4) Buckling resistance parameters for use in stress design: 

O:x,Rcr is the meridional elastic critical buckling stress; 

ere.Rer is the circumferential elastic critical buckling stress; 

1"x8.Rcr IS the shear elastic critical buckling stress; 

erx.Rk is the meridional characteristic buckling stress; 

er8.Rk is the circumferential characteristic buckling stress; 

rx8,Rk is the shear characteristic buckling stress: 

O:x,Rd is the meridional design buckling stress; 

ere,Rd is the circumferential design buckling stress; 

1"x8,Rd is the shear design buckling stress. 

NOTE: This is a special convention for shell design that differs from that detailed in EN 1993-1 I. 

(5) The sign convention for use with LS3 should be taken as compression positive for meridional 
and circumferential stresses and stress resultants. 

8.3 Buckling-relevant boundary conditions 
(l) For the buckl ing limit state, special attention should be paid to the boundary conditions which 
are relevant to the incremental displacements of buckl1ng (as opposed to pre-buckling displacements). 
Examples of relevant boundary conditions are shown in figure 8.1, in which the codes of table S. J are 
used. 

8.4 Buckling-relevant geometrical tolerances 

8.4.1 General 

(1) Unless specific buckling-relevant geometrical tolerances are given in the relevant EN ) 993 
application parts, the following tolerance limits should be observed if LS3 is one of the ultimate limjt 
states to be considered. 

NOTE 1: The characteristic buckling stresses determined hereafter include imperfections that are 
based on the amplitudes and forms of geometric tolerances that are expected to be met during 
execution. 

NOTE 2: The geometric tolerances given here are those that are known to have a large impact on the 
safety of the structure. 
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Figure 8.1: Schematic examples of boundary conditions for limit state LS3 

(2) The fabrication tolerance quality class should be chosen as Class A, Class B or Class C 
according to the tolerance definitions in 8.4.2, 8.4.3, 8.4.4 and 8.4.5. The description of each class 
relates only to the strength evaluation. 

NOTE: The tolerances defined here match those specified in the execution standard EN 1090, but 
are set out more fully here to give the detail of the relationship between the imperfection amplitudes 
and the evaluated resistance. 

(3) Each of the imperfection types should be classified separately: the lowest fabrication tolerance 
quality class obtained corresponding to a high tolerance, should then govern the entire design. 

(4) The different tolerance types may each be treated independently, and no interactions need 
normally be considered. 

(5) It should be established by representative sample checks on the completed structure that the 
measurements of the geometrical imperfections are within the geometrical tolerances stipulated in 
8.4.2 to 8.4.5. 

(6) Sample imperfection measurements should be undertaken on the unloaded structure (except for 
self weight) and, where possible, with the operational boundary conditions. 

(7) If the measurements of geometrical imperfections do not satisfy the geometrical tolerances 
stated in 8.4.2 to 8.4.4, any correction steps, sLlch as straightening, should be investigated and decided 
individually. 

NOTE: Before a decision is made in favour of straightening to reduce geometric imperfections, it 
should be noted that this can cause additional residual stresses. The to \vhlch the 
buckling resistances are ulilised in the should also be considered. 
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8.4.2 Out-of-roundness tolerance 

(1) The out-of-roundness should be assessed in terms of the parameter Ur (see figure 8.2) given 
by: 

U r = -=~---'=.:..:... 
d llOlll 

... (8.1) 

where: 
is the maximum measured internal diameter. 

dmin is the minimum measured internal diameter, 
dnol1l is the nominal internal diameter. 

(2) The measured internal diameter from a given point should be taken as the largest distance 
across the shell from the point to any other internal point at the same axial coordinate. An appropriate 
number of diameters should be measured to identify the maximum and minimum values. 

a) flattening b) unsymmetrical 

Figure 8.2: Measurement of diameters for assessment of out-of-roundness 

(3) The out-of-roundness parameter Ur should satisfy the condition: 

where: 

... (8.2) 

Ur,max is the out-of-roundness tolerance parameter for the relevant fabrication tolerance 
quality class. 

NOTE: Values for the out-of-roundness tolerance parameter Ur.max may be obtained frol1l the 
National Annex. The recommended values are given in Table 8.1. 
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8.4.3 

Table 8.1 : Recommended values for out-of-roundness tolerance 
paranleter Ur,max 

Diameter range dim]::; 0,50m < d [m] < J ,25m 1,25m d [m] 
0,50111 

Fahrication Description Recommended value of 
tolerance 
quality class 

Class A Excellent 0,014 0,007 + 0,0093( I ,25-d) 0,007 
Class B High 0,020 0,0 I 0 + 0,0 l33( 1 ,2S-d) 0,010 
Class C Normal 0,030 0,015 + O,0200( I ,25-d) OJ)IS 

Non-intended eccentricity tolerance 

(I) At joints in shell wans perpendicular to membrane compressive forces, the non-intended @11 
eccentricity should be evaluated from the measurable total eccentricity Ctot and the intended offset 
Cinl from: 

... (8.3) 

where: 
Ctot is the eccentricity between the middle surfaces of the joined plates, see 

figure 8.3c; 
einl is the intended offset between the middle surfaces of the joined plates, see 

figure 8.3b; 

Ca is the ~ non-intended @11 eccentricity between the middle surfaces of the 
joined plates. 

(2) The non-intended eccentricity ea should be less than the maximum permitted 
non-intended @11 eccentricity ea.max for the relevant fabrication tolerance quality class. 

NOTE: Values for the maximum permitted ~ non-intended @11 eccentricity ea. max may be 

ohtained from the National Annex. The recommended values are given in Tahle 8.2. 

Table 8.2: Recomnlended values for maximum permitted 
non-intended eccentricities 

Fabrication tolerance quality Description Recommended val ucs for maximum 
class pe I'm i tted non-intended @11 

eccentricity ea.max 

Class A Excellent 2 mm 
Class B High 3 111m 

Class C Normal 4mm 

(3) The lEY non-intended eccentricityea should also be assessed in terms of the non-intended 
eccentricity parameter Vc gi ven by: 

where: 
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Figure 8.3: IE1) Non .. intended @11 eccentricity and intended offset at a 
joint 

(4) The IE1) non-intended @11 eccentricity parameter should satisfy the condition: 

where: 

Ue.max IS the IE1) non-intended @11 eccentnclty tolerance parameter for the relevant 
fabrication tolerance quality class. 

NOTE 1: Values for the IE1) non-intended eccentricity tolerance parameter may be 
obtained from the National Annex. The recommended values are in Table 8.3. 

Table 8.3: Recommended values for IE1) non .. intended @11 eccentricity 
tolerances 

Fabrication tolerance quality class Description Recommended value or 
le.lllJX 

Class A Excellent 0,14 
Class B 

I Normal 
0.20 

Class C 0,30 

NOTE 2: Intended offsets are treated within D.2.1.2 and lapped joints are treated within D.3. These 
two cases are not treated as imperfections within this standard. 

8.4.4 Dimple tolerances 

(1) A dimple measurement gauge should be used in every position (see figure 8.4) in both the 
meridional and circumferential directions. The meridional gauge should be straight, but the gauge for 
measurements in the circumferential direction should have a curvature equal to thei ntended radius of 
curvature r of the middle surface of the shel1. 

(2) The depth ~lVO of initial dimples in the shell wall should be measured using gauges of length 
which should be taken as follows: 

a) Wherever meridional compressive stresses are present, including across welds, 
measurements should be made in both the meridional and circumferential directions, using 
the gauge of length given by: 

= 4 Vrt ... (8.6) 
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b) Where circumferential compressive stresses or shear stresses occur, circumferential 

direction measurements should be made using the gauge of length Igo given by: 
') 0 ')-= 2,3 U- rt) .~), but [gS ~ r ... (8.7) 

where: 
( is the meridional length of the shell segment. 

c) Additionally, across welds, in both the circumferential and meridional directions, the gauge 
length should be used: 

= or tgw 25 fmin , but with tgw ~ SOOmm ... (8.8) 

where: 
tmin is the thickness of the thinnest plate at the weld. 

(3) The depth of initial dimples should be assessed in terms of the dimple parameters UOx, Uos, 
Uow given by: 

UOx = '" (8.9) 

(4) The value of the dilllple parameters UOw should satisfy the conditions: 

UOx UO. max Uoa ~ UOw ~ Un.max ... (8.10) 

where: 
is the dimple tolerance parameter for the relevant fabrication tolerance quality 

class. 

NOTE 1: Values for the dimple tolerance parameter 
Annex. The recommended values are given in Table 8.4. 

may be obtained from the National 

Table 8.4: Recommended values for dimple tolerance parameter UO,max 

Fabrication tolerance quality class Description Recommended value of UO.max 

Class A Excellent 0,006 
Class B High 0,010 
Class C Normal 0,016 
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First measurement on a circumferential circle 
(see 8.4.4(2)a) 

Second measurement on circumferential circle 

Measurements on circumferential circle across 
weld 

Figure 8.4: Measurement of depths Awo of initial dimples 
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8.4.5 Interface flatness tolerance 

(1) Where another structure continuously supports a shell (such as a foundation), its deviation from 
flatness at the interface should not include a local slope in the circumferential direction greater 

than /38' 

NOTE: The National Annex lllay choose the value of /3e. The value /38 0, I (/() 
recommended. 

8.5 Stress design 

8.5.1 Design values of stresses 

0,00 J radians is 

(I) The design values of stresses O:x,Ed, 0"8,Ed and t:x8,Ed should be taken as the key values of 
compressive and shear membrane stresses obtained from linear shel1 analysis (LA). Under purely 
axisymmetric conditions of loading and support, and in other simple load cases, membrane theory 
may generally be used. 

(2) The key values of membrane stresses should be taken as the maximum value of each stress at 
that axial coordinate in the structure, unless specific provisions are given in Annex D of this Standard 
or the relevant application part of EN 1993. 

NOTE: In some cases stepped walls under circumferential compression, see Annex 0.2.3), the 
key values of membrane stresses are fictitious and larger than the real maximum values. 

(3) For basic loading cases the membrane stresses may be taken from Annex A or Annex C. 

8.5.2 Design resistance (buckling strength) 

(I) The buckling resistance should be represented by the buckling stresses as defined in 1.3.6. The 
design buckling stresses should be obtained from: 

.. , (8.11) 

(2) The partial factor for resistance to buckling 1\11 should be taken from the relevant application 
standard. 

NOTE: The value of the partial factor )}.11 may be defined in the National Annex. Where no 
application standard exists for the form of construction involved, or the application standard does not 

define the relevant values of YM I' it is recommended that the value of YMl should not be taken as 

smaller than Itvll 1.1. 

(3) The characteristic buckling stresses should be obtained by multiplying the characteristic yield 

strength by the buckling reduction factors %: 

, O"e,Rk = %8 jyk, t:\e.Rk ;(1 I~ ... (8.12) 

(4) The buckling reduction factors Xx, %8 and Xc should be determined as a function of the relative 

slenderness of the shell I from: 

x when ... (8.13) 

when ... (8.14) 
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... (8.15) 

NOTE 1: The values of these parameters should be taken from Annex D. Where Annex D docs nOl 
define the values of these parameters, they may he given hy the National Annex. 

NOTE 2: Expression (8.15) describes the elastic buckling stress, accounting for geometric 
imperfections. In this case, where the behaviour is entirely elastic, the characteristic buckling stresses 

may allernatively be determined directly from Ox.Rk a,x O:x.Rcr, Oe.Rk ae Oe.Rcr, and Tx8.Rk = aT 

t:x8.Rcr· 

(5) The value of the plastic limit relative slenderness "Xe should be determined from: 

... (8.16) 

(6) The relative shell slenderness parameters for different stress components should be determined 
from: 

... (8.17) 

(7) The elastic critical buckling stresses O"x.Rcr, O"e.1<cr and t:\8.Rcr should be obtained by means of the 
relevant expressions in Annex D. 

(S) Where no appropriate expressions are given in Annex D, the elastic critical buckling stresses 
may be extracted from a numerical LBA analysis of the shell under the buckling-relevant 
combinations of actions defined in 8.1. For the conditions that this analysis lTIust satisfy, see 8.6.2 (5) 
and (6). 

8.5.3 Stress limitation (buckling strength verification) 

(1) Although buckling is not a purely stress-initiated failure phenomenon, the buckling limit state, 
within this section, should be represented by limiting the design values of membrane stresses. The 
influence of bending effects on the buckling strength may be neglected provided they arise as a result 
of meeting boundary compatibility requirements. In the case of bending stresses from local loads or 
from thermal gradients, special consideration should be given. 

(2) Depending on the loading and stressing situation, one or more of the following checks for the 
key values of single membrane stress components should be carried out: 

Tx9.Ed :::; Tx9.Rd ... (S.IS) 

(3) If more than one of the three buckling-relevant membrane stress components are present under 
the actions under consideration, the following interaction check for the combined membrane stress 
state should be carried out: 

\ -ki(OX.EdJ(oe'EdJ+ 
o x.Rd 0 fJ.Rd 

+ ... (S.19) 
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where O:x.Ed, lJe.Ed and Z:xe.Ed are the interaction-relevant groups of the significant values of 
compressive and shear membrane stresses in the shell and the values of the buckling interaction 

parameters ke , and ki are given in Annex D. 

(4) Where or is tensile, its value should be taken as zero in expression (8.19). 

NOTE: For axially compressed cylinders with internal pressure (leading to circumferential tension) 

special provisions arc made in Annex D. The resulting value of ~x.Rd accounts for both the 
strengthening effect of internal pressure on the elastic buckling resistance and the we,lkening effect of 

the elastic-plastic elephant's foot phenomenon (expression D.43). If the tensile O"e.Ed is then taken as 
zero in expression (8.19), the buckling strength is accurately represented. 

(5) The locations and values of each of the buckling-relevant membrane stresses to be used 
together in combination in expression (8.19) are defined in Annex D. 

(6) Where the shell buckJing condition is not included in Annex D, the buckling interaction 
parameters may be conservatively estimated using: 

kx = 1,0 + Xx 

kfl 1,0 + Xe2 

k'( = 1,5 + 0,5 Xr
2 

... (S.20) 

... (8.2 I) 

... (8.22) 

... (S.23) 

NOTE: These rules may sometimes be very conservative, but they include the two limiting cases 
which are well established as safe for a wide range of cases: 

a) in very thin shells, the interaction between O:x and 0"8 is approximately linear; and 
b) in very thick shells, the interaction becomes that of von Mises. 

8.6 Design by global numerical analysis using MNA and LBA analyses 

8.6.1 Design value of actions 

(I) The design values of actions should be taken as in S.1 (1). 

8.6.2 Design value of resistance 

(1) The design buckling resistance should be determined from the amplification factor rRd applied 
to the design values FEd of the combination of actions for the relevant load case. 

(2) The design buckling resistance FRd 'Rd' FEd should be obtained from the plastic reference 

resistance FR 'RIA' 
1)/ 

and the elastic critical buckling resistance = 'Rcr . FEd' combining these 

to find the characteristic buckling resistance FRk . The pa11ial factor ~11 should then be 

used to obtain the design resistance. 

(3) The plastic reference resistance ratio 'Np/ (see figure 8.5) should be obtained by materially non

linear analysis (MNA) as the plastic limit load under the applied combination of actions. This load 
ratio IRpJ may be taken as the largest value attained in the analysis, ignoring the effect of strain 

hardening. 
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Figure 8.5: Definition of plastic reference resistance ratio rRpl and critical 
buckling resistance ratio rRcr derived from global MNA and LBA analyses 

(4) Where it is not possible to undertake a material1y non-linear analysis (MNA), the plastic 
reference resistance ratio rRpl may be conservatively estimated from linear shell analysis (LA) 
conducted using the design values of the applied combination of actions using the following 

procedure. The evaluated membrane stress resultants rlx.Ed, ne,Ed and rlx8,Ed at any point in the shell 
should be used to estimate the plastic reference resistance from: 

... (8.24) 

The lowest value of plastic resistance ratio so calculated should be taken as the estimate of the plastic 
reference resistance ratio rRpl' 

NOTE: A safe estimate of rRpJ can usually be obtained by applying expression (8.24) in turn at (he 
three points in the shell where each of the three buckling-relevant membrane stress resultants attains its 
highest value, and using the lowest of these three estimates as the relevant value of 

(5) The elastic critical buckling resistance ratio rRcr should be determined from an eigenvalue 
analysis (LBA) applied to the linear elastic calculated stress state in the geometrically perfect shell 
(LA) under the design values of the load combination. The lowest eigenvalue (bifurcation load 
factor) should be taken as the elastic critical buckling resistance ratio rRcr, see figure 8.5. 

(6) It should be verified that the eigenvalue algorithm that is used is reliable at finding the 
eigenmode that leads to the lowest eigenvalue. In cases of doubt, neighbouring eigenvalues and their 
eigenmodes should be calculated to obtain a fuller insight into the bifurcation behaviour of the shell. 
The analysis should be carried out using software that has been authenticated against benchmark 
cases with physically similar buckling characteristics. 

(7) The overall relative slenderness Ao\' for the complete shel1 should be determined from: 

... (8.25) 

(8) The overall buckling reduction factor Xov should be determined as 

XOY f (Iov '~JV,o ,aov ,flov ,lID\' ) using 8.5.2 (4), in which a OY is the overal1 elastic imperfection 
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reduction factor, Pov is the plastic range factor, TJov is the interaction exponent and is the squash 

limit relative slenderness. 

(9) The evaluation of the factors , rRov. Pov and TJov should take account of the imperfection 

sensitivity, geometric nonlinearity and other aspects of the particular shell buckling case. 
Conservative values for these parameters should be determined by comparison with known shell 
buckling cases Annex D) that have similar buckling modes, similar imperfection sensitivity, 
similar geometric nonlinearity, similar yielding sensitivity and similar postbuckling behaviour. The 

value of rr<ov should also take account of the appropriate fabrication tolerance quality class. 

NOTE: Care should be taken in choosing an appropriate value of rRov when this approach is used 
on shell geometries and loading cases where snap-through buckling may occur. Such cases include 
conical and spherical caps and domes under external pressure or on supports that can displace radially. 
The appropriate value of fRov should also be chosen with care when the shell geometry and load case 
produce conditions that are highly sensitive to changes of geometry, such as at unstiffened junctions 
between cylindrical and conical shell segments under meridional compressive loads in chimneys). 

The commonly reported clastic shell buckling loads for these special cases are normally based on 
geometrically nonlinear analysis applied to a perfect or imperfect geometry, which predicts the snap
through buckling load. contrast, the methodology used here adopts the linear bifurcation load as 
the reference elastic critical buckling resistance, and this is often much than the snap-through 
load. The design calculation must account for these two sources of reduced resistance by an 
appropriate choice of the overall elastic imperfection reduction factor rRov. This choice must include 
the effect of both the geometric nonlinearity (that can lead to snap-through) and the additional strength 
reduction caused by geometric imperfections. 

(10) If the provisions of (9) cannot be achieved beyond reasonable doubt, appropriate tests should be 
carried out, see EN 1990, Annex D. 

(I ]) If specific values of rRov, Pov, TJov and are not available according to (9) or (10), the 

values for an axially compressed unstiffened cylinder may be adopted, see D.l.2.2. Where snap

through is known to be a possibility, appropriate further reductions in l'Rov should be considered. 

(12) The characteristic buckling resistance ratio rRk should be obtained from: 

where: 
rRpl is the plastic reference resistance ratio. 

(13) The design buckling resistance ratio rRd should be obtained from: 

where: 

/1\11 is the paltial factor for resistance to buckling according to 8.5.2 (2). 

8.6.3 Buckling strength verification 

(1) It should be verified that: 

or rRd ~] 
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8.7 Design by global numerical analysis using GMNIA analysis 

8.7.1 Design values of actions 

(l) The design values of actions should be taken as in 8.1 (1). 

8.7.2 Design value of resistance 

(1) The design buckling resistance should be determined as a load factor rR applied to the design 

values of the combination of actions for the relevant load case. 

(2) The characteristic buckling resistance ratio rRk should be found from the imperfect elastic

plastic buckling resistance ratio rR,G~lNIA, adjusted by the calibration factor kCitVINIA. The design 

buckling resistance ratio rRd should then be found the partial factor /1vll. 

(3) To determine the imperfect elastic-plastic buckling resistance ratio rR.GfvlNLi\, a GMNIA 
analysis of the geometrically imperfect shell under the applied combination of actions should be 
carried out, accompanied by an eigenvalue analysis to detect possible bifurcations in the load path. 

NOTE: Where plasticity has a significant effect on the buckling resistance, care should be taken to 
ensure that the adopted imperfection mode induces some pre-buckling shear strains, because the shear 
modulus is very sensitive to small plastic shear strains. In certain shell buckling problems shear 
buckling of annular jf this effect is omitted, the eigenvalue analysis may a considerable 
overestimate of the elastic-plastic buckling resistance, 

(4) An LBA analysis should first be performed on the structure to determine the elastic 
critical buckling resistance ratio rRcr of the ped'ect shell. An lVINA should next be performed on the 

perfect structure to determine the perfect plastic reference ratio rRpl. These two resistance 

ratios should then be used to establish the overall relative slenderness Iov for the complete shell 
according to expression 8.25. 

(5) A GMNA analysis should then be performed on the perfect structure to determine the perfect 

elastic-plastic buckling resistance ratio 'kGMNA. This resistance ratio should be used later to verify 
that the effect of the chosen geometric imperfections has a sufficiently deleterious effect to 
confidence that the lowest resistance has been obtained. The GMNA analysis should be carried out 
under the applied combination of actions, accompanied by an eigenvalue analysis to detect possible 
bifurcations in the load path. 

(6) The imperfect elastic-plastic buckling resistance ratio rR,GMNIA should be found as the lowest 
load factor fR obtained from the three following criteria CI , C2 and C3, see figure 8.6: 

Criterion C 1: The maximum load factor on the load-deformation-curve (limit load); 
Criterion C2: The bifurcation load factor, where this occurs during the loading path before 

reaching the limit point of the load-deformation-curve; 
Criterion C3: The tolerable deformation, where this occurs during the loadi ng path 

before reaching a bifurcation load or a limit load. 

(7) The largest tolerable deformation should be assessed relative to the conditions of the individual 
structure. If no other value is available, the largest tolerable deformation may be deemed to have been 
reached when the greatest local rotation of the shell surface (slope of the surface relative to its 
original geometry) attains the value [3. 

NOTE: The National Annex may choose the value of /3. The value /3 0, I radians is 
recommended. 
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Figure 8.6: Definition of buckling resistance from global GMNIA analysis 

(8) A conservative assessment of the imperfect elastic-plastic buckling resistance ratio rR,GMNIA 

may be obtained using a GNIA analysis of the geometrically imperfect shell under the applied 
combination of actions. ]n this case, the following criterion should be used to determine the lowest 

load factor rR: 

Criterion C4: The load factor at which the equivalent stress at the most highly stressed point on 

the shell surface reaches the design value of the yield stress fyd f~k/YMO' see figure 8.6. 

NOTE: It should he noted that GMNA, GMNIA and GNIA analyses must always he undertaken 
with regular eigenvalue checks to ensure that any possible hifurcation on the load path is detected. 

(9) In formulating the GMNIA (or GNIA) analysis, appropriate allowances should be incorporated 
to cover the effects of imperfections that cannot be avoided in practice, including: 

a) geometric imperfections, such as: 
deviations from the nominal geometric shape of the middle sUli'ace (pre-deformations, out-of

roundness); 
irregularities at and near welds (minor eccentricities, shrinkage depressions, rolling curvature 

errors); 
deviations from nominal thickness; 
lack of evenness of supports. 

b) material imperfections, such as: 
residual stresses caused by rolling, pressing, welding, straightening etc.; 
inhomogeneities and anisotropies. 

NOTE: Further possihle negative influences on the imperfect elastic-plastic huckling resistance 
ratio rR.GJVIN1A' such as ground settlements or llexihilities of connections or supports, are not classed 
as imperfections in the sense of these provisions. 

(10) Imperfections should be allowed for in the GMNIA analysis by including appropriate additional 
quantities in the analytical model for the numerical computation. 

(11) The imperfections should genera]]y be introduced by means of equivalent geometric 
imperfections in the form of initial shape deviations perpendicular to the middle surface of the perfect 
shell, unless a better technique is used. The middle surface of the geometrically imperfect shell 
should be obtained by superposition of the equivalent geometric imperfections on the perfect shell 
geometry_ 
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(12) The pattern of the equivalent geometric imperfections should be chosen in slich a form that it 
has the most unfavourable effect on the imperfect elastic-plastic buckling resistance ratio 'kGMNIA of 
the shell. If the most unfavourable pattern cannot be readily identified beyond reasonable doubt the 
analysis should be carried out for a sufficient number of different imperfection patterns, and the worst 
case (lowest value of rR.GMNIA) should be identified. 

(13) The eigenmode-affine pattern should be used unless a different unfavourable pattern can be 
justified. 

NOTE: The eigenmode affine pattern is the critical buckling mode associated with the elastic 
critical buckling resistance ratio rRcr based on an LBA analysis of the perJCcl shell. 

(14) The pattern of the equivalent geometric imperfections should, if practicable, reflect the 
constructional detailing and the boundary conditions ;n an unfavourable manner. 

(15) Notwithstanding (13) and (14), patterns may be excluded from the investigation if they can be 
eliminated as unrealistic because of the method of fabrication, manufacture or erection. 

(16) Modification of the adopted mode of geometric imperfections to include realistic structural 
details (such as axisymmetric weld depressions) should be explored. 

NOTE: The National Annex may define additional requirements for the assessmcnt of appropriate 
patterns of imperfections. 

(17) The sign of the equivalent geometric imperfections should be chosen in such a manner that the 
maximLlm initial shape deviations are unfavol1rably oriented towards the centre of the shell curvature. 

(18) The amplitude of the adopted equivalent geometric imperfection form should be taken as 
dependent on the fablication tolerance quality class. The maximum deviation of the geometry of the 

equivalent imperfection from the perfect shape ~H'O,cq should be the larger of ~iVO,eq, I and ~WO.cq.2, 
where: 

where: 

~WO.eq,1 

~WO,eq.2 Il j t Un2 

is all relevant gauge lengths according to 8.4.4 (2); 
is the local shell wall thickness; 

nj is a multiplier to achieve an appropriate tolerance level; 

'" (8.29) 

... (8.30) 

Un! and Un2 are the dimple impeti'ection amplitude parameters for the relevant fabrication 
tolerance quality class. 

NOTE 1: The National Annex may choose the value of I1j. The value J1j 25 is recommcnded. 

NOTE 2: Values for the dimple tolerance parameter Un I and Un2 may be obtained from the National 
Annex. The recommended values are given in Table 8.5. 

Table 8.5: Recommended values for dimple imperfection amplitude 
parameters Un1 and Un2 

Fabrication tolerance quality class Description Recommended Recommended 

value of Un I v:..!1ue of Un2 

Class A Excellent 0,0]0 0,010 
Class B High 0,0]6 0,016 
Class C Normal O,()25 0,025 
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(19) The amplitude of the geometric imperfection in the adopted pattern of the equivalent geometric 
imperfection should be interpreted in a manner which is consistent with the gauge length method, set 
out in 8.4.4 (2), by which it is defined. 

(20) Additionally, it should be verified that an analysis that adopts an imperfection whose amplitude 
is 10clc, smaller than the value found in (18) does not yield a lower value for the ratio rR.CiMNIA. 

If a lower value is obtained, the procedure should be iterated to find the lowest value of the ratio 
t'R,GMNIA as the amplitude is varied. 

(21) If follower load effects are possible, either they should be incorporated in the analysis, or it 
should be verified that their influence is negligible. 

(22) For each calculated value of the jmperfect elastic-plastic buckling resistance t'R,GMN1A, the ratio 
of the imperfect to perfect resistance (rR.GMNIl\lrR.GMNA) should be determined and compared with 
values of t'R found using the procedures of 8.5 and Annex D, to verify that the chosen geometric 
imperfection has a deleterious effect that is comparable with that obtained from a lower bound to test 
resuHs. 

NOTE: Where the resistance is dominated by plasticity effects, the ratio will be 
much larger than the elastic imperfection reduction facLor a, and no close comparison can be 
expected. .However, \\·'here the resistance is controlled by buckling phenomena that are substantially 

the ratio (rR,GfVINIAltkG;vIi\A) should be only a little higher than the value determined by hand 
calculation, and the factors leading to the value should be considered. 

(23) The reliability of the numerically determined imperfect elastic-plastic buckling resistance ratio 
rJ{,GMNIA should be checked by one of the following alternative methods: 

a) by using the same program to calculate values rJ{.GMNJA,check for other shell buckling cases for 
which characteristic buckling resistance ratio values rRk.known.check are known. The check 
cases should use basically similar imperfection assumptions and be similar in their buckling 
controlling parameters (such as relative shell slenderness, postbuckling behaviour, 
imperfection-sensitivity, geometric nonlinearity and material behaviour); 

b) by comparison of calculated values (rR.(J1\·1NIA,chcck) against test results (rRJcSl.known.check). 

The check cases should satisfy the same similarity conditions given in (a). 

NOTE 1: Other shell buckling cases for which the characteristic buckling resistance ratio values 

rRk.known.chcck are known may be found from the scientific literature on shell buckling. It should be 
noted that the hand calculations of 8.5 and Annex D are derived as general lower bounds on test 
results, and these sometimes lead to such low assessed values for the characteristic buckling resistance 
that they cannot be obtained numerically. 

NOTE 2: Where test results are used, it should be established that the geometric imperfections present 
in the lest may be expected to be representative of those that will occur in practical construction. 

Depending on the results of the reliability checks, the calibration factor kGI\1NIA should be 
evaluated, as appropriate, from: 

where: 
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kGMNIA 
rRkJ<J10\\ll,check 

or kGfvtNIA 
'k test ,knowl1.check 

... (8.31) 
rR,GI'vtNIA,check rR,GMNIA,check 

rRk.known,chcck 

rR,test.knowl1.check 

fI~.GMNIA.check 

is the known characteristic value; 
is the known test result; 

is the calculation outcome for the check buckllng case or the test 
buckling case, as appropriate. 
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(25) Where test results are used to determine kGMNIA, and the calculated value of kGMNIA exceeds 1,0, 
the adopted value should be kGMNIA = 1,0. 

(26) Where a known characteristic value based on existing established theory is used to determine 
kGMNIA, and the calculated value of kGlvlNIA lies outside the range 0,8 < kGMNIA < 1,2, this procedure 
should not be used. The OMNIA result should be deemed invalid and further calculations undertaken 
to establish the causes of the discrepancy. 

(27) The characteristic buckling resistance ratio should be obtained from: 

... (8.32) 

where: 
rR,GMNIA is the calculated imperfect elastic-plastic buckling resistance ratio; 
kGMNIA is the calibration factor. 

8.7.3 Buckling strength verification 

(1) The design buckling resistance ratio rRd should be obtained from: 

... (8.33) 

where: 

)i;11 is the partial factor for resistance to buckling according to 8.5.2 (2). 

(2) It should be verified that: 

F Ed ::; F Rd = r Rd . ... (8.34) 
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9 Fatigue limit state (LS4) 

9.1 Design values of actions 

(I) The design values of the actions for each load case should be taken as the varying parts of the 
total action representing the anticipated action spectrum throughout the design life of the structure. 

(2) The relevant action spectra should obtained from EN 1991 in accordance with the definitions 
given in the appropriate application parts of EN 1993. 

9.2 Stress design 

9.2.1 General 

(I) The fatigue assessment presented in EN \993-1-9 should be used, except as provided here. 

(2)P The partial factor for resistance to fatigue li1f shall be taken from the relevant application 
standard. 

NOTE: The value of the partial factor YMf may be defined in the National Annex. Where no 
application standard exists for the form of construction involved, or the application standard does not 
define the relevant values of /f.1f, the value of nvtf should be taken from EN 1993-1-9. It is 

recommended lhat the valLIe of /fvlf should not be taken as smaller than /fvH I, I. 

9.2.2 Design values of stress range 

(I) Stresses should be determined by a linear elastic analysis of the structure subject to the design 
values of the fatigue actions. 

(2) In each verification of the limit state, the design value of the fatigue stress should be taken as 
the stress range ~() of the values on the two surfaces of the shell, and based on the sum of the 
primary and the secondary stresses. 

(3) Depending upon the fatigue assessment carried out according to EN 1993-1 either nominal 
stress ranges or geometric stress ranges should be evaluated. 

(4) Nominal stress ranges may be used if 9.2.3 (2) is adopted. 

(5) Geometric stress ranges should be used for construction details that differ from those of 
9.2.3 (2). 

(6) The geometric stress range takes into account only the overall geometry of the joint, excluding 
local stresses due to the weld geometry and internal weld effects. It may be determined by use of 
geometrical stress concentration factors given by expressions. 

(7) Stresses used for the fatigue design of construction details with linear geometric orientation 
should be resol ved into components transverse to and paral1el to the axis of the detail. 

9.2.3 Design values of resistance (fatigue strength) 

(]) The design values of resistance obtained from the following may be applied to structural steels 
in the temperature range up to ] 50° C. 

The fatigue resistance of construction details commonly found in shell structures should be 

obtained from EN ] 993-3-2 in classes and evaluated in terms of the stress range ~Oj:!, appropriate to 
the number of cycles, in which the values are additionally classified according to the quality of the 
welds. 

(3) The fatigue resistance of the detail classes should be obtained from EN ] 993-1-9. 
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(I) In every veriflcation of this limit state, the design stress range ,1(jE should satisfy the condition: 

where: 

}Ff 

/Mf 
,1()E 

is 
is 
is 

the partial factor for the fatigue loading 
the partial factor for the fatigue resistance 

... (9.1) 

the equi valent constant amplitude stress range of the design stress spectrum 
,1Oj{ is the fatigue strength stress range for the relevant detail category and the number 

of cyc1es of the stress spectrum 

(2) As an alternative to (l), a cumulative damage assessment may be made for a set of m different 

stress ranges .10; (i = J ,m) using the Palmgren-11iner rule: 

Dd::; 1 
... (9.2) 

in which: 
1/1 

Dd 'Ln;INj ... (9.3) 
i=1 

where: 

I1j is the number of cycles of the stress range ,10; 

Ni is the number of cyc1es of the stress range IFr IM'- ,10; to cause failure for the 
relevant detat I rontan-." .. " 

(3) In the case of combination of normal and shear stress ranges the combined effects should be 
considered in accordance with EN 1993-1-9. 

9.3 Design by global numerical LA or GNA analysis 

(1) The fatigue on the basis of an elastic analysis (LA or GNA analysis) should follow the 
provisions given in 9.2 for stress design. However, the stress ranges due to the fatigue loading should 
be determined by means of a shell bending analysis, including the geometric discontinuities of joints 
in constructional details. 

(2) If a three dimensional finite element analysis is used, the notch effects due to the local weld 
geometry should be eliminated. 
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ANNEX A (normative) 

Membrane theory stresses in shells 

A.1 General 

A.1.1 Action effects and resistances 

The action effects or resistances ca1culated using the expressions in this annex may be assumed to 
provide characteristic values of the action effect or resistance when characteristic values of the 
actions, geometric parameters and material properties are adopted. 

A.1.2 Notation 

The notation used in this annex for the geometrical dimensions, stresses and loads fo]]ows J.4. In 
addition, the following notation is used. 

Roman upper case letters 
axial load applied to the cylinder 

Fz axial load applied to a cone 
M global bending moment applied to the complete cylinder (not to be confused with 

the moment per unit width in the shell wallm) 
M[ global torque applied to the complete cylinder 
V global transverse shear applied to the complete cylinder 

Roman lower case letters 
unit weight of the material of the shell 

Pn distributed normal pressure 
Px distributed axial traction on cylinder wall 

Greek lower case letters 

¢ meridional slope angle 
o"x axial or meridional membrane stress n/t) 
O"e circumferential membrane stress (= llalt) 
1: membrane shear stress llxOlt) 

A.1.3 Boundary conditions 

(I) The boundary condition notations should be taken as detailed in 2.3 and 5.2.2. 

(2) For these expressions to be strictly valid, the boundary conditions for cylinders should be taken 
as radially free at both ends, axially supported at one end, and rotationally free at both ends. 

For these expressions to be strictly valid for cones, the applied loading should match a 
membrane stress Slate in the shell and the boundary conditions should be taken as free to displace 
normal to the shell at both ends and meridionally supported at one end. 

(4) For truncated cones, the boundary conditions should be understood to include components of 
loading transverse to the shell wall, so that the combined stress resultant introduced into the shell is 
solely in the direction of the shell meridian. 

A.1.4 Sign convention 

(1) The sign convention for stresses 0" should be taken everywhere as tension positive, though some 
of the figures illustrate cases in which the external load is applied in the opposite sense. 
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Unstiffened cylindrical shells A.2 

A.2.1 Uniform A.2.2 Axial load A.2.3 Friction load 
axial load from global 

bending 

t Fx 21tT Px 

Fx v =---
x 2J[rt 

Px,max 

Px,max 

A.2.4 Uniform internal pressure 

V(}=PII 

A.2.6 Uniform shear 
from torsion 

r 

21t? Pe 

Pe 

Px,max 

l' 
Vx --Jp,·dx 

to -

A.2.S Variable internal pressure 

Vo(X) I'll 
r 

A.2.7 Sinusoidal shear 
from transverse force 

V 1tr Pe,m'dX 

-+~ Tmax --
J[rt 
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A.3 Unstiffened conical shells 

A.3.1 Uniform 
axial load 

0'1'=----"-'---
. 27rrt -cos fJ 

A.3.4 Uniform internal 
Pressure 
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r 
O'r=-Pn---I 

, 2t-cosfJ 

r 
p" fJ t -cos 

A.3.2 Axial load 
-from global 
bending 

A.3.3 Friction load 

~ 
') 

M = nrT Pz,l.max 

-cosfJ 

__ rl_ 
x I - sin ~ 

/'') 
X. ----. :: - sin ~ 

ere 0 ere = 0 

A.3.S Linearly varying 
internal pressure 

r2S is the radius at the fluid surface 

O'x=------

yr 
0' () = +--(rJ' r) 

t -sin fJ ~.) 



A.3.6 Uniform shear 
from torsion 

t M, = 2~ Pe,2 

A.4 Unstiffened spherical shells 

A.4.1 Uniform internal pressure 

I 
Pllr 

ax 
2t 

a e = 
2t 
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A.3.7 Sinusoidal shear 
from transverse force 

V n:r2 Pe,2,max 

I 
V n:r) Pe,),max 

7: III ax 
V 

±-
1[rt 

A.4.2 Uniform self-weight load 

\ ! 
a x = 
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ANNEX B (normative) 

Additional expressions for plastic collapse resistances 

B.1 General 

B.1.1 Resistances 

The resistances calculated using the expressions in this annex may be assumed to provide 
characteristic values of the resistance when characteristic values of the geometric parameters and 
material properties are adopted. 

B.1.2 Notation 

The notation used In this annex for the geometrical dimensions, stresses and loads follows 1.4. In 
addition, the following notation is used. 

Roman upper case letters 
Ar cross-sectional area of a ring 
PR characteristic value of small deflection theory plastic mechanism resistance 

Roman lower case letters 
b thickness of a ring 
(' effective length of shell which acts with a ring 
r radi us of the cylinder 
se dimensionless von Mises equivalent stress parameter 
Sill dimensionless combined stress parameter 
Sx dimensionless axial stress parameter 
se dimensionless circumferential stress parameter 

S u bscri pts 
r relating to a ring 
R resistance 

B.1.3 Boundary conditions 

(I) The boundary condition notations should be taken as detailed in 5.2.2. 

(2) The term "clamped" should be taken to refer to BC 1 r and the term "pinned" to refer to BC2f. 
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B.2 Unstiffened cylindrical shells 

B.2.1 Cylinder: Radial line load 

~ 
r ..... 

"! .,... 
.... '-t 

'[\ 

fa ,II 
Pn .. ! 11\ 

R 

i 
10 'v 

Reference quantities: 

~ = 0,975~ 

The plastic resistance P nR (force per unit circumference) is by: 

B.2.2 Cylinder: Radial line load and axial load 

Reference quantities: 

P,. 
s =-" 
'x fyl 

Range of applicability: 

Sx ~ +1 

Dependent parameters: 

If Pn > 0 (outward) 

If Pn < 0 (inward) 

.I. 
':' 

i 

! 

r ..... .... .... .-/ 
11\ 

t:n Pn R 
\I ... 
11\ 

1m 
,II 

~ = 0,975~ 

then: A = + Sx 1,50 

then: A Sx - 1,50 

If sx"* 0 then: ~11 = Sill ~ 

The plastic resistance P nR (force per unit circumference) is given by: 

2£m 
j ' t 

y , r 

BS EN 1993-1-6:2007 
EN 1993-1-6: 2007 (E) 
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8.2.3 Cylinder: Radial line load, constant internal pressure and axial load 

Reference quantities: 

<, 0,975 (H 
Range of applicability: 

1 S Sx S +1 

Dependent parameters: 

Outward directed load P n > ° 
Condition Expressions 

se < 1,00 A= + Sx - 2so 1,50 

and sm A + ~ A 2 
+ 4( 1 - s;') 

So S 0,975 \ 

e 111 = eo 
) so) 

s(; = 1,00 

or ~n = 0,0 

so> 0,975 

Pn r So=-

Inward directed ring load P n < 0 

Condition Expressions 

se < 1,00 A = - Sx + 2ss 1,50 

and "-l ') '5 sm = A + A - + 4(1 - s~) 

So ~ -0,975 
em = (J 0 

l+so 

se 1,00 

or ::: 0,0 

So < -0,975 

The plastic resistance is given by (Pn and Pn always positive outwards): 

+1') 
2(1 II 

III 

f' ~ < r . r 
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B.3 Ring stiffened cylindrical shells 

B.3.1 Ring stiffened Cylinder: Radial line load 

The plastic resistance PnR (force per unit circumference) is given by: 

85 EN 1993-1-6:2007 
EN 1993-1-6: 2007 (E) 

B.3.2 Ring stiffened Cylinder: Radial line load and axial load 

Reference quantities: 

Sx 
fyt 

Range of applicability: 

-1 ~ Sx ~ + 1 

Dependent parameters: 

Sm A + ~ A 2 + 4(1 - s;) 

fXR 
r 

~ PnR 
b-

iJ Ar 

~PXR 

fo = 0,975 {H 

then: A + Sx - 1,50 

then: A = Sx - 1,50 

... 

If Sx =1= 0 then: ~n = sm t:) 
The plastic resistance PnR (force per unit circumference) is by: 
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8.3.3 Ring stiffened cylinder: Radial line load, constant internal pressure 
and axial load 

Reference quantities: 

s x = ,t',\'( Sx f' t , y . 

= 0,975-fH 

Range of applicability: 

1 S Sx S +1 

Dependent parameters: 

Outward directed ring load P n > ° 
Condition Expressions 

se < 1,00 A + Sx - 28e 1,50 

and 
sl11 A + ~ A 

2 
+ 4(1 - s~) 

se S 0,975 

=eo(~J 1- se 

se 1,00 

or = 0,0 

se > 0,975 

r 
Se = 

Inward directed ring load Pn < ° 
Condition Expressions 

se < 1,00 A Sx + 2se - 1,50 

and ~ ') ') sm = A + A - + 4( I - s~) 

se 2 -0,975 

=p (~J '0 
l+se 

se = 1,00 

or = 0,0 

se < -0,975 

The plastic resistance is given by (Pn and Pn always positive outwards): 

P (/ 21') - F (A r +(b+2E II1 )tJ 
11 R + P n ) +. III - J Y r 
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8.4 Junctions between shells 

BS EN 1993 .. 1 .. 6:2007 
EN 1993 .. 1-6: 2007 (E) 

8.4.1 Junction under meridional loading only (simplified) 

r r'c 
1-------......... 

Range of applicability: 

2 < 2 2 
tc - ts + th 

Dependent parameters: 

17 = 1-"---

For the cylinder 

For the skirt 

For the conical segment 

The plastic resistance is given by: 

PxhR r sinfJ = fy (Ar + t o/ c + 

t Px,s 

= 0975 - r;r , \I fie 

= 0,975 If/s ~ 
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8.4.2 Junction under internal pressure and axial loading 

Reference quantities: 

SOc 
Pile. r 

fy t e 

for i c, s, h in turn 

Range of applicability: 

-1 S sxi S +1 

E I' k ~qU1va ent t l1C ness eva uatIOn: 

Lower plate group thicker 2 < 2 
fc - fs 

I 2 

7] c 

~2 2 

If/c 1,0 

lJIs = Vlil = 0,7 + 0,6 r/- 0,31/3 

Dependent parameters: 

For the cylindrical segments 

For the conical segment 

60 

r rx

' 
!--------... ... 

! 
P.x;s 

S :rs 

° 
r c. _ Pnh 

JOII --
fy f II' cos fJ 

2 
+ th Upper plate group thicker 

~ 
7] 

t.; +fj; 

~T 
If/c 

2 
0,7 + 0,61/ 0,31/3 

lJIs If/h = 1,0 

f'oi = 0,975 If!i-{H; 

~
f. 

~h = 0,975 If/h _1-

cosfJ 

') 2 ') 

f~ > f s + fh 



For each shell segment i separately 

Condition Expressions 

< 1,00 Ai - sxi + 2sEH 1,50 

and 
smi Ai + ~ A 7 + 4(1 - s;) 

sSi ;:::: -0,975 

t;ni = 
1 +S(}i 

Sei = 1,00 t;lli = 0,0 

sSi < -0,975 t;ni = 0,0 

Plastic resistance is given by: 

BS EN 1993-1-6:2007 
EN 1993-1-6: 2007 (E) 

P xhR r sin/l = fy (Ar + t;nctc + t;nJs + ~nl/h) + r (Pnct;nc + Pnh~nh cosjJ) 
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B.5 Circular plates with axisymmetric boundary conditions 

8.5.1 Uniform load, simply supported boundary 

Pn 

t 2 
P /l.R ;;;;;; 1, 625(-) 

r 

B.5.2 Local distributed load, simply supported boundary 

F 

Uniform pressure Pn on circular patch of 
radius b 
F b2 

PIl TC 

with 
b b 4 

K = 1,0+ 1, 10-+ 1,15(-) or 
r r 

whichever is the lesser 

8.5.3 Uniform load, clamped boundary 

t" 
Pn.R;;;;;; 3,125 (-Yfy 

r 

8.5.4 Local distributed load, clamped boundary 

F 
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Uniform pressure Pn on circular patch of 
radius b 
F = Pn n b2 

'h b WIt K 1,40+2,85-
4 

or 
r 

whichever is the lesser 

b 
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ANNEX C (normative) 

Expressions for linear elastic membrane and bending 
stresses 

C.1 General 

C.1.1 Action effects 

The action effects calculated using the expressions in this annex may be assumed to provide 
characteristic values of the action effect when characteristic values of the actions, geometric parameters 
and material properties are adopted. 

C.1.2 Notation 

The notation used in this annex for the geometrical dimensions, stresses and loads follows 1A. In 
addition, the following notation is used. 

Roman characters 
b radius at which local load on plate terminates 
r outside radius of circular plate 
x axial coordinate on cylinder or radial coordinate on circular plate 

Greek symbols 

O"eq,m von Mises equivalent stress associated with only membrane stress components 

O"eq,s von Mises equivalent stress derived from surface stresses 

O"MT reference stress deri ved from membrane theory 

meridional bending stress 

Dba circumferential bending stress 

o;;x meridional surface stress 

O""a circumferential surface stress 

t:xn transverse shear stress associated with meridional bending 

SUbSClipts 
n normal 
r relating to a ring 
y first yield value 

C.1.3 Boundary conditions 

(1) The boundary condition notations should be taken as detailed in 5.2.2. 

(2) The term "clamped" should be taken to refer to BC I r and the term "pinned" to refer to BC2f. 
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C.2 ClalTiped base unstiffened cylindrical shells 

C.2.1 Cylinder, clamped: uniform internal pressure 

Maximum O:sx Maximum O"s8 

I ,816 O"1\1Te + 1 ,080 0"f'vIT8 

r 
0"/'v1TfJ = P II, 

BClr 

Maximum Z"xn 

],169-{t1r OivIT8 

C.2.2 Cylinder, clamped: axial loading 

BClr 

r 
x 

Maximum O:sx Maximum O:s8 Maximum Z"xn 

1,5450"MTx +0,455 o;vITx 0,351 {i1r O"MTx 

Maximum O"eq,s 

1,614 0"f'vIT8 

Maximum O"eq,s 

1,373 O;\ITx 

Maximum O"eq,m 

1,0430"1\H6 

Maximum O"eq,m 

1,0000"MTx 

C.2.3 Cylinder, clamped: uniform internal pressure with axial loading 

r 
O"MTfJ = PIl -, 

Px 
O"MTr -,-

BClr 

Maximum O"eq.lll = O"MT8 1-[O",tvlTr.J+ 
O"lvlTfJ 

Maximum O"eq.m = k O"l\1Te 

( (YM~'J 
O"MTfi -2,0 0 

Outer surface controls 
k 4,360 1,614 
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Inner surface controls 
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Linear interpolation may be used between values where the same surface controls 

C.2.4 Cylinder, clamped: hydrostatic internal pressure 

x BClr 

Maximum O;;x Maximum (j~e Maximum t:xn Maximum acq.s Maximum <kq.m 

kx aNne ke aMTe k-c {ih. arv1T8 'eq.s arvno kcq .m al\1T9 

( e ,,-J kx ke k-c keq.s kcq.1l1 

° 1,816 1,080 1,169 1,614 \,043 
0,2 1,533 0,733 1,076 1,363 0,647 

C.2.5 Cylinder, clamped: radial outward displacement 

x BClr 

Maximum O;;x Maximum 0;;0 Maximum t:xn Maximum aeq .s Maximum aeq .1ll 

1,816 al\1Te I ,545 arvne 1,16cr{th- o;\1Te 2,081 al\1T9 1,000 aMTO 

C.2.6 Cylinder, clamped: uniform terrlperature rise 

Oi\1Te = aE T 

BClr 
x 

Maximum O;;x Maximum 0;;0 Maximum 'Z"xn Maximum aeq ,,, Maximum <kq.m 

] ,816 OJ\1T9 1,545 aMTe ] , 1 69\{t1r af\1T9 2,081 al\1T8 ) ,000 aMTO 
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C.3 Pinned base unstiffened cylindrical shells 

C.3.1 Cylinder, pinned: uniform internal pressure 

BClf 

Maximum a"x Maximum o:,e Maximum t"xn Maximum aeq,s 

±0,585 aMT8 + I , 125 al\1T8 0,583~ af\iJT8 I ,1 26 arv'lT8 

C.3.2 Cylinder, pinned: axial loading 

r BClf 

Maximum a yX Maximum o:,e Maximum Z:XI1 Maximum a eq.s 

+1,176 aMTx +0,300 aMTx 0, 175~· 0}.1Tx 1,118 aMTx 

Maximum acq,1ll 

] ,067 aMT8 

Maximum <'kq,1ll 

1,010 aMTx 

C.3.3 Cylinder, pinned: uniform internal pressure with axial loading 

Maximum O"eq.1I1 

Maximum aeq.s = k aMTe 

(aM'fr) 
-1,0 -0,5 a MTR 

k 3,146 3,075 1.568 
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r 
O"MTB = Pnr 

BClf 

0,0 

] ,126 

0,25 

0,971 

0,50 1,00 2,0 

0,991 1)40 1,943 



C.3.4 Cylinder, pinned: hydrostatic internal pressure 

x 

Maximum O'sx Maximum (l;;e 

ke O"MTe 

[/ I'J kx 

° 0,585 
0,2 0,585 

r 
O"l·.1TB = P nO t 

BClf 

Maximum 

ke 

1,125 
0,873 

imum O"eq.s 

k 't keq .s 

0,583 1,126 
0,583 0.919 

Linear interpolation in [~J may be used for different values of 
tp 

C.3.S Cylinder, pinned: radial outward displacement 

O"A1TB 
r 

x BClf 

Maximum O',x Maximum (1;;8 11aximum {x 11 Maximum O"eq.s 

±0,585 O"MT8 1,0000"MT8 0,583W;· 0"T\H8 1 ,000 0"I'vtT8 

C.3.6 Cylinder, pinned: uniform temperature rise 

r 
I 

x 6--i _ 

Maximum O"sx Maximum ~..,8 

±0,585 O"MT8 1 ,000 o;\1T8 

~\1T8 = aE T 
w =arT 

BClf 

Maximum t"xn 

0,583W;· 0"l\1T8 

Maximum O"eq,s 

1 ,000 ~\1T8 

85 EN 1993-1-6:2007 
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Maximum Ck:q.111 

1,067 
0,759 

MaximuI11 Ck:q.m 

1,000 0"lvtT8 

Maximum O"eq,m 

1,0000"i\U8 
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C.3.7 Cylinder, pinned: rotation of boundary 

x BClf 

Maximum (j"x Maximum (j"s Maximum t'xn 

± I ,4 I 3 (j1\1TS 0,4 70 DiVITS 0,454~ (jlVITS 

Maximum (jeq," 

],2, (jMTS 

C.4 

C.4.1 

Internal conditions in unstiffened cylindrical shells 

Cylinder: step change of internal pressure 

r 

-x 
(YMTf) 

x 

PI! 

Maximum OSx Maxi mum OSs Maximum t:xn Maximum (jeq,s 

±0,293 Div1TS 1,062 Di\1TS 0,467~ O:Iv1TS I ,056 O:Iv1TS 

C.4.2 Cylinder: hydrostatic internal pressure termination 

Maximum OSx 

kx (jMTS 

68 

r 
(Y MT(J = Pnl t 

Pn I is the pressure at a depth 

of...jH below the surface 

Maximum o;.s Maximum t'xn 

ko (j1\1TO k r; {ih. DiVITO 

Maximum (jeq,;; 

keq,s (jMTS 

Maximum <kq,111 

0,25] (jMTS 

Maximum (jeq,m 

] ,033 <J;VIT8 

Maximum oeq,m 

keq,m (j1\1TS 



kx ke k 
't keg,s k eq .1Il 

1,060 0,510 0,160 1.005 0,275 

C.4.3 Cylinder: step change of thickness 

O"MTe 

Maximum OSx Maximum 0',8 Maximum t:Xll Maximum O"eq. 

kx O"MTe ke O"l'vlTe kT, -vth. O"MTe keq.s O"l'vlTe 

r~, 
\12 J 

kx ke kT, keq .s 

1,0 1,0 0,0 J,O 
0,8 1,OJO 0.179 1,009 

0.667 0,0862 1,019 0,349 I,OJ5 
0,571 0.168 1.023 0,514 1.019 

0,5 0,260 1,027 0,673 

C.5 Ring stiffener on cylindrical shell 

C.5.1 Ring stiffened cylinder: radial force on ring 

BS EN 1993-1-6:2007 

EN 1993-1-6: 2007 (E) 

Maximum o;;XPll 

keqJll 0"1\1T8 

kcq .11l 

LO 
0,895 
0,815 
0.750 
0,694 

The stresses in the shell should be determined using the calculated value of w frol11 this clause 
introduced into the expressions in C.2.5. 
Where there is a in the shell thickness at the ring, the method set out in 8.2.2 of EN 1993-4-1 
should be used. 

w = WI' 

)1 

bm O,778{H 

i------+t...---f>P 

deformations 
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C.S.2 Ring stiffened cylinder: axial loading 

The stresses in the shell should be determined using the calculated value of w from this clause 
introduced into the expressions given in C.2.5 and C.2.2. 

r 

~ ~t 
hill ~ 

b 

t llx deformations 

l1r 
(JMTr =7 
w = lVr tVo 

r 
Hla = -V(J MTr E 

bill 0,778-vn 

w -Wo ----'--
AI' +(b+2bm )t 

(J Or E~ 
r 

C.5.3 Ring stiffened cylinder: uniform internal pressure 

The stresses in the shell should be determined using the calculated value of w from this clause 
introduced into the expressions given in C.2.5 and C.2.I. 

pr WI' = Wo()-K) 
r (j' _ 11 

Wo MTfJ --t-
tV -WoK 

~ w = lVr - H'o K 

r AI' + (b+ 2b m )t 
IVa (JJ'vlTO E 

E~ 
bill = 0,778-{rt 

(J Or 
r 

deformations 

Maximum ~x Maximum ~e Maximum t:xn Maximum (j'eq,s Maximum (jeq,m 

kx (jMTe ke (jI\H8 kT~· (jMTe keq ." (j1\1Te keq .m (j!\He 

K kx ke kt keq.s 
I 

keq.m 

1,0 1,816 ],080 1,169 1,614 1,043 
0,75 1,312 1,060 0,877 1,290 1,032 
0,50 0,908 1,040 0,585 1,014 1,021 
0,0 0,0 1,000 0,0 1,000 1,000 
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C.6 Circular plates with axisymmetric boundary conditions 

C.6.1 Plate with simply supported boundary: uniform load 

C.6.2 

C.6.3 

Pn 

deflected shape 

P ,.4 
w=O 696-11

-
, Et 3 

max. axh 

max. a fJ/J 

r 2 
L238pl1 

r 2 
1,238PII 

Plate with local distributed load: simply supported boundary 

F Uniform pressure pn on circular patch of radius b 

F = pn 1t b < 0,2 r 
Fr2 

w 0,606-" 
£t-) 

max. o;xb = max. (Teb 0.621 F (InE.+O,769) 
t r 

~ 
deflected shape 

,2 
F y =I,611 fl' 

. (10-+0,769) . 
r 

Plate with fixed boundary: uniform load 

pn 

~~ H' = 0,1 71 
El 

r 
ao = PlI(-) 

t 

~ 1,50(!..) 2 fy 
r . 

(at edge) 

deflected shape 

Maximum Obx Maximum Obe Maximum oeq Maximum (Tbx Maximum (Tbe Maximum oeq 
at centre at centre at centre at edge at edge at edge 

0,488 (To 0,488 (To 0,488 (To 0,75 O() 0,225 oc) 0,667 oc) 
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C.6.4 Plate with fixed boundary: local distributed load 

F 

deflected shape 

Maximum O"bx Maximum O"be 

at centre at centre 
b b 

0,621(1n-)(}o 0, 621(ln -)(} 0 
r r 

72 

Uniform pressure Pn on circular patch of radius b 
2 

F = Pn 1t b b < 0,2 r 
Fr2 

w 

F 
at centre 

Maximum O"eq Maximum O"bx Maximum Maximum O"eq 

at centre at edge O"bO at edge at edge 
b 

0,621(10 -)(} 0 0,477 0"0 0,143 0"0 0,424 0"0 
r 
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ANNEX D (normative) 

Expressions for buckling stress ~ text deleted (51 

D.1 Unstiffened cylindrical shells of constant wall thickness 

0.1.1 Notation and boundary conditions 

( I) Geometrical quantities 

cylinder length between defined boundaries 
r radius of cylinder middle surface 

thickness of shell 

L1wk characteristic imperfection amplitude 

f' 

w 

I 

I 
I 

I 
i 
! 
i 
I 
I 

.,-+--
! ' 
i ' I 

X,ll i 

I 

B,v 

h B,v 
n,w 

: I ne== O'et I' ..... 
nex==11 

Figure D.1: Cylinder geometry, membrane stresses 

and stress resultants 

(2) The relevant boundary conditions are set out in 5.2.2 and 8.3. 

0.1.2 Meridional (axial) compression 

D. 1.2.1 Critical meridional buckling stresses 
(1) The fol1owing expressions may only be used for shells with boundary conditions BC 1 or BC 2 at 
both edges. 

(2) The length of the shell segment is characterised in terms of the dimensionless length parameter 0): 

ef' f OJ=- -::=: 

r t 
... (0.1) 

73 



BS EN 1993-1-6:2007 

EN 1993-1-6: 2007 (E) 

The elastic critical meridional buckling stress, using a value of Cx from (4), (5) or (6), should be 
obtained from: 

t 
(J"Rcr O,60SEC, 

r 

(4) For medium-length cylinders, which are defined by: 

1,7 ::; OJ ::; 0,5 !.. 
t 

the factor should be taken as: 
Cx = 1,0 

(5) For short cylinders, which are defined by: 

OJ ::;1,7 

the factor Cx may be taken as: 

C ] 36 
1,83 + 2,07 

'x' ') OJ OJ"-

(6) For .long cylinders, which are defined by: 

r 
OJ > 0,5 

t 

the factor Cx should be found as: 
Cx = Cx.N 

in which Cx.N is the greater of: 

= ) + 0,2 

and 
= 0,60 

2OJ~] 
r 

... (0.2) 

... (0.3) 

... (0.4) 

... (0.5) 

... (0.6) 

... (0.7) 

... (0.8) 

... (0.9) 

... (0.10) 

where Cxb is a parameter depending on the boundary conditions and being taken from table 0.1. 
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Table 0.1: Parameter Cxb for the effect of boundary conditions on 

the elastic critical meridional buckling stress in long cylinders 

Case Cylinder end Boundary condition Cxb 

1 end 1 BC 1 6 
end 2 BC 1 

2 end I BC 1 3 
end 2 BC2 

3 end I BC2 I 
end 2 Be2 
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(7) For long cylinders as defined in (6) that satisfy the additional conditions: 

r (r) E - :::;; I 50 and OJ:::;; 6 - and 500:::;; :::;; 1000 
t \ t 

... (D. I I ) 

the factor Cx may alternati vely be obtained from: 

C, Cr.N +( t7xE,M J 
l, axE 

... (D.12) 

where: 

IS the design value of the meridional stress 

O:xE.N is the component of ax. Ed that derives from axial compression (circllmferentially 

unifonn component) 

O:xE.M is the component of ax ,Ed that derives from tubular global bending (peak value of the 

circumferentially varying component) 

The following simpler expression may also be used in place of expression (D.12): 

Cx O,60+0,40(aXE
,M J 

axE 

D. 1.2.2 Meridional buckling parameters 

(1) The meridional elastic imperfection reduction factor a:x should be obtained from: 

0,62 a x =-------
1+1,91(8W k 1t) 

where AWk is the characteristic impetfection amplitude: 

=~Kt 
where Q is the meridional compression fabrication quality parameter. 

... (D.13) 

... (D.14) 

... (D.IS) 

(2) The fabrication quality parameter Q should be taken from table D.2 for the specified fabrication 
tolerance quality class. 

Table 0.2: Values of fabrication quality parameter Q 

Fabrication tolerance Description Q 
quality class 
Class A Excel1ent 40 
Class B High 25 
Class C Normal 16 
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(3) The meridional squash limit slenderness AxQ, the plastic range factor /3, and the interaction 
exponent 1] should be taken as: 

Axo 0,20 /3 0,60 1] = ] ,0 ... (D.J6) 

(4) For long cylinders that satisfy the special conditions of D.I.2.1 (7), the meridional squash limit 
slenderness ~x() may be obtained from: 

~ 020 + 0.10 (a.\E,M\I; xO, . 
a x !--.' J 

... (D.17) 

where: 
is the design value of the meridional stress O:x,Ed 

(}xE.M is the component of O:x.Ed that derives from tubular global bending (peak value of the 

circumferentially varying component) 

(5) Cylinders need not be checked against meridional shell buckling if they satisfy: 

r 
S 

t 

0.1.3 Circumferential (hoop) compression 

D. 1.3.1 Critical circumferential buckling stresses 
(I) The following expressions may be applied to shells with all boundary conditions. 

... (D.18) 

(2) The length of the shell segment should be characterised in terms of the dimensionless length 
parameter co: 

If' 0)=- -= 
r t 

... (D.19) 

(3) For medium-length cylinders, which are defined by: 

0) . r 
20s-s 1,63-

Co t 
... (D. 20) 

the elastic critical circumferential buckling stress should be obtained from: 

a B.Rer = 0, 92£ [~ 1 
0) r) 

... (D.21) 

(4) The factor Ce should be taken from table D.3, with a value that depends on the boundary 
conditions, see 5.2.2 and 8.3. 
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(5) For short cylinders, which are defined by: 

(lj < 20 
CB 

the elastic critical circumferential buckling stress should be obtained instead frolTI: 

(J' B,Rer 0, 

(0.22) 

... (D.23) 

(6) The factor Cos should be taken from table 0.4, with a value that depends on the boundary 
conditions, see 5.2.2 and 8.3: 

Table 0.3: External pressure buckling factors for medium-length cylinders Ca 
Case Cylinder end Boundary condition Value of Co 

I end I BC 1 1,5 
end 2 BC 1 

2 end 1 BC 1 1,25 
end 2 BC2 

3 end I BC2 1,0 
end 2 BC2 

4 end 1 BC I 0,6 
end 2 BC 3 

5 end 1 BC2 () 

end 2 BC3 
6 end 1 BC3 0 

end 2 BC3 

Table 0.4: External pressure buckling factors for short cylinders Cas 

Case Cylinder end Boundary condition Cos 
1 end 1 BC 1 10 5 

end 2 BC I 1,5+ -
()) ())3 

2 end I BC 1 8 4 
end 2 BC2 1,25+ 

()) OJ 

3 end I BC2 3 
end 2 BC2 LO+~ 

()) ,.1. 

4 end 1 BCI I 0.3 
end 2 BC 3 0,6+-,) -

())~ ())3 

where 
I 

())= 

(7) For long cylinders, which are defined by: 

()) r 
> 1. 63-

C B . t 
... (D.24) 

the elastic critical circumferential buckling stress should be obtained from: 
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( i
2

[ a B.Ra = El~) 0,275 

D. 1.3.2 Circumferential buckling parameters 

... (D.2S) 

(l) The circumferential elastic imperfection reduction factor should be taken from table D.S for the 
specified fabrication tolerance quality class. 

Table 0.5 : Values of ae based on fabrication quality 

Fabrication tolerance Description lXe 
quality class 
Class A Excellent 0,75 
Class B High 0,65 
Class C Normal 0,50 

(2) The circumferential squash limit slenderness ABO, the plastic range factor fJ, and the interaction 

exponent rJ should be taken as: 

= 0,40 fJ = 0,60 17 = 1,0 ... (D.26) 

(3) Cylinders need not be checked against circumferential shell buckling if they satisfy: 

rft -::::;0,21 -. 
t frk 

a) wind pressure 
distribution around 
shell circumference 

b) equivalent 
axisymmetric pressure 

distribution 

... (D.27) 

Figure 0.2: Transformation of typical wind external pressure load distribution 
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(4) The non-uniform distribution of pressure qw resulting from external wind loading on cylinders 
figure D.2) may, for the purpose of shell buckling design, be substituted by an equivalent uniform 

external pressure: 

qeq = kw qw.max ... (0.28) 

where qw.max is the maximum wind pressure, and kw should be found as follows: 

Ie" ~O'46(1+0'1~C;7 J ... (D.29) 

with the value of kw not outside the range 0,65 S 
to the boundary conditions. 

S I, and with Ce taken from table D.3 according 

(5) The circumferential design stress to be introduced into 8.5 follows from: 

(J f). Ed ... (0.30) 

where qs is the internal suction caused by venting, internal partial vacuum or other phenomena. 

0.1.4 Shear 

D. 1.4. 1 Critical shear buckling stresses 
(1) The following expressions should be applied only to shells with boundary conditions BC] or BC2 
at both edges. 

(2) The length of the shell se£~m(~nt should be characterised in terms of the dimensionless length 
parameter OJ. 

0) i ~= l 
r\f7 

(3) The elastic clitical shear buckling stress should be obtai ned from: 

(4) For medium-length cylinders, which are defined by: 

r 
lO 0)<87-- , t 

the factor may be found as: 
C1:= 1,0 

(5) For short cylinders, which are defined by: 

(j) < 10 

... (0.31) 

... (D.32) 

... (D.33) 

... (0.34) 

.. , (D.35) 
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the factor C r may be obtained from: 

[42\ 42 
~ + 

(6) For long cylinders, which are defined by: 

r 
0» 8,7-

f 

the factor C'[ may be obtained from: 

IF Cr - 0)-
3 r 

D.1.4.2 Shear buckling parameters 

... (D.36) 

... (D.37) 

... (D.38) 

(I) The shear elastic imperfection reduction factor should be taken from table D.6 for the specified 
fabrication tolerance quality class. 

Table 0.6: Values of l4 based on fabrication quality 

Fabrication tolerance Description a,; 
quality class 

Class A Excellent 0,75 
Class B I Hi!.!h 0,65 
Class C Normal 0.50 

The shear squash limit slenderness X'[o, the plastic range factor /3, and the interaction exponent TJ 
should be taken as: 

Xro = 0,40 /3 = 0,60 TJ ],0 ... (D.39) 

(3) Cylinders need not be checked against shear shell buckling if they satisfy: 

[ ]

0.67 
r . E 
-$0,16 -. -. 
! frk 

... (DAO) 

D.1.5 Meridional (axial) compression with coexistent internal pressure 

D. 1.5. 1 Pressurised critical meridional buckling stress 

(1) The elastic critical meridional buckling stress O:x.Rcr may be assumed to be unaffected by the 

presence of internal pressure and may be obtained as specified in D.I.2.l. 

D.1.5.2 Pressurised meridional buckling parameters 
(I) The pressurised meridional buckling stress should be verified analogously to the unpressurised 
meridional buckling stress as specified in 8.5 and D.l.2.2. However, the unpressurised elastic 
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imperfection reduction factor ax should be replaced by the pressurised elastic imperfection reduction 

factor axp" 

(2) The pressurised elastic imperfection reduction factor a:xp should be taken as the smaller of the two 

following values: 

a xpe is a factor coveri ng pressure-induced elastic stabilisation; 

a xpp is a factor covering pressure-induced plastic destabilisation 

(3) The factor a xpe should be obtained from: 

... (DAI) 

- (p \ J( r: p = __ c __ 

S {}x,Rcr t 
... (DA2) 

where: 

Ps IS the smallest design value of local internal pressure at the location of the point 
being assessed, guaranteed to coexist with the meridional compression, 

ax is the unpressurised meridional elastic imperfection reduction factor according to 

D.1.2.2, and 

O'x.Rcr IS the elastic critical meridional buckling stress according to D.I.2.1 (3). 

(4) The factor axpe should not be applied to cylinders that are long according to D.I.2.1 (6). In 

addition, it should not be applied unless one of the following two conditions are met: 

the cylinder is medium-length according to D.l.2.1 (4); 
the cylinder is short according to D.l.2.1 (5) and ex = 1 has been adopted in D.l.2.1 (3). 

(5) The factor axpp should be obtained from: 

1 p.~ . 1 s- +1,21A~ 
{ [ - J2}[ ][ ') - 7 ] 

a x pp = - X; 1 - 1, I 2 + S 3 /2 S (s + 1) ... (DA3) 

- [p f!, : (rJ P =--'--

g {};r.Rcr t 
... (DA4) 
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r 
s 

400 t 

where: 
Pg is 

is 

~x.Rcr IS 

... (0.45) 

the largest design value of local internal pressure at the location of the point being 
assessed that can coexist with the meridional compression~ 

the dimensionless shell slenderness parameter according to 8.5.2 (6); 
the elastic critical meridional buckling stress according to 0.1.2.1 (3). 

0.1.6 Combinations of meridional (axial) compression, circumferential (hoop) 
compression and shear 

(1) The buckling interaction parameters to be used in 8.5.3 (3) may be obtained from: 

where: 

k x 1,25 + 0,75 Xx ... (0.46) 

k e = + 0,75 %e ... (0.47) 

k = 1 1,75 + 0,25 Xl ... (D.48) 

kj = <Xx Xe) 
2 

'" (0.49) 

XX' Xe' Xl are the buckling reduction factors defined in 8.5.2, using the buckling parameters 
given in 0.1.2 to 0.1.4. 

(2) The three membrane stress components should be deemed to interact in combination at any point 
in the shell, except those adjacent to the boundaries. The buckling interaction check may be omitted fOf 
all points that lie within the boundary zone length tR adjacent to either end of the cylindrical segment. 
The value of ci< is the smaller of: 

tI{ = O,IL ... (0.50) 

and 

CR ::; 0,16 r-0/t ... (0.51) 

(3) Where checks of the buckling interaction at all points is found to be onerous, the foHowing 
provisions of (4) and (5) permit a simpler conservative assessment. If the maximum value of any of the 
buckling-relevant membrane stresses in a cylindrical shell occurs in a boundary zone of length IR 
adjacent to either end of the cylinder, the interaction check of 8.5.3 (3) may be undertaken using the 
values defined in (4). 

(4) Where the conditions of (3) are met, the maximum value of each of the buckling-relevant 
membrane stresses occurring within the free length ft· (that is, outside the boundary zones, see figure 
0.3a) may be used in the interaction check of 8.5.3 (3), where: 

flo L ... (0.52) 

(5) For long cylinders as defined in 0.1.2.1 (6), the interaction-relevant groups introduced into the 
interaction check may be restricted further than the provisions of paragraphs (3) and (4). The stresses 
deemed to be in interaction-relevant groups may then be restricted to any section of length Ifnt falling 

within the free remaining length It, for the interaction check (see figure 0.3b), where: 
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... (D.53) 

a) in a short cylinder b) in a long cylinder 

Figure 0.3: Examples of interaction-relevant groups of membrane stress 
components 

(6) If (3)-(5) above do not provide specific provisions for defining the relative locations or separations 
of interaction-relevant groups of membrane stress components, and a simple conservative treatment is 
still required, the maximum value of each membrane stress, irrespective of location in the shell, may be 
adopted into expression (8.19). 

0.2 Unstiffened cylindrical shells of stepwise variable wall thickness 

0.2.1 General 

D.2. 1. 1 Notation and boundary conditions 
(1) In this clause the following notation is used: 

L overall cylinder length 
r radius of cylinder middle surface 
} an integer index denoting the individual cylinder sections with constant wall thickness 

(from) I to} = 11) 
tj the constant wall thickness of section} of the cylinder 
~ the length of section} of the cylinder 

(2) The fonowing expressions may only be used for shells with boundary conditions BC ) or BC 2 at 
both edges (see 5.2.2 and 8.3), with no distinction made between them. 

D.2.1.2 Geometry and joint offsets 
(l) Provided that the wall thickness of the cylinder increases progressively stepwise from top to 
bottom (see figure D.5a), the procedures given in this clause D.2 may be used. 
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(2) Intended offsets eo between plates of adjacent sections (see figure 0.4) may be treated as covered 
by the following expressions provided that the intended value eo is less than the permissible value eo.p 
which should be taken as the smal1er of: 

... (0.54) 

and 
... (0.55) 

where: 
tmax is the thickness of the thicker plate at the joint; 
tmin is the thickness of the thinner plate at the joint. 

(3) For cylinders with permissible intended offsets between plates of adjacent sections according 
to (2), the radius r may be taken as the mean value of all sections. 

(4) For cylinders with overlapping joints (lap joints), the provisions for lap-jointed construction gi ven 
in 0.3 below should be used. 

tmin 

I~ 

Figure 0.4: Intended offset eo in a butt-jointed shell 

0.2.2 Meridional (axial) compression 

(1) Each cylinder section j of length ~. should be treated as an equivalent cylinder of overall length r! 
= L and of uniform wall thickness t = tj according to 0.1.2. 

(2) For long equivalent cylinders, as governed by 0.1.2.1 (6), the parameter Cxb should be 
conservatively taken as Cxb = 1, unless a better value is justified by more rigorous analysis. 

0.2.3 Circumferential (hoop) compression 

0.2.3.1 Critical circumferential buckling stresses 
(1) If the cylinder consists of three sections with different wa]] thickness, the procedure of (4) to (7) 
should be applied to the real sections a, band c, see figure 0.5b. 

(2) If the cylinder consists of only one section (i .e. constant wall thickness), D.l should be applied. 

(3) If the cylinder consists of two sections of different wa]] thickness, the procedure of (4) to (7) 
should be applied, treating two of the three fictitious sections, a and b, as being of the same thickness. 
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(4) If the cylinder consists of more than three sections with different wall thicknesses (see figure 
D.5a), it should first be replaced by an equivalent cylinder comprising three sections a, band c 
figure D.Sb). The length of its upper section, should extend to the upper edge of the first section that 
has a wall thickness greater than 1,5 times the smallest wall thickness t 1, but should not comprise more 
than half the total length L of the cylinder. The length of the two other sections fb and Ie should be 
obtained as follows: 

=L 

L 

(a) Cylinder of stepwise variable 
wall thickness 

if fa S L/3 

if L/3 < S L12 

(b) Equivalent cylinder 
comprising three sections 

II 

II 

II 
II 
II 
II 

" 

, 

... (0.56) 

... (0.57) 

(c) Equivalent single cyl indcr 
with uniform wallthickncss 

Figure 0.5: Transformation of stepped cylinder into equivalent cylinder 

(5) The fictitious wall thicknesses tb and tc of the three sections should be determined as the 
weighted average of the wall thickness over each of the three fictitious sections: 

fa =_,1_'L e /j 
e a (I 

1 '\" 
L. e ·f . e b /) J j 

f ·f . 
'.1 .I 

... (0.59) 

... (0.60) 

(6) The three-section-cylinder (i.e. the equivalent one or the real one respectively) should be replaced 
by an equivalent single cylinder of effective length and of uniform wall thickness t = ta' see figure 
D.Sc. 

The effective length should be determined from: 

~ff = GI K ... (D.6J) 
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in which K is a dimensionless factor obtained from figure D.6. 

(7) For cylinder sections of moderate or short length, the elastic critical circumferential buckling stress 
of each cylinder section j of the original cylinder of stepwise variable wall thickness should be 
determined from: 

[ 
ta J CJ B.Rer.) = -;; CJ B,Rer ... (D.62) 

where (is, Rcr.cfT is the elastic critical circumferential buckling stress derived from D.I.3.] (3), D.l.3.1 

(5) or D.l.3.] (7), as appropriate, of the equivalent single cylinder of length according to paragraph 

(6). The factor Ce in these expressions should be given the value 1,0. 

NOTE: Expression D.62 may seem strange in that lhe resistance appears to be higher in lhinner plates. 
The reason is lhal lhe whole cylinder bifurcates at a single crilical external pressure, and expression D.62 

the membrane stress in each course at lhat instant. Since the exlernal pressure is axially uniform, 
these stress values are smaller in the thicker courses. It should be noled thai the design membrane 
circumferential stress, with which the resistance stresses will be compared in a design check. is also 
smaller in the thicker courses (see figure D.7). If a stepped cylinder is elastic and under uniform external 
pressure, the ratio of the design membrane circumferential stress to the design resistance stress is constant 
throughollt all courses. 

(8) The length of the shell segment is characterised in terms of the dimensionless length parameter 

uy 

OJ· 
J 

f . . J 

~ \I"j 
(D.63) 

(9) Where the cylinder section j is long, a second additional assessment of the buckling stress should 
be made. The smaller of the two values derived from (7) and (10) should be llsed for the buckling design 
check of the cylinder section j. 

1.25 0.10-- 1.25 1.25 
(, 11.15 - - 2.50 
L = o.::w • 

1.00 1.00 1.00 

0,75 0.75 0.75 

0.50 0.50 

0.33 0.40 

0.25 

0 
2 !.s. 3 2 !.s. 3 2 !.s. 3 

(, fa fa 

86 



BS EN 1993-1-6:2007 

EN 1993-1-6: 2007 (E) 

Figure 0.6: Factor K for determination of the effective length feff 

(10) The cylinder section j should be treated as long if: 

OJ, 
J 

r 
1,63-

f ' 
J 

... (D.64) 

in which case the elastic critical circumferential buckling stress should be determined from: 

275 + 2,03(_1- r 4] 
OJ j t j 

... (D.65) 

D.2.3.2 Buckling strength verification for circumferential compression 
(1) For each cylinder section j, the conditions of 8.5 should be met, and the following check should be 
carried out: 

where: 

... (D.66) 

is the key value of the circumferential compressive membrane stress, as detailed in 

the following clauses; 

O"e,Rccj is the design circumferential buckling stress, as derived from the elastic critical 

circumferential buckHng stress according to D.I.3.2. 

Provided that the design value of the circumferential stress resultant l1e,Ed is constant throughout 
the length L, the key value of the circumferential compressive membrane stress in the section j, should 
be taken as the simple value: 

= lIe,Ed I tj ... (D.67) 

(3) If the design value of the circumferential stress resultant Jl e.Ed varies within the length L, the key 

value of the circumferential compressive membrane stress should be taken as a fictitious value O"e,Ed,j.mod 

determined from the maximum value of the circumferential stress resultant l1e.Ed anywhere within the 
length L divided by the local thickness tj (see figure D.7), determined as: 

... (D.68) 

L 
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Figure 0.7: Key values of the circumferential compressive membrane stress in 
cases where ne,Ed varies within the length L 

0.2.4 Shear 

0.2.4. 1 Critical shear buckling stresses 
(I) If no specific rule for evaluating an equivalent single cylinder of uniform wall thickness is 
available, the expressions of D.2.3.1 (l) to (6) may be applied. 

The further determination of the elastic critical shear buckling stresses may on principle be 
performed as in D.2.3.1 (7) to (10), but replacing the circumferential compression expressions from 
D.I.3.1 by the relevant shear expressions from D.IA.l. 

0.2.4.2 Buckling strength verification for shear 
(1) The rules of D.2.3.2 may be applied, but replacing the circumferential compression expressions by 

the relevant shear expressions. 

0.3 Unstiffened lap jointed cylindrical shells 

0.3.1 General 

D.3. 1. 1 Definitions 

0.3.1.1.1 

circumferential lap joint 
A lap joint that runs in the circumferential direction around the shell axis. 

0.3.1.1.2 

meridional lap joint 
A lap joint that runs parallel to the shell axis (meridional direction), 

0.3.1.2 Geometry and stress resultants 
(l) Where a cylindrical shell is constructed using lap joints (see figure D.8), the following provisions 
may be used in place of those set out in D.2. 

(2) The following provisions apply to lap joints that increase, and those that decrease the radius of the 
middle surface of the shell. 

(3) Where the joint runs in a circumferential direction around the shell axis (circumferential lap 
joint), the provisions of D.3.2 should be used for meridional compression. 

(4) Where many lap joints run in a circumferential direction around the shell axis (circumferential lap 
joints) with changes of plate thickness down the shell, the provisions of D.3.3 should be used for 
circumferential compression. 

(5) Where a continuous lap joint runs parallel to the she]] axis (unstaggered meridional lap joint), the 
provisions of D.3.3 should be used for circumferential compression. 
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(6) In other cases, no special consideration need be given for the influence of lap joints on the 
buckling resistance. 

Figure 0.8: Lap jointed shell 

0.3.2 Meridional (axial) compression 

(1) Where a lap jointed cylinder is subject to meridional compression, with circumferential lap joints, 
the buckling resistance may be evaluated as for a uniform or stepped-wall cylinder, as appropriate, but 
with the design resistance reduced by the factor 0,70. 

(2) Where a change of plate thickness occurs at the lap joint, the design buckling resistance may be 
taken as the same value as for that of the thinner plate as determined in (1). 

0.3.3 Circumferential (hoop) compression 

(1) Where a lap jointed cylinder is subject to circumferential compression across continuous 
meridional lap joints, the design buckling resistance may be evaluated as for a uniform or stepped-wall 
cylinder, as appropriate, but with a reduction factor of 0,90. 

(2) Where a lap jointed cylinder is subject to circumferential compression, with many circumferential 
lap joints and a changing plate thickness down the shell, the procedure of D.2 should be used without the 
geometric restrictions on joint eccentricity, and with the design buckling resistance reduced by the factor 
0,90. 

(3) Where the lap joints are used in both directions, with staggered placement of the meridional lap 
joints in alternate strakes or courses, the design buckling resistance should be evaluated as in (2), but no 
further resistance reduction need be applied. 

0.3.4 Shear 

(1) Where a lap jointed cylinder is subject to membrane shear, the buckling resistance may be 
evaluated as for a uniform or stepped-waH cylinder, as appropriate, without any special allowance for the 
lap joints. 
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0.4 Unstiffened complete and truncated conical shells 

0.4.1 General 

0.4.1.1 Notation 
In this clause the following notation is used: 
h is the axial length (height) of the truncated cone; 

L is the meridional length of the truncated cone (=hlcosj3); 
r 1S the radius of the cone middle surface, perpendicular to axis of rotation, that varies 

r 
1 

r 2 

j3 

linearly down the length; 
is the radius at the smal1 end of the cone; 
is the radius at the end of the cone; 

is the apex half angle of cone. 

~ 
I 

fl,W ~fJ.V 

X,ll 

h 

Figure 0.9: Cone geometry, membrane stresses 

and stress resu Itants 

0.4.1.2 Boundary conditions 
(1) The following expressions should be used only for shells with boundary conditions Be 1 or Be 2 
at both edges (see 5.2.2 and 8.3), with no distinction made between them. They should not be used for a 
shell in which any boundary condition is Be 3. 

(2) The rules in this clause D.4 should be used only for the following two radial displacement restraint 
boundary conditions, at either end of the cone: 

"cylinder condition" 
"ring condition" 

0.4.1.3 Geometry 

l1) = 0; 

u sin j3 + W cos j3 = O. 

(J) Only truncated cones of uniform wall thickness and with apex half angle j3:::; 65° (see figure D.9) 
are covered by the fol1owing rules. 
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0.4.2 Design buckling stresses 

0.4.2.1 Equivalent cylinder 
(1) The design buckling stresses that are needed for the buckling strength verification according to 8.5 
may all be found by treating the conical shell as an equivalent cylinder of length t~ and of radius r lfl 

which te and re depend on the type of membrane stress distribution in the conical shell. 

0.4.2.2 Meridional compression 
(1) For cones under meridional compression, the equivalent cylinder length ~ should be taken as: 

= L ... (D.69) 

The equivalent cylinder radius at any buckling relevant location re should be taken as: 

r 
re = ... (D.70) 

cos /3 

0.4.2.3 Circumferential (hoop) compression 
(I) For cones under circumferential compression, the equivalent cylinder length should be taken as: 

~ = L ... (D.71) 

(2) The equivalent cylinder radius re should be taken as: 

+ r = ---'-----'='-

e 2 cos /3 
... (D.72) 

0.4.2.4 Uniform external pressure 
(1) For cones under uniform external pressure q, that have either the boundary conditions BC I at both 
ends or the boundary conditions BC2 at both ends, the following procedure may be used to produce a 
more economic design. 

(2) The equivalent cylinder length should be taken as the lesser of: 

and 

t~ L 

( 
r \ 

e e = -.-2-\(0,53+0,125/3) 
S1I1 jJ J 

where the cone apex half angle f3 is measured in radians. 

... (D.73) 

... (D.74) 

(3) For shorter cones, where the equivalent length ~ is given by expression (D.73), the equivalent 
cylinder radius re should be taken as: 

r = e ... (D.7S) 
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(4) For longer cones, where the equivalent length I~ is given by expression (D.74), the equivalent 
cylinder radius fc should be taken as: 

. =071' [I 0,1,8] '{' , '2 cos,8 
... (D.76) 

(5) The buckling strength verification should be based on the notional circumferential membrane 
stress: 

( 
r \ 

(' 

(J' g hI = q -): 
• d t ... (D.77) 

in which q is the external pressure, and no account is taken of the meridional membrane stress induced by 
the external pressure. 

D.4.2.5 Shear 
(I) For cones under membrane shear stress, the equivalent cylinder length ee should be taken as: 

= h ... (D.78) 

(2) The equivalent cylinder radius re should be taken as: 

... (D.79) 

in which: 

Pg = ... (D.80) 

D.4.2.6 Uniform torsion 
(I) For cones under membrane shear stress, where this is produced by unifonn torsion (inducing a 
shear that varies linearly down the meridian), the following procedure may be used to produce a more 

economic design, provided Pu ~ 0,8 and the boundary conditions are Be2 at both ends. 

(2) The equivalent cylinder length should be taken as: 

~~ = L ... (D.81) 

(3) The equivalent cylinder radius fe should be taken as: 

... (D.82) 

in which: 

... (D.83) 
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(1) The buckling design check should be carried out at that point of the cone where the combination of 

design meridional membrane stress O:x.Ed and design meridional buckling stress CT,;.Rd according to 

0.4.2.2 is most critical. 

(2) In the case of meridional compression caused by a constant axial force on a truncated cone, both 

the small radius rl and the large radius r2 should be considered as possible locations for the most 

critical position. 

(3) In the case of meridional compression caused by a constant global bending moment on the cone, 

the small radius 1'1 should be taken as the most critical. 

(4) The design meridional buckling stress O:x.Rd should be determined for the equivalent cylinder 

according to 0.1.2. 

D.4.3.2 Circumferential (hoop) compression and uniform external pressure 

(1) Where the circumferential compression is caused by uniform external pressure, the buckling 

design check should be carried out using the design circumferential membrane stress 0:0. Ed determined 

using expression 0.77 and the design circumferential buckling stress O:O.Rd according to 0.4.2.1 and 

0.4.2.3 or 0.4.2.4. 

(2) Where the circumferential compression is caused by actions other than uniform external pressure, 

the calculated stress distribution O:e.Ed(x) should be replaced by a fictitious enveloping stress distribution 

O:e.Ed.enJx) that everywhere exceeds the calculated but which would arise from a fictitious uniform 

external pressure. The buckling design check should then be carried out as in paragraph (l), but using 

O:e.Ed.cnv instead of 

(3) The design buckling stress O:O.Rd should be determined for the equivalent cylinder according to 

0.1.3. 
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D.4.3.3 Shear and uniform torsion 

(1) Tn the case of shear caused by a constant global torque on the cone, the buckling design check 

should be carried out using the design membrane shear stress 'Z"x8,Ed at the point with r re cosfJ and 

the design buckling shear stress 'Z"xfLRd according to DA.2.1 and DA.2.S or DA.2.6. 

(2) Where the shear is caused by actions other than a constant global torque (such as a global shear 

force on the cone), the calculated stress distribution 'Z"x8 ,Ed (x) should be replaced by a fictitious 

envelopi ng stress distribution 'Z"x8,Ed,env(x) that everywhere exceeds the calculated value, but which 

would arise from a fictitious global torque. The buckling design check should then be carried out as in 

paragraph (I), but using instead of 'Z"x8,Ed' 

The design shear buckling stress 'Z"x8.Rd should be determined for the equivalent cylinder according 

to D.IA. 
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Foreword 

Foreword 

BS EN 1993-1-7:2007 
EN 1993-1-7: 2007 (E) 

This European Standard EN 1993-1 Eurocode 3: Design of steel structures: Part 1-7 Plated structures 
subject to out of plane loading, has been prepared by Technical Committee CENITC2S0 «Structural 
Eurocodes », the Secretariat of which is held by BSI. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by October 2007, and conflicting National Standards shall be withdrawn at 
latest by March 2010. 

This Eurocode supersedes ENV 1993-1-7. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 

following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria Cyprus, Czech 
Republic, Denmark, Estonia, Finland, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom. 

National annex for EN 1993-1-7 

This standard gives alternative procedures, values and recommendations with notes indicating where national 
choices may have to be made. The National Standard implementing EN 1993-1-7 should have a National 
Annex containing a]] Nationally Determined Parameters to be used for the design of steel structures to be 
constructed in the relevant country. 

National choice is allowed in EN 1993-1-7 through: 

6.3.2(4) 
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1 General 

1.1 Scope 

(l)P EN 1993-1-7 provides basic design rules for the structural design of unstiffened and stiffened plates 
,..vhich form pal1 of plated structures such as silos, tanks or containers, that are loaded by out of plane actions. 
It is intended to he used in conjunction with EN 1993-1-1 and the relevant application standards. 

(2) This document defines the design values of the resistances: the partial factor for resistances may be 
taken from National Annexes of the relevant application standards. Recommended values are given in the 
relevant application standards. 

(3) This Standard is concerned with the requirements for design against the ultimate limit state of: 

plastic co]]apse; 

cyclic plasticity; 

buckling; 

fatigue. 

(4) Overall equilibrium of the structure (sliding, uplifting, overturning) is not included in this Standard, 
but is treated in EN 1993-1-1. Special considerations for specific applications may be found in the relevant 
applications paI1s of EN 1993. 

(5) The rules in this Standard refer to plate segments in plated structures which may be stiffened or 
unstiffened. These plate segments may be individual plates or parts of a plated structure. They are loaded by 
OLlt of plane actions. 

(6) For the verification of unstiffened and stiffened plated structures loaded only by in-plane effects see 
EN 1993-1-5. In EN 1993-1-7 rules for the interaction between the effects of inplane and out of plane 
loading are given. 

(7) For the design rules for cold formed members and sheeting see EN 1993-1-3. 

(8) The temperature range within which the rules of this Standard are allowed to be applied are defined in 
the relevant application parts of EN 1993. 

(9) The rules in this Standard refer to structures constructed 111 compliance with the execution 
specification of EN 1090-2. 

(10) Wind loading and bulk solids flow should be treated as quasi-static actions. For fatigue, the dynamic 
effects must be taken into account according to EN 1993-1-9. The stress resultants arising from the dynamic 
behaviour are treated in this part as quasi-static. 

1.2 Normative references 

(1) This European Standard incorporates, by dated or undated reference. prOVIsIons from other 
publications. These normati ve references are cited at the appropliate places in the text and the publications 
are listed hereafter. For dated references, subsequent amendments to or revisions of any of these publications 
apply to this European Standard only when incorporated in it by amendment or revision. For undated 
references the latest edition of the publication referred to applies. 

EN 1993 
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Part 1.1: 

Part 1.3: 

Part 1.4: 

Part 1.S: 

General rules and rules for buildings 

Cold-formed members and sheeting 

Stainless steels 

Plated structural elements 
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Part 1.6: 

PaIt 1.8: 

Part 1.9: 

Part 1.10: 

Part 1.12: 

Part 4.1: 

Part 4.2: 

Strength and stability of shell structures 

Design of joints 

Fatigue strength of steel structures 

Selection of steel for fracture toughness and through-thickness properties 

Additional ru les for the extension of EN 1993 up to steel grades S700 

Silos 

Tanks 

1.3 Terms and definitions 

(1) The rules in EN 1990, clause 1.5 apply. 

(2) The following terms and definitions are supplementary to those used in EN 1993-1 I: 

1.3.1 Structural forms and geometry 

1.3.1.1 Plated structure 

A structure that is built up from nominally flat plates which are joined together. The plates may be stiffened 
or unstiffened, see Figure 1.1. 

Plmed structure 

Transverse stiffener (trough or closed) 

Plate segment 

Subpancls 

Figure 1.1: Components of a plated structure 

1.3.1.2 Plate segment 

A plate segment is a flat plate which may be unstiffened or stiffened. A plate segment should be regarded as 
an indi vidual palt of a plated structure. 

1.3.1.3 Stiffener 

A plate or a section attached to the plate with the purpose of preventing buckling of the plate or reinforcing it 
against local loads. A stiffener is denoted: 

longitudinal if its longitudinal direction is in the main direction of load transfer of the member of 
which it forms a part. 

transverse if its longitudinal direction is perpendicular to the main direction of load transfer of the 
member of which it forms a patt. 
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1.3.1.4 Stiffened plate 

Plate with transverse and/or longitudinal stiffeners. 

1.3.1.5 Sub-panel 

Unstiffened plate surrounded by stiffeners Of, on a web, by flanges andlor stiffeners or, on a flange, by webs 
andlor stiffeners. 

1.3.2 Terminology 

1.3.2.1 Plastic colJapse 

A failure mode at the ultimate limit state where the structure loses its ability to resist increased loading due to 
the development of a plastic mechanism. 

1.3.2.2 Tensile rupture 

A failure mode in the ultimate limit state where failure of the plate occurs due to tension. 

1.3.2.3 Cyclic plasticity 

Where repeated yielding is caused by cycles of loading and unloading. 

1.3.2.4 Buckling 

Where the structure looses its stability under compression and/or shear. 

1.3.2.5 Fatigue 

Where cyclic loading causes cracking or failure. 

1.3.3 Actions 

1.3.3.1 Out of plane loading 

The load applied normal to the middle surface of a plate segment. 

1.3.3.2 In-plane forces 

Forces applied para]]el to the surface of the plate segment. They are induced by in-plane effects (for example 
temperature and friction effects) or by global loads applied at the plated structure. 

1.4 Symbols 

(1) In addition to those given in EN 1990 and EN I -I, the following symbols are used: 

(2) Membrane stresses in rectangular plate, see Figure 1.2: 

O"mx 

amy 

Tmxy 

6 

is 

IS 

is 

the membrane normal stress in the x-direction due to membrane normal stress resultant per unit 
width i2x; 

the membrane normal stress in the y-direction due to membrane normal stress resultant per unit 
width lly; 

the membrane shear stress due to membrane shear stress resultant per unit width 
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/---+---+ ---+ 

/ rmyx 
r--+---+---+---+ 

Figure 1.2: Membrane stresses 

(3) Bending and shear stresses in rectangular plates due to bending, see Figure 1.3: 

O'bx is 

O'by is 

Tbxy is 

Tbxz is 

Tbyz is 

the stress in the x-direction due to bending moment per unit width mx~ 

the stress in the y-direction due to bending moment per unit width 171y; 

the shear stress due to the twisting moment per unit width l11 xy ; 

the shear stress due to transverse shear forces per unit width qx associated with bending; 

the shear stress due to transverse shear forces qy associated with bending. 

ax 
/.r+-~----...,,( 

Figure 1.3: Normal and shear stresses due to bending 

NOTE: In general, there are eight stress resultants in a plate at any point. The shear stresses Tim and Tbyz due 
to qx and qy are in most practical cases insignificant compared to the other components of stress, and 
therefore they may normaHy be disregarded for the design. 

(4) Greek lower case letters: 

a aspect ratio of a plate segment (alb); 

c: strain; 

aR load amplification factor; 

p reduction factor for plate buckling; 

O'j Normal stress in the direction i, see Figure 1.2 and Figure 1.3; 
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T Shear stress, see Figure 1.2 and Figure 1 

v Poisson's ratio; 

J!M partial factor. 

(5) Latin upper case letter: 

E Modulus of elasticity 

(6) Latin lower case letters: 

a length of a plate segment, see Figure] .4 and Figure 1 

b width of a plate segment, see Figure 1.4 and Figure 1.5; 

yield stress or 0,2% proof stress for material with non linear stress-strain curve; 

l1j membrane normal force in the direction i [kN/m]; 

I1xy membrane shear force [kN/m} 

III bending moment [kNm/m]; 

qz transverse shear force in the z direction [kN/m]; 

thickness of a plate segment, see figure 1.4 and 1.5. 

NOTE: Symbols and notations which are not listed above are explained in the text where they first appear. 

y,v~. 
I 'xu 

Z,W 

Figure 1.4: Dimensions and axes of unstiffened plate segments 

y.v---1'"" 
J x,u 

Z,YIi' 

Figure 1.5: Dimensions and axes of stiffened plate segments; stiffeners may be 
open or closed stiffeners 
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2 Basis of design 

2.1 Requirements 

(l)P The basis of design shall be in accordance with EN 1990. 

(2)P The following ultimate limit states shall be checked for a plated structure: 

plastic collapse, see 2.2.2; 

cyclic plasticity, see 2.2.3; 

buckling, see 

fatigue, see 2.2.5. 

BS EN 1993-1-7:2007 
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(3) The design of a plated structure should satisfy the serviceability requirements set out in the appropriate 
application standards. 

2.2 Principles of lin"lit state design 

2.2.1 General 

(l)P The principles for ultimate limit state given in section 2 of EN 1993-1-1 and EN 1993-1-6 shall also be 
applied to plated structures. 

2.2.2 Plastic collapse 

(1) Plastic co]]apse is defined as the condition in which a part of the structure develops excessive plastic 
deformations, associated with development of a plastic mechanism. The plastic collapse load is llsually 
derived from a mechanism based on small deflection theory. 

2.2.3 Cyclic plasticity 

(I) Cyclic plasticity should be taken as the limit condition for repeated cycles of loading and unloading 
produce yielding in tension or in compression or both at the same point, thus causing plastic work to be 
repeatedly done on the structure. This alternative yielding may lead to local cracking by exhaustion of the 
material's energy absorption capacity, and is thus a low cycle fatigue restriction. The stresses which are 
associated with this limit state develop under a combination of all actions and the compatibility conditions 
for the structure. 

2.2.4 Buckling 

(1) Buckling should be taken as the condition in which all or paI1S of the structure develop large 
displacements, caused by instability under compressive andlor shear stresses in the plate. It leads eventually 
to inability to sustain an increase in the stress resultants. 

(2) Local plate buckling, see EN 1993-1-5. 

(3) For flexural, lateral torsional and distortional stability of stiffeners, see EN 1993-1-5 

2.2.5 Fatigue 

(1) Fatigue should be taken as the limit condition caused by the development and I or growth of cracks by 
repeated cycles of increasing and decreasing stresses. 

2.3 Actions 

(1) The characteristic values of actions should be determined from the appropriate pm1s of EN 199]. 
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2.4 Design assisted by testing 

(I) For design assisted by testing reference should be made to section 2.5 of EN 1993-1-1 and where 
releva.nt, Section 9 of EN ] 993-1-3. 

3 Material properties 

(]) This Standard covers the design of plated structures fabricated from steel material conforming to the 
product standards listed in EN 1993-1-1 and EN 1993-1 -] 2. 

(2) The material properties of cold formed members and sheeting shou Id be obtained from EN 1993-1-3. 

(3) The material properties of stainless steels should be obtained from EN 1993-1-4. 

4 Durability 

( 1 ) For durabi Iity see section 4 of EN ] 993-1 1. 

5 Structural analysis 

5.1 General 

( I)P The models used for calculations shall be appropriate for predicting the structural behaviour and the 
limit states considered. 

(2) If the boundary conditions can be conservatively defined, i.e. restrained or unrestrained, a plated 
structure may be subdivided into individual plate segments that may be analysed independently. 

(3)P The overall stability of the complete structure shall be checked following the relevant parts of 
EN 1993. 

5.2 Stress resultants in the plate 

5.2.1 General 

(]) The calculation model and basic assumptions for determining internal stresses or stress resultants 
should correspond to the assumed structural response for the ultimate limit state loading. 

(2) Structural models may be simplified such that it can be shown that the simpllfications used will give 
conservative estimates of the effects of actions. 

(3) Elastic global analysis should generally be used for plated structures. Where fatigue is likely to occur, 
plastic global analysis should not be used. 

(4) Possible deviations from the assumed directions or positions of actions should be considered. 

(5) Yield line analysis may be used in the ultimate limit state when inplane compression or shear is less 
than I of the corresponding resistance. The bending resistance in a yield line should be taken as 

111 Rd 

5.2.2 Plate boundary conditions 

(I) Boundary conditions assumed in analyses should be appropriate to the limit states considered. 
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(2)P If a plated structure 1S subdivided into individual plate segments the boundary conditions assumed for 
stiffeners in individual plate segments in the design calculations shall be recorded in the drawings and 
project specification. 

5.2.3 Design models for plated structures 

5.2.3.1 General 

(]) The internal stresses of a plate segment should be determined as follows: 

standard formulae, see 5.2.3.2: 

global analysis, see 5.2.3.3; 

simplified models, see 5.2.3.4. 

(2) The design methods given in (]) should take into account a linear or non linear bending theory for 
plates as appropriate. 

(3) A linear bending theory is based on small-deflection assumptions and relates loads to deformations in 
a proportional manner. This may be used if inplane compression or shear is less than 10% of the 
corresponding resistance. 

(4) A non-linear bending theory is based on large-deflection assumptions and the effects of deformation 
on equilibtium are taken into account. 

(5) The design models given in (I) may be based on the types of analysis given in Table 5. J. 

Table 5.1: Types of analysis 

Type of analysis Bending theory Material law Plate geometry 

Linear elastic plate analysis (LA) linear linear perfect 

Geo metri call y non-linear elastic analysis 
non-linear linear perfect 

(GNA) 

Materially non-linear analysis (l\1NA) linear non-linear perfect 

Geometrically and materially non-linear 
non-linear non-linear perfect 

analysis (GMNA) 

Geometrically non-linear elastic analysis 
non-linear linear imperfect 

with imperfections (GNIA) 

Geometrically and material I y non-linear 
non-linear non-linear imperfect 

analysis with imperfections (GMNIA) 

NOTE 1: A definition of the different types of analysis is given in Annex A. 

NOTE 2: The type of analysis appropriate to a structure should be stated in the project specification. 

NOTE 3: The use of a model with perfect geometry implies that geometrical imperfections are either not 
relevant or included through other design provisions. 

NOTE 4: Amplitudes for geometrical imperfections for imperfect geometries are chosen such that in 
comparisons with results from tests using test specimens fabricated with tolerances according to EN 1090-2 
the calculati ve results are reliable. therefore these amplitudes in general di ITer from the tolerances given in 
EN 1090-2. 

5.2.3.2 Use of standard fonnulas 

(1) For an individual plate segment of a plated structure the internal stresses may be calculated for the 
relevant combination of design actions with appropriate design formulae based on the types of analysis given 
in 5.2.3.1. 
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NOTE: Annex B and Annex C provide tabulated values for rectangular unstiffened plates which are 
loaded transversely. For circular plates design formulas are given in EN 1993-1-6. Further design formulas 
may be used, i r the reliability of the design formulas is in accordance with the requirements given in 
EN 1991-1. 

(2) In case of a two dimensional stress field resulting from a membrane theory analysis the equivalent 
Von M ises stress (Jeq.Ed may be determined by 

(5.1) 

(3) In case of a two dimensional stress field resulting from an elastic plate theory the equivalent 
Yon Mises stress 0t:q.Ed may be determined, as follows: 

(5.2) 

where (J xJ' d = 

(Jy.Ed = 

r xy.Ed 

and llx.Ed, lnx.Fd, my.Ed and are defined in IA( I) and (2). 

NOTE: The above expressions give a simplified conservative equivalent stress for design 

5.2.3.3 Use of a global analysis: numerical analysis 

(]) If the internal stresses of a plated structure are determined by a numerical analysis which is based on a 
materially linear analysis, the maximum equivalent Von Mises stress of the plated structure should be 
calculated for the relevant combination of design actions. 

(2) The equivalent Von ~1ises stress O'eq.Ed is defined by the stress components which occurred at one point 
in the plated structure. 

(5.3) 

where ax.Ed and are positive in case of tension. 

(3) If a numerical analysis is used for the verification of buckling, the effects of imperfections should be 
taken into account. These imperfections may be: 

(a) geometrical imperfections: 

deviations from the nominal geometric shape of the plate (initial deformation, out of plane 
deflections); 

irregularities of welds (minor eccentricities); 

deviations from nominal thickness. 

(b) material impelfections: 

12 

residual stresses because of rolling, pressing, welding, straightening; 

non-homogeneities and anisotropies. 
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(4) The geometrical and material imperfections should be taken into account by an initial equivalent 
geometric imperfection of the pelfect plate. The shape of the initial equivalent geometric imperfection should 
be derived from the relevant buckling mode. 

(5) The amplitude of the initial equivalent geometric imperfection eo of a rectangular plate segment may 
be derived by numerical calibrations with test results from test pieces that may be considered as 
representative for fabrication from the plate buckling curve of EN 1993-1 as follows: 

where 

eo 

? =:.: 6b
2 

( 1/ 

t ( + b2 l 
and a < -J2 

p is the reduction factor for plate buckling as defined in 4.4 of EN 1993-1-5: 

a, b are geometric propelties of the plate, see Figure 5.1 ; 

is the thickness of the plate; 

a is the aspect ratio alb < -J2 
~) is the relative slenderness of the plate, see EN 1993-1-5. 

(5.4) 

Figure 5.1: Initial equivalent geometric bow imperfection eo of a plate segment 

(6) As a conservative assumption the amplitude may be taken as eo = a/200 where b :s; a. 

(7) The pattern of the equivalent geometric imperfections should, if relevant, be adapted to the 
constructional detailing and to imperfections expected from fabricating or manufacturing. 

(8)P In all cases the reliability of a numerical analysis shall be checked with known results from tests or 
compared analysis. 

5.2.3.4 Use of simplified design methods 

5.2.3.4.1 General 

(I) The internal forces or stresses of a plated structure loaded by out of plane loads and in-plane loads 
may be determined using a simplified design model that conservative estimates. 

(2) Therefore the plated structure may be subdivided into individual plate segments, which may be 
stiffened or unstiffened. 

5.2.3.4.2 Unstiffened plate segments 

(1) An unstiffened rectangular plate under out of plane loads may be modeled as an equivalent beam in 
the direction of the dominant load transfer, if the following conditions are fulfilled: 

the aspect ratio alb of the plate is greater than 2; 

the plate is subjected to out of plane distributed loads which may be either linear or vary Jinearly; 

the strength, stability and stiffness of the frame or beam on which the plate segment is supported fulfil 
the assumed boundary conditions of the equivalent beam. 

13 
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(2) The internal forces and moments of the equivalent beam should be determined using an elastic or 
plastic analysis as defined in EN 1993-1 I. 

(3) If the first order deflections due to the out of plane loads is similar to the (plate) buckling mode due to 
the in plane compression forces, the interaction between both phenomena need to be taken into account. 

(4) In cases where the situation as described in (3) is present the interaction formula specified in 
EN ] 993-1 1, section 6.3.3 may be applied to the equivalent beam. 

5.2.3.4.3 Stiffened plate segments 

(l) A stiffened plate or a stiffened plate segment may be modeled as a grillage if it is regularly stiffened in 
the transverse and longitudinal direction. 

(2) In determining the cross-sectional area Ai of the cooperating plate of an individual member i of the 
grillage the effects of shear should be taken into account by the reduction factor f3 according to 
EN1993-J -5. 

(3) For a member i of the grillage which is arranged in parallel to the direction of inplane compression 
forces, the cross-sectional area Ai should also be determined taking account of the effecti ve width of the 
adjacent subpanels due to plate buckling according to EN 1993-1-5. 

(4) The interaction between shear lag effects and plate buckling effects, see Figure 5.2, should be 
considered by the effective area Ai from the following equation: 

where 

)] f3K (5.5) 

is the effective area of the stiffener considering to local plate buckling of the stiffener; 

Pc is the reduction factor due to global plate buckling of the stiffened plate segment, as defined in 
4.5.4(1) oLEN 1993-1-5; 

Pp'1Il.i is the reduction factor clue to local plate buckling of the subpanel i, as defined in 4.4( I) of 
EN 1993-1-5; 

bpan•i is the width of the subpanel i, as defined in 4.5.1 of EN 1993-1-5; 

tpan.i is the thickness of the subpanel i; 

f3 is the effecti ve width factor for the effect of shear see 1 of EN 1993-1-5; 

K is the ratio defined in 3.3 of EN ] 993-1-5. 

~~.HdS .~_T~a_n~v_~~~~_~tiffe_~_~r __ ml ~.~X'Ed_ 

NEd' ± b. $3 NEd 1:=:::::r=:::;::::==::::::1 

~----------------~ qEd t~-+-+ __ ~+ qEd 

~Ai 
Figure 5.2: De'finition of the cross-section Ai 

(5) The verification of a member i of the grillage may be performed using the interaction formula in 
EN ] 993-1-1, section 6.3.3 taking into account the following loading conditions: 

effects of out of plane loadings; 

equivalent axial force in the cross section Ai due to norma] stresses in the plate; 

14 
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eccentricity e of the equivalent axial force 
sectional area Ai. 

with respect to the centre of gravity of the cross-

(6) If the stiffeners of a plate or a plate segment are only arranged in parallel to the direction of inplane 
compression forces, the stiffened plate may be modeled as an equivalent beam on elastic springs, see 
EN 1993-l-5. 

(7) If the stiffeners of a stiffened plate segment are positioned in the transverse direction to the 
compression forces, the interaction between the compression forces and bending moments in the unstiffened 
plate segments between the stiffeners should be verified according to 5.2.3.4.2(4). 

(8) The longitudinal stiffeners should fulfill the requirements given in section 9 of EN 1993-1-5. 

(9) The transverse stiffeners should fulfill the requirements given in section 9 of EN 1993- J -5. 

6 Ultimate limit state 

6.1 General 

(1)P All parts of a plated structure shall be so proportioned that the basic design requirements for ultimate 
limit states given in section 2 are satisfied. 

(2) For the partial factor YM for resistance of plated structures see the relevant application pUl1S of 
EN 1993. 

(3) For partial factor YM of connections of plated structures see EN ] 993-1-8. 

6.2 Plastic limit 

6.2.1 General 

(1) At every point in a plated structure the design stress aeq.Ed should satisfy the condition: 

(6.1 ) 

where aeq,Ed is the largest value of Von Mises equivalent stress as defined in 5.2.3. 

(2) In an elastic design the resistance of a plate segment against plastic collapse or tensile rupture uncler 
combined axial forces and bending is defined by the Von Mises equivalent stress as: 

aeq,Rd = fyk / I'MO (6.2) 

NOTE: For the numerical value of %,10 see 1.1 (2). 

6.2.2 Supplementary rules for the design by global analysis 

(1) If a numerical analysis is based on materially linear analysis the resistance against plastic collapse or 
tensile rupture should be checked for the requirement given in 6.2.1. 

(2) If a materially nonlinear analysis is based on a design stress-strain relationship with f;iCI. (=f/YMO) the 
plated structure should be subject to a load arrangement FEd that is taken from the design values of actions, 
and the load may be incrementally increased to determine the load amplification factor 0:1{ of the plastic limit 
state FRd. 

(3) The result of the numerical analysis should satisfy the condition: 

FEd ~ (6.3) 

where F Rd O:R FEd 
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(XR is the load amplification factor for the loads FEd for reaching the ultimate limit state. 

6.2.3 Supplementary rules for the design by simplified design methods 

6.2.3.1 Unstiffened plates 

(1) If an unstiffened plate is designed as an equivalent beam, its cross-sectional resistance should be 
checked for the combination of inplane loading and out of plane loading effects with the design rules given 
in EN 1993-1-1. 

6.2.3.2 Stiffened plates 

(1) If a stiffened plate segment is modeled as a grillage as described in section 5.2.3.4 the cross-section 
resistance and the buckling resistance of the individual members i of the grillage should be checked for the 
combination of inplane and out of plane loading effects using the interaction formula in EN 1993-1-1, 
section 6.3.3. 

(2) If a stiffened plate segment is designed as an equivalent beam as described in section 5.2.3.4 the cross
section resistance and the buckling resistance of the equivalent beam should be checked for the combination 
of inplane and out of plane loading effects using the interaction formula in EN 1993-1-1, section 6.3.3. 

(3) The stress resultants or stresses of a subpanei should be verified against tensile rupture or plastic 
collapse witb the design rules given in 5.2.3.2, 5.2.3.3 or 5.2.3.4. 

6.3 Cyclic plasticity 

6.3.1 General 

(I) At every point in a plated structure the design stress range should satisfy the condition: 

(6.4) 

where~O"Eci is the largest value of the Von Mises equivalent stress range 

L!CJ'eq,Ed 

at the relevant point of the plate segment due to the relevant combination of design actions. 

(2) Tn a materially linear design the resistance of a plate segment against cyclic plasticity / low cycle 
fatigue may be verified by the Von Mises stress range limitation ~O"Rd. 

(6.5) 

NOTE: For the numerical value of n,10 see 1.1 (2). 

6.3.2 Supplementary rules for the design by global analysis 

(I) Where a materially nonlinear computer analysis is carried out, the plate should be subject to the design 
values of the actions. 

(2) The total accumulated Von Mises equivalent strain ~q,Ed at the end of the design life of the structure 
should be assessed using an analysis that models all cycles of loading. 

(3) Unless a more refined analysis is carried out the total accumulated Von Mises equivalent plastic strain 
~q.Ed may be determined from: 

where: 111 
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is the number of cycles in the design life: 

is the largest increment in the Von Mises plastic strain dl1ring one complete load cycle at any 
point in the structure occU1Ting after the third cycle, 
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(4) Unless a more sophisticated low cycle fatigue assessment is undertaken, the design value of the total 
accumulated Von Mises equivalent plastic strain Eeq.Ed should satisfy the condition 

6.4 

6.4.1 

NOTE 1: The National Annex may choose the value of 

NOTE 2: For the numerical value of nl0 see 1.1 

Buckling resistance 

General 

The value l1cq = 25 is recommended. 

(6.7) 

(l) If a plate segment of a plated structure is loaded by in-plane compression or shear, its resistance to 
plate buckling should be verified with the design rules given in EN 1993-1-5. 

(2) Flexural, lateral torsional or distortional stability of the stiffness should be verified according to 
EN 1993-1 see also 5.2.3.4 (8) and (9) 

(3) For the interaction between the effects of in-plane and Ollt of plane loading, see section 5. 

6.4.2 Supplementary rules for the deSign by global analysis. 

(l) If the plate buckling resistance for combined in plane and out of plane loading is checked by a 
numerical analysis, the design actions FEd should satisfy the condition: 

(6.8) 

(2) The plate buckling resistance FRd of a plated structure is defined as: 

(6.9) 

whereFRk is the characteristic buckling resistance of the plated structure 

k is the calibration factor, see (6). 

NOTE: For the numerical value of f}.11 see 1.1 

The characteristic buckling resistance FRk should be derived from a load-deformation curve which is 
calculated for the relevant point of the structure taking into account the relevant combination of design 
actions In addition, the analysis should take into account the imperfections as described in 5.2.3.2. 

(4) The characteristic buckling resistance FRk is defined by either of the two fol1owing criterion: 

maximum load of the load-deformation-curve (limit load); 

maximum tolerable deformation in the load deformation curve before reaching the bifurcation load or 
the Ii mit load, if relevant. 

(5) The reliability of the numerical1y determined critical buckling resistance should be checked: 

(a) either by calculating other plate buckling cases, for which characteristic buckling resistance values 
FRk,known are known, with the same basically similar imperfection assumptions. The check cases should 
be similar in their buckling controlling parameters (e.g. non-dimensional plate slenderness, post 
buckling behaviour, imperfection-sensitivity, material behaviour)~ 

(b) or by comparison of calculated values with test results FRk,kIlOWIl' 

(6) Depending on the results of the reliability checks a calibration factor k should be evaluated from: 

k 1'''.rdIU''ill.l:lltTK / F Rk.ch.:ck (6.10) 
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where FRk.kIlCl\\Il.cht:ck as fo]]ows from prior knowledge; 

are the results of the numerical calculations. 

6.4.3 Supplementary rules for the design by simplified design methods 

(I) If a stiffened plate segment is subdivided into subpanels and equivalent effective stiffeners as 
described in section 5.2.3.4 the buckling resistance of the stiffened plate segment may be checked with the 
design rules given in EN 1993-1-5. Lateral buckling of free stiffener-flanges may be checked according to 
EN 1993-1-1, section 6.3.3. 

(2) The buckling resistance of the equivalent effective stiffener which is defined in section 5.2.3.4 of the 
plate may be checked with the design rules given in EN 1993-1-1. 

7 Fatigue 

(I) For plated structures the requirements for fatigue should be obtained from the relevant application 
standard of EN 1993. 

(2) The fatigue assessment should be carried out according to the procedure given in EN 1993-1-9. 

8 Serviceability limit state 

8.1 General 

(I) The principles for serviceability limit state given in section 7 of EN 1993-1-1 should also be applied to 
plated structures. 

(2) For plated structures especial1y the limit state criteria given in 8.2 and 8.3 should be verified. 

8.2 Out of plane detlection 

(1) The limit of the out of plane deflection w should be defined as the condition in which the effective use 
of a plate segment is ended. 

NOTE For limiting values of out of plane deflection w see application standard. 

8.3 Excessive vibrations 

(l) Excessive vibrations should be defined as the limit condition in which either the failure of a plated 
structure OCCLlrs by fatigue caused by excessive vibrations of the plate or serviceability limits apply. 

NOTE: For limiting values of slenderness to prevent excessive vibrations see application standard. 
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Annex A [informative] - Types of analysis for the design of plated 
structures 

A.1 General 

(I) The internal stresses of stiffened and unstiffened plates may be determined with the following types of 
analysis: 

LA: Linear elastic analysis; 

GNA: Geometrically nonlinear analysis: 

MNA: .Materially nonlinear analysis; 

Gl\1NA: Geometrically and materially nonlinear analysis; 

GNIA: Geometrically nonlinear analysis elastic with imperfections included; 

GMNIA: Geometrically and materially nonlinear analysis with imperfections included. 

A.2 Linear elastic plate analysis (LA) 

(]) The linear elastic analysis models the behaviour of thin plate structures on the basis of the plate 
bending theory, related to the perfect geometry of the plate. The linearity of the theory results from the 
assumptions of the linear elastic material law and the linear small detlection theory. 

(2) The LA analysis satisfies the equilibrium as well as the compatibility of the deflections. The stresses 
and deformations vary linear with the out of plane loading. 

(3) As an example for the LA analysis the following fourth-order partial differential equation is given for 
an isotropic thin plate that subject only to a out of plane load p(x,y): 

Et' 
where D = ----

12 ( I - v2 
) 

A.3 Geometrically nonlinear analysis (GNA) 

(A. I) 

(l) The geometrically nonlinear elastic analysis is based on the principles of the plate bending theory of 
the perfect structure using the linear elastic material law and the nonlinear, deflection theory. 

(2) The GNA analysis satisfies the equilibrium as well as the compatibility of the detlections under 
consideration of the deformation of the structure. 

(3) The large deflection theory takes into account the interaction between flexural and membrane actions. 
The deflections and stresses vary in a non linear manner with the magnitude of the out of plane pressure. 

(4) As an example for the GNA analysis the following fourth-order partial differential equation system is 
given for an isotropic thin plate subjected only to a Ollt of plane load p(x~y). 

p(x,y) 

D 
(A.2a) 

(A.2b) 
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where f is the Airy's stress function 

D 
E t 3 

A.4 Materially nonlinear analysis (MNA) 

(I) The materia]]y nonlinear analysis IS based on the plate bending theory of the perfect structure with the 
assumption of small deflections - like in A.2 -, however, it takes into account the nonlinear behaviour of the 
material. 

A.5 Geometrically and materially nonlinear analysis (GMNA) 

(]) The geometrically and materially nonlinear analysis is based on the plate bending theory of the perfect 
structure with the assu mptions of the nonlinear, large deflection theory and the nonlinear, eJasto-pJastic 
material law. 

A.6 Geometrica lIy nonlinear analysis elastic with imperfections included (GNIA) 

(1) The geometrically nonlinear analysis with imperfections included is equivalent to the GNA analysis 
defined in A.3, however, the geometrical model used the geometrica]]y imperfect structure, for instance a 
predeformation applies at the plate which is governed by the relevant buckling mode. 

(2) The GNTA analysis is used in cases of dominating compression or shear stresses in some of the plated 
structures due to in-plane effects. It delivers the elastic buckling resistance of the "real" imperfect plated 
structure. 

A.7 Geometrically and materially nonlinear analysis with imperfections included 
(GMNIA) 

(I) The geometrically and materially nonlinear analysis with imperfections included is equivalent to the 
GMNA analysis defined in A.S, however, the geometrical model used the geometrically imperfect structure, 
for instance a pre-deformation applies at the plate which is governed by the relevant buckling mode. 

(2) The GMNIA analysis is used in cases of dominating compression or shear stresses in a plate due to in-
plane effects. It delivers the elasto-plastic buckling resistance of the "real" imperfect structure. 
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Annex B [informative] - Internal stresses of unstiffened rectangular 
plates from small deflection theory 

B.1 General 

(I) This annex provides design formulae for the calculation of internal stresses of unstiffened rectangular 
plates based on the small deflection theory for plates. Therefore the effects of membrane forces are not taken 
into account in the design formulae given in this annex. 

(2) Design formulae are provided for the following load cases: 

uniformly distributed loading on the entire plate, see B.3; 

central patch loading di stributed uniformly over a patch area, see B.4. 

(3) The deflection w of a plate segment and the bending stresses O"hx and ahy in a plate segment may be 
calculated with the coefficients given in the tables of section B.3 and B.4. The coefficients take into account 
a Poisson's ratio v of 0,3. 

B.2 Symbols 

( 1) The symbol s used are: 

qEd is the design value of the distributed load; 

/JEd is the design value of the patch loading; 

a is the smaller side of the plate; 

b is the longer side of the plate; 

is the thickness of the plate; 

E is the Elastic modulus; 

IS the coefficient for the deflection of the plate appropriate to the boundary conditions of the plate 
specified in the data tables; 

kobx is the coefficient for the bending stress O"hx of the plate appropriate to the boundary conditions of the 
plate specified in the data tables; 

is the coefficient for the bending stress ahY of the plate appropriate to the boundary conditions of the 
plate specified in the data tables. 

B.3 Uniformly distributed loading 

8.3.1 Out of plane deflection 

(1) The deflection w of a plate segment which is loaded by uniformly distributed loading may be 
calculated as follows: 

(B. 1) 

NOTE: Expression (13.1) is only valid where w is small compared with t. 

8.3.2 Internal stresses 

(I) The bending stresses O"bx and aby in a plate segment may be determined with the following equations: 

(B.2) 
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() by. Eel k aoy 
t

2 
(B.3) 

(2) For a plate segment the equivalent stress may be calculated with the bending stresses given in (1) as 
follows: 

() eq./:'d = (B.4) 

NOTE: The points for whil:h the state of stress are defined in the data tables are located either on the centre 
lines or on the boundaries, so that due to symmetry or the postulated boundary conditions, the bending shear 
stresses Tb are zero. 

8.3.3 Coefficients k for uniformly distributed loadings 

Table B.1: Coefficients k 

y~!I' Loading: 
Uniformly distributed loading 

bI 11 ? 

X Boundary conditions: 
AI] edges are rigidly supported 
and rotationally free 

loE a ~I 

bla kwl kahxl :aby 

],0 0,04434 0,286 0,286 

1,5 0,08438 0,486 0,299 

2,0 0,] ]070 0,609 0,278 

3,0 0,13420 0,712 0,244 

Table B.2: Coefficients k 

y4 Loading: 
Uniformly distributed loading 

bI 1 2 
or 

Boundary conditions: x 
An edges are rigidly supported 
and rotational1y fixed. 

\...;; 

a ~I 

bla kwl kGbxl kGbyl 

1,0 0,01375 0,]360 0,1360 -0,308 

1,5 0,02393 0,2180 0.1210 -0,454 

2,0 0,02763 0,2450 0,0945 -0,498 

3,0 0,02870 0,2480 0,0754 -0,505 
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bI 

hla 

1,5 

2,0 

bI 

bla 

1,0 

1,.5 

2,0 

bI 

bla 

1,0 

1,5 

2,0 

Table B.3: Coefficients k 

y Loading: 
Uniformly distributed loading 

4 1 Boundary conditions: 

x Three edges are rigidly 
supported and rotationally free 
and one edge is rigidly 

I~ a ~I 
supported and rotationally 
fixed. 

k,:;bx I k Gbyl kGbx-l 

0,04894 0,330 0,177 -0,639 

0,05650 0,368 0,]46 -0,705 

Table B.4: Coefficients k 

y~ Loading: 
Uniformly distributed 
loading 

4 1 Boundary conditions: ~ 

x Two edges are rigidly 
supported and rotationally 
free and two edges are 

I~ a >1 rigidly supported and 
rotationally fixed. 

kwl k Gbx I jby kGbx-l 

0,02449 0,185 0,185 -0,375 

0,04411 0.302 0,180 -0,588 

0,05421 0,355 0,152 -0,683 

Table B.5: Coefficients k 

y Loading: 
Uniformly distributed 

3 loading 

_1 .. Boundary conditions: ... 
x Tvv'o opposite short edges 

are clamped, the other two 
edges are simply supported. 

I~ a >1 
kwl 'Gby I ,by 

0,02089 0,]45 0,197 -0,420 

0,05803 0,348 0,274 -0,630 

0,09222 0,519 0,284 -0,7]7 
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y 

b/a 

1,5 

Table 8.6: Coefficients k 

1 2 
x 

Loading: 
Uniformly distributed loading 

Boundary conditions: 
Two opposite long edges are 
clamped, the other two 
are simply supp0l1ed. 

2,0 0,02852 -0,507 

8.4 Central patch loading 

8.4.1 Out of plane deflection 

(I) The deflection w of a plate segment which is loaded by a central patch loading may be calculated as 
follows: 

8.4.2 Internal stresses 

(I) The bending stresses O'ln and O'by in a plate segment may be determined by the following formulas: 

O"bx.Ed = k crbx 

PEd 
O"by,Ed = k crbY-J 

r 

(B.5) 

(B.6) 

(B.7) 

(2) For a plate segment the equivalent stress may be calculated with the bending stresses given in (l) as 
fo]]ows: 

0" eq,Fd (B.8) 
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Table B.7: Coefficients k 

y ~~ Loading: 
Central patch loading 

J ~~ 
Boundary conditions: 

b ... All edges are rigidly 
v 

. , ~~ 
... x 

supported and 
,. ,1/ 1 rotationally free. 

u 

Parmneters: 
/ 

X ,I' (X = lila 
a jJ = via 

bla ex xjJ kwl k crbxl k crbyl 

1 0,1 x 0,1 0,1254 1,72 1,72 

0,2 x 0,2 0,1210 1,.32 1,32 

0,3 x 0,3 0,1126 1,04 1,04 

0,2 x 0,3 0,1167 1,20 1,12 

0,2 x 0,4 0,1117 1,10 0,978 

],5 0,1 x 0,1 0,1664 1,92 1,70 

0,2 x 0,2 0,1616 ],5 I 1,29 

0,3 x 0,3 0,1528 1,22 1,0 I 

0,2 x 0,3 0,1577 1,39 1,09 

0,2 x 0,4 0,]532 1,29 0,953 

2,0 0,] x 0,1 0,1795 1,97 1,67 

0,2 x 0,2 0,1746 1,56 1,26 

0,3 x 0,3 0,1657 ],28 0,985 

0,2 x 0,3 0,1708 1,45 1,07 

0,2 x 0,4 0,1665 1,35 0,929 

3,0 0,1 x 0,1 0,1840 1,99 1,66 

0,2 x 0,2 0,1791 1,58 1,25 

0,3 x 0,3 0,170] 1,30 0,975 

0,2 x 0,3 0,1753 1,47 ],06 

0,2 x 0,4 0,17 J 1 1,37 0,918 
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Annex C [informative] - Internal stresses of unstiffened rectangular 
plates from large deflection theory 

C.1 General 

(l) This annex provides design formulas for the calculation of internal stresses of unstiffened rectangular 
plates based on the deflection theory for plates. 

The fonowing loading conditions are considered: 

uniformly distributed loading on the entire plate, see C.3; 

central patch loading distributed uniformly over the patch area, see CA. 

(3) The bending and membrane stresses in a plate and the deflection \v of a plate may be calculated with 
the coefficients given in the tables of section C.3 and CA. The coefficients take into account a Poisson's ratio 
v of 0). 

C.2 Symbols 

(I) The symbols used are: 

qEd ]s the design value of tbe load uniformly distributed over the total surface; 

{JEd is the design value of the patch loading uniformly distributed over the surface it x v; 

a is the smaller side of the plate; 

b is the longer side of the plate; 

E 

FBC 

MBC 

is the thickness of the plate; 

is the Elastic modulus; 

flexural boundary conditions; 

membrane boundary conditions; 

IS the coefficient for the deflection of the plate appropriate to the boundary conditions specified in the 
data tables; 

kGbx is the coefficient for the bending stress (}bx of the plate appropriate to the boundary conditions 
specified in of the plate in the data tables; 

kGby is the coefficient for tbe bending stress aby of the plate appropriate to the boundary conditions specified 
in the data tables; 

kmllx is the coefficient for the membrane stress amx of the plate appropriate to the boundary conditions 
specified in the data tables; 

kcrmy is the coefficient for the membrane stress amy of the plate appropriate to the boundary conditions 
specified 111 the data tables. 

C.3 Uniformly distributed loading on the total surface of the plate 

C.3.1 Out of plane deflection 

(1) The detlection w of a plate segment which is loaded by uniformly distributed loading may be 
calculated as follows: 

w = kw 
q 
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C.3.2 Internal stresses 
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(1) The bending stresses O"bx and O"by in a plate segment may be determined with the following equations: 

qEd 
2 a 

O"bx,Ed k0bx ? 
r 

qEd 
2 a 

O"by,Ed k 0by 
t

2 

(2) The membrane stresses O"mx and l1my in a plate segment may be determined as follows: 

0" III X , Ed 

O"my,Ed 

k olllx 

2 
qEd a 

k omy 2 
t 

(C.2) 

(C.3) 

(C.4) 

(C.S) 

(3) At the loaded surface of a plate the total stresses are calculated with the bending and membrane 
stresses given in (l) and (2) as follows: 

O"x,Ed = - l1bx,Ed + l1mx,Ed (C.6) 

O"y,Ed = - O"by,Ed + O"my,Ed (C.7) 

(4) At the no-loaded surface of a plate the total stresses are determined with the bending and membrane 
stresses given in (I) and (2) as follows: 

(C.8) 

O"y,Ed = O"by,Ed + O"my,Ed (C.9) 

(5) For a plate the equivalent stress O"v,Ed may be calculated with the stresses given in (4) as follows: 

~ 2 ? <Jeq,Ed = <Jx,Ed + <Jy,Ed - <Jx,Ed <Jy,Ed (C.IO) 

NOTE: The points for which the state of stress are defined in the data tables are located either on the 
centre lines or on the boundaries, so that due to symmetry or the postulated boundary conditions, membrane 
shearing stresses Till as well as bending shear stresses Tb are zero. The algebraic sum of the appropriate 
bending and membrane stresses at the points considered in the data tables gives the values of maximum and 
minimum surface stresses at these points. 
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C.3.3 Coef'ficients k for uniformly distributed loadings 

Table C.1: Coefficients k 
yA~ Loading: 

Uniformly distributed loading 
-,.--
'I' Boundary conditions: 

11 12 
FBC: Al1 edges are simply supported. 

b .. 
MBC: Zero direct stresses, zero shear stresses ... 

X Parameters: 
\~ FBC MBC 

qEd 
4 

-'--

Q = 
({ 

E t 4 

loE a )01 

b/a Q klVl k Cibxl k Cibvl karnxl k 01Tlvi kol11vl. 

1,0 20 0,0396 0,2431 02431 0,0302 0,0302 -0,0589 
40 0,0334 0,1893 0,1893 0,0403 0,0403 -0,0841 
12O 0,0214 0,0961 0,0961 0,0411 0,0411 -0,1024 
200 

I 
0,0166 0,0658 0,0658 0,0372 0,0372 -0,1004 

300 0,0135 0,0480 0,0480 0,0335 0,0335 -0,0958 
400 0,0116 0,0383 0,0383 0,0306 0,0306 -0,0915 

],5 20 0,0685 0,3713 0,2156 0,0243 0,0694 -0,1244 
40 0,0546 0,2770 0,1546 0,0238 0,0822 -0,1492 
120 0,0332 0,1448 0,0807 0,0170 0,0789 -0,1468 
200 0,0257 0,1001 0,0583 0,0141 0,0715 -0,1363 
300 0,0207 0,0724 0,0440 0,0126 0,0646 -0,1271 
400 0,0176 0,0569 0,0359 0,0117 0,0595 -0,1205 

2,0 20 0,0921 0,4909 0,2166 0,0085 0,0801 -0,] 346 
40 0,0746 0,3837 0,1687 0,0079 

I 

0,0984 -0,] 657 
120 0,0462 0,2138 0,0959 0,0073 I 0,0992 -0,1707 
200 0,0356 0,1516 0,0695 0,0067 0,09]4 -0,1610 
300 0,0287 0,112 ] 0,0528 0,0061 0,0840 -0,1510 
400 0,0245 0,0883 0,0428 0,006] 0,0781 -0,1434 
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y ~ 

'-;.-
,~ 

b 1 2 .. 
r 

x 

\I FBC 
-'--

Ie:; a ;>1 

bla Q kwl 

] 20 I 0,0369 
40 0,0293 
120 0,0170 
200 0,0126 
300 0,0099 
400 0,0082 

1,5 20 0,0554 
40 0,0400 
120 0,0214 
200 0,0157 
300 0,0122 
400 0,0103 

2 20 0,0621 
40 0.0438 
120 0,0234 
200 0,0172 
300 0,0135 
400 0,0113 

3 20 0,0686 
40 0,0490 
120 0,0267 
200 I 0,0196 
300 0.0153 
400 0,0]27 

BS EN 1993-1-7:2007 
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Table C.2: Coefficients k 

Loading: 
Uniformly distributed ]oadin~: 

Boundary conditions: 
FBC: All edges are simply supported. 
l'vlBC: All remain straight. Zero average direct 

stresses. zero shear stresses 

MBC Paranleters: 
4 

Q= 
qEd a 
E(~ 

ku\1xl kubvi k0ll1 :\ 1 kullWI k011lx1 k0111\j2 

0,2291 02291 0,0315 0,0315 0,0352 -0.0343 
0,1727 0,1727 0.0383 0,0383 0,0455 -0,0429 
0,0887 0,0887 0,0360 0.0360 0,0478 -0,0423 
0,0621 0,062] 0,0317 0,0317 0,0443 -0.0380 
0,0466 0,0466 0,0280 0,0280 0,0403 -0,0337 
0,0383 0,0383 0,0255 0.0255 0,0372 -0.0309 
0.3023 0.1612 0,0617 0,0287 0,0705 -0,0296 
0.21 ]4 0,1002 0,0583 0,0284 0,0710 -0,0293 
0,1079 0,0428 0,0418 0,0224 0,0559 -0,0224 
0.0778 0,0296 0,0345 0,0191 0.0471 -0,0188 
0.0603 0.0224 0.0296 0,0167 0,0408 -0,0161 
0,0505 0,0188 0,0267 0,0152 0,0369 -0,0147 
0,3234 0,1109 0,0627 0.0142 0.0719 -0.0142 
0,2229 0,0689 0,0530 0,0120 0.0639 -0.0120 
0,1163 0.0336 0,0365 0,0086 0.0457 -0,0083 
0,0847 0.0247 0.0305 0,0075 0,0384 -0,0067 
0.0658 0,0195 0,0268 0,0067 0,0335 -0,0058 
0,0548 0,0164 0,0244 0,0064 0,0305 -0,0050 
0,3510 0,1022 0.0477 0,0020 0,0506 -0,0007 
0,2471 0,0725 0,0420 0,0020 0,0441 0,0000 
0,1317 0,0390 0,0320 0,0027 0,0335 0,0010 

I 0,0954 0,0283 0,0271 0,0044 0,0285 0,0027 
0,0733 0.0217 0,0242 0,0059 0,0256 0,0044 
0,0605 0,0178 0.0221 0,0066 0,0235 0,0051 
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yA~ 

-,---

" 

b 1 

\/ FBC 
-'----

I~ a 

h/a Q 
I 20 

40 
120 
200 
300 
400 

1,5 20 
40 
120 
200 
300 
400 

2 20 
40 
120 
200 
300 
400 

3 20 
40 
120 
200 
250 

30 

2 .. 
X 

~I 

kwl 

0,0136 
0,0131 
0,0108 
0,0092 
0,0078 
0,0069 
0,0234 
0,0222 
0,0173 
0,0144 
0,0122 
0,0107 
0,0273 
0,0265 
0,0223 
0,0192 
0,0165 
0,0147 
0,0288 
0,0290 
0,0281 
0,0260 
0,0247 

Table C.3: Coefficients k 

Loading: 
Uniformly distributed loading: 

Boundary conditions: 
FBC: All edges are clamped. 
MBC: Zero direct stresses, zero shear stresses 

Parameters: 

rvlBC qEd a 
4 

Q= 
£(1, 

k0b'\l kobvl k olllxl k ollwl k 0bx ? k 01llV ? 

0,1336 0,1336 0,0061 0,0061 -0,3062 -0,0073 
0,1268 0,1268 0,0113 0,0113 -0,3006 -0,0137 
0,0933 0,0933 0,0212 0,0212 -0,2720 -0,0286 
0,0711 0,0711 0,0233 0,0233 -0,2486 -0,0347 
0,0547 0,0547 0,0233 0,0233 -0,2273 -0,0383 
0,0446 0,0446 0,0226 0,0226 -0,2113 -0,0399 
0,2117 0,1162 0,0061 0,0133 -0,4472 -0,0181 
0,1964 0,1050 0,0098 0,0234 -0,4299 -0,0322 
0,1406 0,0696 0,0124 0,0385 -0,3591 -0,0559 
0,1103 0,0537 0,0116 0,0415 -0,3160 -0,0620 
0,0879 0,0430 0,0105 0,0416 -0,2815 -0,0636 
0,0737 0,0364 0,0098 0,0409 -0,2583 -0,0635 
0,2418 0,0932 0,0010 0,0108 -0,4935 -0,0 I SO 
0,2330 0,0897 0,0017 0,0198 -0,4816 -0,0277 
0,1901 0,0740 0,0032 0,0392 -0,4223 -0,0551 
0,1578 0,0621 0,0039 0,0456 -0,3780 -0,0647 
0,1306 0,0518 0,0042 0,0483 -0,3396 -0,0690 
0,1120 0,0446 0,0044 0,0487 -0,3132 -0,0702 
0,2492 0,0767 -0,0015 0,0027 -0,5065 -0,0033 
0,2517 0,0795 -0,0022 0,0066 -0,5095 -0,0084 
0,2440 0,0812 -0,0010 0,0247 -0,4984 -0,0331 
0,2230 0,0750 0,0000 0,0368 -0,4702 -0,0497 
0,2096 0,0707 0,0002 0,0415 -0,4520 -0,0564 



y~~ 

-,.-

I~ 

b 1 12 .. 
r 

X 

'v FBC 
-'--

I~ a ~I 

bla Q kwl 

1 20 0,0136 
40 0,0130 
120 0,0]05 
200 0,0087 
300 0,0073 
400 063 

1,5 20 0,0230 
40 0,0210 
120 0,0149 
200 0,0118 
300 0,0096 
400 0,0083 

2 20 0,0262 
40 0,0234 
120 0,0162 
200 0,0129 
300 0,0105 
400 0,0090 

3 20 0,0272 
40 0,0247 
]20 0,0177 
200 0,0]43 

300 0,0117 
400 0,0101 
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Table C.4: Coefficients k 

Loading: 
Uniformly distributed loading: 
Boundary conditions: 
FBe: All are clamped. 
MBC: All edges remain straight. Zero average 

direct stresses, zero shear stresses 

MBC Par3Il1eters: 
~ 

Q= 
qEd (/ 

E t~ 

k abx1 k abvl kcr III X I k crll1v1 kcrbx2 k01ll :\2 kcr III V 2 

0,1333 0,]333 0.0065 0.0065 -0.3058 0.0031 -0,0055 
0,1258 0,1258 0,0118 0,0118 -0,3000 0.0059 -0.0103 
0,0908 0,0908 0.0216 0,0216 -0,2704 0,0123 -0,0202 
0,0688 0,0688 0,0234 0,0234 -0,2473 0,0151 -0.0233 
0,0528 0,0528 0.0231 0,0231 -0,2267 0,0169 -0,0244 
0,0430 0,0430 0,0223 0,0223 -0,2119 176 -0,0246 

0,2064 0.1125 0,0137 0,0097 -0,4431 0.0] 18 -0,0082 
0,1833 0,0957 0,0218 0,0]55 -0,4195 0.0200 -0,0133 
0,1175 0,0532 0,0275 0.0202 -0,3441 0.0295 -0,0185 
0,0876 0,0369 0,0259 0,0195 -0,3028 0.0304 -0,0182 
0,0678 0,0275 0,0238 0,0180 -0,271 ° 0,0300 -0,0173 
0,0562 0,022] 0,0220 0,0168 -0,2492 0,0291 -0,0163 

0,2288 0,0853 0.0140 0,0060 -0,4811 0,0149 -0.0052 
0,1994 0,0701 0,0206 0,0086 -0,4492 0,0234 -0,0077 
0,1276 0,0404 0,0238 0,0094 -0,3611 0,0299 I -0,0086 
0,0963 0,0296 0,0223 0,0085 -0,3162 0,0289 I -0,0079 
0,0752 0,0230 0,0208 0,0077 -0,2824 0,0274 -0,0072 
0,0627 0,0190 0,0196 0,007] -0,2600 0,0259 -0,0066 

0,2331 0,0700 0,0102 0,0010 -0,4878 0,0111 -0,0008 
0,207] 0,0615 0,0]49 0,0011 -0,4575 0,0167 -0,0009 
0,1396 0,0413 0,0186 0,0009 -0,3727 0,0202 -0,0005 
0,1074 0,0319 0,0184 0,0009 -0,3272 0,0197 -0,0003 
0,0848 0,0251 0,0176 0,0008 -0,2924 0,0192 -0,0002 
0,0709 0,0210 0,0169 0,0008 -0,2687 0,0182 0,0000 
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C.4 Central patch loading 

C.4.1 General 

(I) The deflection wand the stresses should be determined with the formulas provided for a plate which is 
loaded by a central patch loading /JEd, distributed over an area of u long and v wide: 

leV 

-+ 
" P[d O 
k,\,--~-

Er 
(C.Il) 

C.4.2 Internal stresses 

(1) The bending stresses O"bx and O"by in a plate segment may be determined with the following equations: 

(J hx.Ed 
k PEd o 

(J bx 2 
t 

(C.12) 

(C.13) 

(2) The membrane stresses O"Il1X and O"my in a plate segment may be determined as fo]]ows: 

(Jl11x.Ed mx , (C.14) 
t-

(Jmy.Ed k(J Illy , 
r 

(C.15) 

(3) At the loaded surface of a plate the total stresses are calculated with the bending and membrane 
stresses given in (1) and (2) as follows: 

(C.16) 

O"y.ed = - O"by.Ed + O"my.Ed (C.17) 

(4) At the no-loaded surface of a plate the total stresses are determined with the bending and membrane 
stresses given in (1) and (2) as follows: 

(C.18) 

(C.19) 

(5) For a plate the equivalent stress O"v,Ed may be calculated with the stresses given in (4) as follows: 

32 

(C.20) 

NOTE: The points for which the state of stress are defined in the data tables are located either on the 
centre lines or on the boundaries, so that due to symmetry or the postulated boundary conditions, membrane 
shearing stresses Tm as well as bending shear stresses Tb are zero. The algebraic sum of the appropriate 
bending and membrane stresses at the points considered in the data tables gives the values of maximum and 
minimum surface stresses at these points. 
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C.4.3 Coefficients k for patch loading 

b 

(X xjJ 

0,2 x 0,2 

0,3 x 0,3 

0,2 x 0,3 

0,2 x 0,4 

2 

FBC 

1< a >1 

p 

10 
20 
60 
100 
150 
200 

10 
20 
60 

150 
200 

10 
20 
60 
100 

20 

10 
20 
60 
100 
150 
200 

10 
20 
60 

x 

Table C.S: Coefficients k 

Loading: 

Central patch loading 

Boundary conditions: 

FBC: All 
free. 

are rigidly supported and rotationally 
MBC 

MBC: Zero direct stresses, zero shear stresses 

0,]021 

Paranlctcrs: 

(X = ula; fJ = via 
4-

p = Pf:d
O 

Et 4 

blo ] 

0,0808 1,2143 
0,0485 0,8273 
0,0372 0,6742 
0,0298 0,5693 

1.2143 
0,8273 
0,6742 
0,5693 

0,0255 0,5005 
-+------i---

0,0945 
0,0759 
0,0459 

0,097] 

0,0468 
0,0358 
0,0287 
0,0245 

0,0939 
0,0755 

7 

1,0850 
0,8593 
0,5108 
0,3881 
0,3089 
0,2614 

0,8507 
0,6614 
0,3702 
0,2704 
0,2101 
0,1747 

0,9888 
0,7800 
0,4596 
0,3468 
0,2760 
0,2340 

0,9119 
0,7216 
0,4235 
0,3201 
0,2541 
0,2156 

0,5108 
0,3881 
0,3089 
02614 

0.8507 
0,6614 
0,3702 
0,2704 
0,2]01 

0,7101 
0,4021 

02957 
02307 
0,1926 

0,7961 
0,6142 
0,3355 

0,1545 

0,1548 
0,1926 
0,2047 
0,1978 
0.1892 

0,1300 
0.1 ]86 

0,1512 
0,1488 
0,1368 
0,1248 
0,115 

0,1078 
0,1320 
0,1287 
0,1166 
0,1045 
0,0968 

0,1548 
0,1926 

0.1978 
0,1892 
0,1823 

0,1399 
0,1729 
0,1756 
0,1624 

0,1425 
0,1300 
0,1186 
0,1102 

0,1288 
0,1602 
0,1624 
0,1512 
0,1389 
0,1310 

0,1183 
0,1487 
0,1516 
0,1408 
0,1301 
0.1213 
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y j~ 

-r-

" 
1 

b v [88 
~ 

" FBC 
-'--

1< a 

ex xfJ 

0,1 x 0.1 

0,2 x 0,2 

0,3 x 0,3 

0,2 x 0,3 

0,2 x 0,4 

34 

2 .. 
x 

>1 

p 

10 
20 
60 
100 
150 
200 
]0 

20 
60 
100 
150 
200 

10 
20 
60 
100 
150 
200 

10 
20 
60 
100 
150 
200 
]0 

20 
60 
100 
150 
200 

Table C.6: Coefficients k 

Loading: 
Centra] patch loading 
Boundary conditions: 
FBC: All are rigidly suppoI1ed and rotationally 

free. 
MBC: Zero direct stresses, zero shear stresses 

MBC Parameters: 
ex lila; fJ = via 

p= pl:"a 
Et-'+ 

4 

h/a = 1,5 
kwl k ohxl k abvJ k all1x1 kmlly1 

0,1303 1.5782 1,3855 0,1517 0,]921 
0,1018 1.3056 1,1373 0,1786 0.2295 
0.0612 0,8986 0.7701 0,1824 0,2380 
0,0469 0.7411 0,6273 0.1747 0,2295 
0,0378 0,6298 0,5287 0,1670 0.2193 
0,0323 0.5568 0,4641 0,1594 0,2125 

0, ]281 1,1974 1.0049 0,1344 0,1780 
0,1007 0,9453 0,7766 0,1555 0,2116 
0,0605 0,5783 0,4554 0,1465 0,2103 
0,0462 0,4485 0,3457 0,1329 0,1974 
0,0372 0,3624 0,2748 0,1208 0,1845 
0,0317 0,3]11 0.2322 0,1133 0,1742 

0,1229 0.9589 0,7737 0,1074 0,1525 
0,0972 0,7405 0,5828 0,1232 0,1818 
0,0585 0,4282 0,3161 0.1110 0,1788 
0,0449 0,3221 0,2353 0.0988 0,1667 
0,0361 0,2550 0,1828 0,0878 0,1535 
0,0309 0,2147 0,1525 0,0805 0,1444 

0,1260 1,1037 0,8360 0,1154 0,1657 
0,0994 0,8688 0,6322 0,1321 0,1984 
0,0598 0,5296 0,3553 0,1168 0,1973 
0,0459 0,4114 0,2649 0,1043 0,1853 
0,0369 0,3336 0,2082 0,0931 0,]722 
0,0314 0,2877 0,1755 0.0848 0,1624 

0,1235 1,0294 0,7271 0,0993 0,1563 
0,0977 0,8101 0,5432 0,1109 0,1877 
0,0590 0,4954 0,2983 0,0955 0,1877 
0,0453 0,3857 0,2220 0.0826 0,1754 
0,0365 0,3148 0,1744 0,0722 0,1630 
0.0311 0,2722 0,1468 0,0658 0,1544 



y 4~ 

-,.--

1~ 

[ JJ-b v 'r A 2 .. /'-'" 
/i"r'~' .• / 

~ x 

,~ FBC 
-'--

1< a :>1 

ex xfJ p 

0,1 X 0, I 10 
20 
60 
100 
150 
200 

0,2 x 0,2 10 
20 
60 
100 
150 
200 

0,3 x 0,3 10 
20 
60 
100 
150 
200 

0,2 x 0,3 10 
20 
60 
100 
150 
200 

0,2 x 0,4 10 
20 
60 
100 
150 
200 
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Table C.7: Coefficients k 

Loading: 
Central patch loading 

Boundary conditions: 
FBC: All edges are rigidly supported and rotationally 

free . 
MBC: Zero direct stresses, zero shear stresses 

MBC Parameters: 
ex = ulo; fJ pia 

.:l-

p = PF"O 
Et+ 

bla = 2 

kwl k abxl k abvl kalll;(1 kJIllvl 

0,1438 1,6351 1,3560 0.1517 0.1904 
0,1154 1,3692 1,1106 0,1773 0,2288 
0,0725 0.9633 0,7498 0.1753 02438 
0,0564 0.7979 0,6112 0,1675 0,2355 
0,0456 0,6797 0,5127 0,1596 0.227 J 

0,0390 0,6028 0,4492 0.1517 0,2188 

0,1414 1,2542 0.9752 0,1326 0,1751 
0,1138 1,0078 0.7510 0,1513 0,2104 
0,0716 0,6427 0,4410 0,1373 0.2167 
0,0555 0,5054 0,3339 0,1232 0,2054 
0,0449 0,4134 0,2646 0.1108 0,1928 
0,0384 

I 

0,3572 I 0,2230 0,1030 0,1827 

I 0,1362 1,0227 0,7506 0,1062 0,1517 
0,1104 0,8090 0,5615 0,1190 0,1822 
0,0698 0,4941 0,3093 0,1024 0,1862 
0,0542 0,3789 0.2275 0,0883 0.1753 
0,0421 0,3046 0,1783 0,0794 0,1645 
0,0374 02586 0,1487 0,0717 0,1546 

0,1395 1,1702 0.8164 0,1146 0,1231 
0,1129 0,9396 0.6153 0,1262 0,1990 
0,0712 0,6003 0,3488 0,1088 0,2044 
0,0553 0,4742 02611 0,0943 0,1947 
0,0447 0,3901 0.2065 0,0841 0,1830 
0,0383 0,3379 0,1744 0,0754 0,1733 

0,1375 1,0976 0,7051 0,0959 0,1551 
0,1117 0,8829 0,5267 0,1053 0,1886 
0,0706 0,5670 0.2945 0,085] 0,1942 
0,0549 0,4496 0,2220 0,0729 0,1849 
0,0445 0,3713 0,1765 0,0635 0,1737 
0,0381 0,3227 0,1496 0,0554 0,1644 
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ya 

-:r-
)r-

b v[;::t~ 
~ 

,~ FBC 
-~ 

1< a 

a xfJ 
0,1 x 0,1 

0,2 x 0,2 

0,3 x 0,3 

0,2 x 0,3 

0,2 x 0,4 
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2 .. ... 
x 

>1 

p 

10 
20 
60 

10 
20 
60 

10 
20 
60 

10 
20 
60 

10 
20 
60 

Table C.B: Coefficients k 

Loading: 
Central patch loading 
Boundary conditions: 
FBC: Al1 edges are rigidly suppoI1ed and rotationally 

free . 
MBC: Zero direct stresses, zero shear stresses 

MBC 
n. 

did lIt lC~, 

a= ula; fJ = via 

p = P/~d 
E 4 ( t 

bla = 2.5 

kwl kcrhx1 k,:Jbvl kcrlllXI kcrJ1lVI 

0,1496 1,6636 1,3463 0,1552 0,1826 
0,1235 1,4109 1,1006 0,1811 0,2175 
0,0861 1,0428 0,7453 0,1811 0,2374 

0,1470 1,2814 0,9650 0,1359 0,1688 
0,1218 1,0491 0,7400 0,1548 0,2000 
0,0849 0,7205 0,4363 0,1390 0,2088 

0,1419 1.0504 0,7410 0.1092 0,1443 
0,1182 0,8489 0,5519 0,1222 0,1726 
0,0827 0,5681 0,3052 0,1014 0,1775 

0,1455 1,1981 0,8056 0,1161 0,1579 
0,1210 0,9820 0,6053 0,1294 0,1876 
0,0847 0,6806 0,3487 0,1088 0,1982 

0,1434 0,1126 0,6949 0,0986 0,1469 
0,1199 0,9261 0,5168 0,1069 0,1763 
0,0844 0,6480 0,2993 0,0849 0,1873 
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Foreword 

This European Standard EN 1993, Eurocode 3: Design of steel structures, has been prepared by Technical 
Committee CEN/TC250 « Structural Eurocodes », the Secretariat of which is held by BSl. CEN/TC250 is 
responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 
text or by endorsement, at the latest by November 2005, and conflicting National Standards shall be withdrawn 
at latest by .March 20 lO. 

This Eurocode ,""0,."",11.",,, ENV 1993-1-1. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement these European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, France, Germany, Greece, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, 
Switzerland and United Kingdom. 

Background to the Eurocode programme 

In 1 the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonization of technical specifications. 

\Vithin this action programme, the Commission took the initiative to establish a set of harmonized technical 
rules for the design of construction works which, in a first would serve as an alternative to the national 
rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the COlmnission, with the help of a Steering Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980s. 

In 1989, the Commission and the Member States of the EU and EFTA on the basis of an agreement] 
between the Commission and CEN, to transfer the preparation and the publication of the Eurocodes to CEN 
through a series of Mandates, in order to provide them with a future status of European Standard (EN). This 
links de the Eurocodes with the provisions of all the Council's Directives and/or Conunission's 
Decisions dealing with European standards the Council Directive 8911 06/EEC on construction products 
- CPD and Council Directives 93/37/EEC, 92/S0/EEC and 89/440/EEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of up the internal market). 

The Structural Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 Eurocode 0; Basis of Structural Design 
EN ]99] Eurocode 1: Actions on structures 
EN 1992 Eurocode 2: of concrete structures 
EN 1993 Eurocode 3: Design of steel structures 
EN 1994 Eurocode 4: Design of composite steel and concrete structures 
EN 1995 Eurocode 5: Design of timber structures 
EN 1996 Eurocode 6: Design of masonry structures 
EN 1997 Eurocode 7: Geotechnical 
EN 1998 Eurocode 8: Design of structures for earthquake resistance 
EN 1999 Eurocode 9: Design of aluminium structures 

1 Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (BC/CEN/03/89). 
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Eurocode standards the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatory safety matters at national level where these 
continue to vary from State to State. 

Status and field of appJication of eurocodes 

The Member States of the EU and EFTA recognize that Eurocodes serve as reference documents for the 
following purposes: 

as a means to prove compliance of building and civ'il engineering works with the essential requirements 
of Council Directive 89/] 06/EEC, particularly Essential Requirement N°l -Mechanical resistance and 
stability and Essential Requirement N°2 Safety in case of fire; 

as a basis for specifying contracts for construction works and related e]n;~~lr,·e·e',r11·.n services; 

- as a framework for drawing up harmonized technicu} specifications for construction products (ENs and 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they are of a different nature from 
harmonized product standards3

. Therefore, technical aspects arising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees andlor EOTA Working Groups working on product 
standards with a view to achieving full compatibility of these technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and un innovative nature. Unusual forms of 
construction or design conditions are not specifically covered and additional consideration will be 
required by the designer in such cases. 

National Standards inlplenlenting Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and 
may be followed by a National annex. 

The National annex may only contain information on those parameters which are left open in the Eurocode 
for national choice, known as Nationally Determined Parameters, to be used for the design of buildings and 
civil engineering works to be constructed in the country concerned, i.e. : 

values andlor classes where alternatives are in the Eurocode, 
values to be used where a symbol only is in the Eurocode, 
country specific data (geographical, climatic, etc.), e.g. snow map, 

the procedure to be used where alternative procedures are in the Eurocode. 
It may contain 

decisions on the application of informati ve annexes, 
references to non-contradictory complementary information to assist the user to apply the Eurocode. 

Links between Eurocodes and harmonized technical specifications (ENs and ETAs) for 
products 

2 According to Art. 3.3 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative documents for the 
creation of the necessary links between the essential requirements and the mandates for harmonized ENs and ETAGs/ETAs. 

:1 According to Ar1. 12 of the CPD the interpn::tQtive documents shall : 
a) give concrete form to the requirements by harmonizing the terminology and the technical bases and indicating cbsses or levels l'or each 

reqlli rernent where 
b) methods these classes or or requirement with the technical specifications, methods of calculation and of proof, 

tee hn ica I ru les for design, etc. ; 
c) the l'siablishmenl of harmonized standards and guidelines for European technical approvals. 

Eurocodes, dej{x;w, playa similar role in the field of the ER I and a part of ER 2. 
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There is a need for consistency between the harmonized technical specifications for construction products 
and the technical rules for works4

. Furthennore, all the infollnation accompanying the CE Marking of the 
construction products which refer to Eurocodes should clearly mention which Nationally Determined 
Parameters have been taken into account. 

National annex for EN 1993-1-8 

This standard gives alternative procedures, values and recOlIDnendations with notes indicating where national 
choices may have to be made. The National Standard implementing EN 1993-1-8 should have a National 
Annex containing all Nationally Determined Parameters for the design of steel structures to be constructed in 
the reJevant country. 

National choice is allowed in EN 1993-1-8 through: 

2.2(2) 

1.2.6 (Group 6: Rivets) 

3.1.1(3) 

3.4.2( I) 

5.2.1(2) 

6.2.7.2(9) 

Art.3.3 and Art.12 orlhc CI)D. well as clauses 4.2,4.3.1,4.3.2 and 5.2 of ID 1. 
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1 Introduction 

1.1 Scope 

(1) This part of EN 1993 gives design methods for the design of joints to predominantly static 
loading using steel grades S235, ~ S355, S420, S450 and S460 

1.2 Normative references 

This European Standard incorporates by dated or undated reference, provisions tiOln other publications. 
These normative references are cited at the appropriate places in the text and the publications are listed 
hereafter. For dated references, subsequent amendments to or revisions of any of these publications apply to 
this European Standard, only when incorporated in it by amendment or revision. For undated references the 
latest edition of the publication referred to applies (including amendments). 

1.2.1 Reference Standards, Group 1: Weldable structural steels 

EN 10025-1 :2004 Hot rol1ed products of structural steels. General technical delivery conditions 

EN 10025-2:2004 Hot rolled products of structural stee1s. Technical delivery conditions for non-alloy 
structural steels 

EN 10025-3:2004 

EN ] 0025-4:2004 

EN J 0025-5:2004 

EN ] 0025-6:2004 

Hot rolJed products of structural steels. Technical delivery conditions for 
normalized/normalized rolled weldable fine grain structural steels 

Hot rolled products of structural steels. Technical delivery conditions for 
thermomechanical rolled weldable fine grain structural steels 

Hot rolled products of structural steels. Technical delivery conditions for structural 
steels with improved atmospheric corrosion resistance 

Hot rolled products of structural steels. Technical delivery conditions for flat products 
of high yield strength structural steels in quenched and tempered condition 

1.2.2 Reference Standards, Group 2: Tolerances, dimensions and technical delivery 
conditions 

EN J 0029: 1991 

EN J0034: 1993 

EN 10051:1991 

EN 10055:J995 

EN 10056-1:1995 

EN 10056-2: 1993 

EN 10164:1993 

Hot rolled steel plates 3 111m thick or above - Tolerances on dimensions, shape and 
mass 

Structural steel 1- and H-sections - Tolerances on shape and dimensions 

Continuously hot-rolled uncoated plate, sheet and strip of non-alloy and alloy steels -
Tolerances on dimenSIons and shape 

Hot rolled steel equal flange tees with radiused root and toes Dimensions and 
tolerances on shape and dimensions 

Structural steel equal and unequal leg angles Part 1: Dimensions 

Structural steel equal and unequal leg angles - Part 2: Tolerances on shape and 
dimensions 

Steel products with improved deformation properties perpendicular to the surface of 
the product Technical delivery conditions 

1.2.3 Reference Standards, Group 3: Structural hollow sections 

EN 10219-1: 1997 Cold formed welded structural hollow sections of non-alloy and fine 
I: Technical delivery requirements 
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Cold formed welded structural hollow sections of non-alloy and fine grain steels Part 
2: Tolerances, dimensions and sectional properties 

Hot finished structural hollow sections of non-alloy and fine grain structural steels -
Part 1: Technical delivery requirements 

Hot finished structural hollow sections of non-alloy and fine grain structural steels -
Part 2: dimensions and sectional properties 

1.2.4 Reference Standards, Group 4: Bolts, nuts and washers 

EN 14399-1 :2002 High strength structural bolting for preloading Pali 1 : General Requirements 

EN 14399-2:2002 strength structural bolting for preloading Part 2 : Suitability Test for preloading 

EN 14399-3:2002 

EN 14399-4:2002 

EN 14399-5:2002 

EN 14399-6:2002 

High strength structural bolting for preloading Part 3 : System HR -Hexagon bolt and 
nut assemblies 

High strength structural bolting for preloading - Part 4 : System HY -Hexagon bolt 
and nut assemblies 

High strength structural bolting for preloading - Part 5 : Plain washers for system HR 

High strength structural bolting for preloading - Part 6 : Plain chamfered washers for 
systems HR and HY 

EN ISO 898-1: 1999 Mechanical properties of fasteners made of carbon steel and alloy steel Part]: Bolts, 
screws and studs (ISO 898-1: 1999) 

EN 20898-2: 1993 

EN ISO 2320: 1997 

EN ISO 4014:2000 

EN ISO 4016:2000 

EN ISO 4017:2000 

EN ISO 4018:2000 

E\IIS0 4032:2000 

EN ISO 4033:2000 

Mechanical properties of fasteners - Part 2: Nuts with special proof load values
Coarse thread (ISO 898-2: 1992) 

Prevailing torque type steel hexagon nuts Mechanical and performance requirements 
(ISO 2320: 1997) 

Hexagon head bolts Product grades A and B (ISO 4014:1999) 

Hexagon head bolts Product grade C (ISO 40] 6: 1999) 

Hexagon head screws - Product A and B (ISO 4017: 1999) 

Hexagon head screws - Product C (ISO 4018: 1999) 

Hexagon nuts, sty Ie 1 - Product grades A and B (ISO 4032: 1999) 

Hexagon nuts, style 2 - Product grades A and B (ISO 4033: 1999) 

EN ISO 4034:2000 Hexagon nuts - Product C (ISO 4034: 1999) 

EN ISO 7040:1997 Prevailing torque nuts (with non-metallic insert), style 1 - Property classes 5, 
8 and] 0 

Prevailing torque all-metal hexagon nuts, 2 - Property classes 5, 8, 10 and 12 EN ISO 7042: 1997 

EN ISO 7719:1997 

ISO 286- 2: 1988 

Prevailing torque type all-metal hexagon nuts, style 1 - Property classes 5, 8 and 10 

ISO system of limits and fits Part 2: Tables of standard tolerance grades and limit 
deviations for hole and shafts 

ISO 189]:1979 Bolts, screws, nuts and accessories Terminology and nomenclature Trilingual 
edition 

EN ISO 7089:2000 Plain washers- Nominal series- Product grade A 

EN ISO 7090:2000 Plain washers, chamfered Normal series - Product grade A 

EN ISO 7091 :2000 Plain washers - Normal series - Product grade C 

EN ISO 10511: 1997 Prevailing torque hexagon thin nuts (with non-metallic insert) 

EN ISO 10512:1997 Prevailing torque type hexagon nuts thin nuts, style J, with metric fine pitch thread
Property classes 6, 8 and ] 0 

EN ISO 10513: 1997 Prevailing torque type all-metal Uv" ..... ,..,~JH nuts, style 2, with metric fine pitch thread -
Property classes 8, 10 and 12 
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1.2.5 Reference Standards, Group 5: Welding consumable and welding 

EN 12345: 1998 Welding-Multilingual terms for welded joints with illustrations. September 1998. 

EN ISO 14555: 1998 Welding-Arc stud welding of metallic materials. May 1995 

EN ISO 13918: 1998 Welding-Studs for arc stud welding-January 1997 

EN 288-3: 1992 Specification and approval of welding procedures for metallic materials. Part 3: 
Welding procedure tests for arc welding of steels. ] 992 

EN ISO 5817:2003 Arc-welded joints in steel- Guidance for quality levels for imperfections 

1.2.6 Reference Standards, Group 6: Rivets 

NOTE: information may be given in the National Annex. 

1.2.7 Reference Standard, Group 7: Execution of steel structures 

EN 1090-2 Requirements for the execution of steel structures 

1.3 Distinction between Principles and Application Rules 

(l) The rules in EN 1990 clause 1.4 apply. 

1.4 Terms and definitions 

(1) The following terms and definitions apply: 

1.4.1 
basic component (of a joint) 
Part of a joint that makes a contribution to one or more of its structural properties. 

1.4.2 
connection 
Location at which two or more elements meet. For design purposes it is the assembly of the basic 
components required to represent the behaviour during the transfer of the relevant internal forces and 
moments at the connection. 

1.4.3 
connected member 
Any member that is joined to a supporting member or element. 

1.4.4 
joint 
Zone where two or more members are interconnected. For design purposes it is the assembly of all the basic 
components required to represent the behaviour during the transfer of the relevant internal forces and 
moments between the connected members. A beam-to-column joint consists of a web pane] and either one 
connection (single sided joint configuration) or two connections (double sided joint configuration), see 
Figure 1. 1 . 

1.4.5 
joint configuration 
Type or layout of the joint or joints in a zone within which the axes of two or more inter-connected members 
intersect, see Figure 1.2. 

1.4.6 
rotational capacity 
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The angle through which the joint can rotate for a given resistance level without failing. 

1.4.7 
rotational stiffness 
The moment required to produce unit rotation in a joint. 

1.4.8 
structural properties (of a joint) 
Resistance to internal forces and moments in the connected members, rotational stiffness and rotation 
capacity. 

1.4.9 
uniplanar joint 
In a lattice structure a uniplanar joint connects members that are situated in a single plane. 

2 

Joint = web panel in shear + connection Left joint = web panel in shear + left connection 
Right joint = web panel in shear + right connection 

a) Single-sided joint configuration 

1 web panel in shear 
2 connection 

b) Double-sided joint configuration 

3 components (e.g. bolts, endplate) 

Figure 1.1: Parts of a beam-to-column joint configuration 
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a) Major-axis joint configurations 
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Double-sided beam-to-column 
jOint configuration 

.-.. 
·1 : .... 

3 

I 

2 

." .. 4 3 
~ .. ~) 

4 

Single-sided beam-fo-column joint 
cOl?figuration; 

Double-sided beam-lo-colllm11 
joint configuration, 

Beam splice; 

Column splice,· 

5 Column base. 

~.,. " . 
.... ':'.:.J 

Double-sided beam-to-beam 
joint configuration 

b) Minor-axis joint configurations (to be used only for balanced moments Mb1 ,Ed 

Figure 1.2: Joint configurations 
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1.5 Symbols 

(1) The following symbols are used in this Standard: 

d IS the nominal bolt diameter, the diameter of the pin or the diameter of the fastener; 

do is the hole diameter for a bolt, a rivet or a pin; 

do.\ 

de 

dm 

i~lr 

e, 

ez 

e3 

e4 

n 

PI 

Pl,O 

PLi 

pz 

r 

Ss 

ta 

Ire 

tp 

tw 

twe 

A 

Ao 

Ave 

IS the hole size for the tension generally the hole diameter, but for a slotted holes perpendicular 

is 

is 

is 

IS 

is 

is 

is 

is 

is 

is 

IS 

is 

IS 

is 

is 

is 

to the tension face the slot length should be used; 

the hole size for the shear face, generally the hole diameter, but for slotted holes parallel to the 
shear face the slot length should be used; 

the clear depth of the coiunID web; 

the mean of the across points and across flats dimensions of the bolt head or the nut, whichever is 
smaller; 

the design value of the Hertz pressure; 

the specified ultimate tensile strength of the rivet; 

the end distance from the centre of a fastener hole to the adjacent end of any part, measured in the 
direction of load transfer, see Figure 3.1; 

the edge distance from the centre of a fastener hole to the adjacent edge of any part, measured at 
right angles to the direction ofload transfer, see Figure 3.1; 

the distance from the axis of a slotted hole to the adjacent end or edge of any part, see Figure 3. J ; 

the distance from the centre of the end radius of a slotted hole to the adjacent end or edge of any 
part, see Figure 3.1; 

the effective length of fillet weld; 

the number of the friction surfaces or the number of fastener holes on the shear face; 

the spacing between centres of fasteners in a Ene in the direction ofload transfer, see Figure 3.1; 

the spacing between centres of fasteners in an outer line in the direction of load transfer, see 
Figure 3.1; 

the spacing between centres of fasteners in an inner line in the direction of load transfer, see 
Figure 3. J; 

the spacing 111easured perpendicular to the load transfer direction between adjacent lines of 
fasteners, see Figure 3.1; 

the bolt row number; 

NOTE: In a bolted connection with more than one bolt-row in tension, the bolt-rows are numbered 
starting [rom the bolt-row furthest from the centre of compression. 

IS the length of stiff bearing; 

is the thickness of the angle cleat; 

is the thickness of the col unm flange; 

IS the thickness of the plate under the bolt or the nut; 

is the thickness of the web or bracket; 

is the thickness of the column web; 

is the gross cross-section area of bolt; 

is the area of the rivet hole; 

IS the shear area of the column, see EN 1993-1-1; 

is the tensile stress area of the bolt or of the anchor bolt; 
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Av . .:1'f is 

Bp,Rd lS 

E is 

]S 

is 

lS 

Fr,Rd 1S 

F v.Rd is 

is 

Fs.Rd.scr is 

Fs.Rd is 

is 

F v.hl is 

Mj,Rd is 

Sj is 

is 

is 

z is 

~l is 

q) is 

the effective shear area; 

the design punching shear resistance ofihe bolt head and the nut 

the elastic modulus; 

the deslgn preload force; 

the design tensile force per bolt for the ultimate limit state; 

the design tension resistance per bolt; 

the tension resistance of an equivalent T -stub llange; 

the shear resistance per bolt; 

the design bearing resistance per bolt; 

the slip resistance per bolt at the serviceability limit state; 

the design slip resistance per bolt at the ultimate limit state; 

the design shear force per bolt for the serviceability limit state; 

the design shear force per bolt for the ultimate limit state; 

the design moment resistance of a joint; 

the rotational stiffness of a joint; 

the initial rotational stiffness of a joint; 

the plastic shear resistance of a column web panel; 

the lever arm; 

the sl ip factor; 

the rotation of a joint. 

The fol1owing standard abbreviations for hollow sections are used in section 7: 

CHS for "circular hollow section"; 

RHS for "rectangular hol1ow section", which in this context includes square hollow sections. 

gap g 
9 

~->i 
. i 

overlap ratio 

.--E.> 
'p 

(q/p) x 100 % 

(a) Definition of gap (b) Definition of overlap 

Figure 1.3: Gap and overlap jOints 

(3) The following symbols are used in section 7: 

is the cross-sectional area of member i (i = 0, 1,2 or 3); 

Av is the shear area of the chord; 

is the effective shear area of the chord; 
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L IS 

A1jp,i,Rd iS 

IS 

is 

IS 

IS 

Ni.Ed IS 

WcLi is 

WpLi IS 

bi is 

is 

is 

lS 

bp is 

IS 

d-I is 

dw IS 

e is 

.!b IS 

fyj is 

is 

is 

hi is 

hz IS 

k IS 

IS 

P is 

q is 

r is 

tr is 

ti is 

tp is 

Iw is 

a IS 

ej is 

K is 

J.1 is 

qJ is 
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the length of a member; 

the design value of the resistance of the joint, expressed in terms of the in-plane internal moment 
in member i (i = 0, 1,2 or 

the design value of the in-plane internal moment in member i (i = 0, I, 2 or 

the design value of the resistance of the joint, expressed in terms of the ollt-or-plane internal 
moment in member i (i 0, 1, 2 or 3); 

the design value of the out-of-plane internal moment in member i (i 0, 1, 2 or 3); 

the design value of the resistance of the joint, expressed in terms of the internal axial force in 
member i (i 0,1,2 or 3); 

the value of the internal axial force in member i (i 0, 1, 2 or 3); 

the elastic section modulus of member i (i 0, 1,2 or 3); 

the plastic section modulus of member i (i = 0, 1, 2 or 3); 

the overall out-of-plane width ofRHS member i (i 0, 1, 2 or 3); 

the effective width for a brace member to chord connection; 

the effective width for an overlapping brace to overlapped brace connection; 

the effective width for punching shear; 

the width of a plate; 

the effective width for the web of the chord; 

the overall diameter of CHS member i (i 0, 1, 2 or 3); 

the depth of the web of an I or H section chord member; 

the eccentricity of a joint; 

the buckling strength of the chord side \vall; 

the yield strength of member i (i 0, 1, 2 or 3); 

the yield strength of a chord member; 

the gap between the brace members in a K or N joint (negative values of g represent an overlap 
q); the gap g is measured along the length of the connecting face of the chord, between the toes 
of the adjacent brace members, see Figure 1.3(a); 

the overall in-plane depth of the cross-section of member i (i = 0, 1, 2 or 3); 

the distance between centres of of the effective width parts of a rectangular section beam 

a factor defined in the relevant table, with subscript g, m, n or p; 

the buckling length of a memt)er; 

the length of the projected contact area of the overlapping brace member onto the face of the 
chord, in the absence of the overlapped brace member, see Figure 1.3(b); 

the length of overlap, measured at the face of the chord, between the brace members in a K or N 
joint, see Figure] .3(b); 

the root radius of an I or H section or the corner radius of a rectangular hollow section; 

the Hange thickness of an I or H section; 

the wall thickness of member i (i 0,1,2 or 3); 

the thickness of a plate; 

the web thickness of an I or H section; 

a factor defined in the relevant table; 

the included angle between brace member and the chord (i 1, 2 or 3); 

a factor defined where it occurs; 

a factor defined in the relevant table; 

the angle between the planes in a multiplanar joint. 15 
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(4) The integer subscripts used in section 7 are defined as follows: 

IS an integer subscript used to designate a member of a joint, i = 0 denoting a chord and i = I, 2 or 
3 the brace members. In joints with two brace members, i = 1 normally denotes the 
compression brace and i = 2 the tension brace, see Figure lA(b ). For a single brace i = 1 
whether it is subject to compression or tension, see Figure lA(a); 

i andj are integer subscripts used in overlap type joints, i to denote the overlapping brace member and j to 
denote the overlapped brace member, see Figure lA( c). 

(5) The stress ratios used in section 7 are defined as follows: 

11 is the ra ti 0 ((JO.l'-d ([yo) I YM5 

is the ra ti 0 ((Jp.l::d (1;'0) I )'M5 

(used for RHS chords); 

(used for CHS chords); 

(J1l.Ed IS the maximum compressive stress in the chord at a joint; 

(Jp,Ed is the value of (JO,Ed excluding the stress due to the components parallel to the chord axis of the 
axial forces in the braces at that joint, see Figure lA. 

(6) The geometric ratios used in section 7 are defined as follows: 

f3 is the ratio of the mean diameter or width of the brace members, to that of the chord: 

for T, Y and X joints: 

d l dl b
l -'-or-

do 'bo bo 

for K and N joints: 

d l + d 2 dl + d 2 bl +b2 +hl +h 2 
or -------------------

2 do 2 bo 4 bo 

for KT joints: 

ell +d2 +d] d l +d2 +d3 bl +b2 +b3 +hl +h2 +h3 
~--~-~- or ~----~--~----~--~----~ 

3 bo 6 bo 

fJp is the ratio bi/bp ; 

Y is the ratio o[ the chord width or diameter to twice its wall thickness: 

do bo bo --; -- or--
2 to 2 to 2 If 

'7 is the ratio of the brace member depth to the chord diameter or width: 

hi hi 
-or-
do bo 

'7p IS the ratio hJbp; 

)O\' is the overlap ratio, expressed as a percentage (}co\, = (q/p) x lOO%) as shown in figure 1.3(b); 

~ )'ov.lilll is the overlap for which shear between braces and chord face may become critical. Q§] 

(7) Other symbols are specified in appropriate clauses when they are used. 

NOTE: Symbols [or circular sections are given in Table 7.2. 
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a) Joint with single brace member 

MO, 

Np,Ed 1 
~I 

MO,Ed 

\ ~"""'---~/~-71-,~~~~~~·-·J/·· 

b) Gap joint with two brace members 

c) Overlap joint with two brace members 
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o 

Figure 1.4: Dimensions and other parameters at a hollow section lattice girder 
joint 
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2 Basis of design 

2.1 Assumptions 

(1) The design methods given in this part of EN 1993 assume that the standard of construction is as 
specified in the execution standards given in 1.2 and that the construction materials and products used 
are those specified in EN 1993 or in the relevant material and product specifications. 

2.2 General requirements 

I§) (l)P All joints shall have a design resistance such that the structure is capable of satisfYing all the basic 
design requirements in this Standard and in EN 1993-1-l. @1] 

(2) The partial factors YM for joints are given in Table 2.1. 

Table 2.1: Partial safety factors for joints 

Resistance of members and cross-sections )IMO , YM 1 and YiV12 see EN 1993-1-1 

Resistance of bolts 

Resistance of rivets 

Resistance of pins YM2 

Resistance of welds 

Resistance of plates in 

Slip resistance 
- at ultimate limit state (Category C) YM3 

- at serviceability limit state (Category B) VM3.ser 

Iit:a !t resistance of an injection bolt YM4 

Resistance of joints in hollow section lattice girder I Y~15 
Resistance of pins at serviceability limit state I Y:V16,scr 

Preload of high strength bolts YM7 

Resistance of concrete Yc see EN 1992 

NOTE: Numerical values for JIM may be defined in the National Annex. Recommended values are as 
follows: 1; YM3 J and )",13,scr = 1,1 ; )'M4 = 1,0 ; )'M5 = 1,0 ; y.t.,16.scr = ] ,0 ; YM7 1,1. 

(3)P Joints subject to fatigue shall also satisfy the principles given in EN J 993-] -9. 

2.3 Applied forces and moments 

I§) (I)P The forces and moments applied to joints at the ultimate limit state shall be determined according to 
the principles in EN 1993-] -1. @1] 

2.4 Resistance of joints 

(l) The resistance of a joint should be determined on the basis of the resistances of its basic components. 

Linear-elastic or elastic-plastic analysis may be used in the design of joints. 

18 
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(3) Where fasteners with different stilTnesses are used to carry a shear load the fasteners with the highest 
stiffness should be designed to carry the design load. An exception to this design method is given in 
3.9.3. 

2.5 Design assumptions 

~ (l)P Joints shall be designed on the basis of a realistic assumption of the distribution of internal forces 
and moments. The following assumptions shall be used to determine the distribution of forces: 

(a) the internal forces and moments assumed in the analysis are in equilibrium with the forces and 
moments applied to the joints, 

(b) each element in the joint is capable of resisting the internal forces and moments, 

(c) the deformations implied by this distribution do not exceed the deformation capacity of the 
fasteners or welds and the connected parts, 

(d) the assumed distribution of internal forces shall be realistic with regard to relative stilTnesses 
within the joint, 

(e) the deformations assumed in any design model based on elastic-plastic analysis are based on 
rigid body rotations and/or in-plane defonnations which are physically possible, and 

([) any model used is in compliance with the evaluation of test results EN 1990).@il 

(2) The application rules given in this part satisfy 2.S( 1). 

2.6 Joints loaded in shear subject to impact, vibration and/or load reversal 

(l) \Vhere a joint loaded in shear is subject to impact or significant vibration one of the following jointing 
methods should be used: 

welding 

bolts with locking devices 

preloaded bolts 

injection bolts 

other types ofbol1 which effectively prevent movement of the connected parts 

rivets. 

(2) Where slip is not acceptable in a joint (because it is subject to reversal of shear load or for any other 
reason), preloaded bolts in a Category B or C connection (see 3.4), fit bolts (see 3.6.]), rivets or 
welding should be used. 

(3) For wind and/or stability bracings, bolts in Category A connections (see 3.4) may be used. 

2.7 Eccentricity at intersections 

(1) \Vhere there is eccentricity at intersections, the joints and members should be designed for the 
resulting moments and forces, except in the case of particular types of structures where it has been 
demonstrated that it is not necessary, see 5.] .5. 

(2) In the case of joints of angles or tees attached by either a single line of bolts or two lines of boJts any 
possible eccentricity should be taken into account in accordance with 2.7(1). In-plane and out-of-plane 
eccentricities should be detel1uined by considering the relative positions of the centroidal axis of the 
member and of the setting out line in the p1ane of the connection (see Figure 2.1). For a single angle in 
tension connected by bolts on one the simplified design method given in 3.10.3 may be used. 

NOTE: The effect of eccentricity on angles lIsed as web members in compression is given in 
EN 1993-1-1, Annex BB 1.2. 
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Figure 2.1: Setting out lines 

3 Connections made with bolts, rivets or pins 

3.1 Bolts, nuts and washers 

3.1.1 General 

1 Centroidal axes 

2 Fa.r.,'teners 

3 Setting out lines 

(]) All boHs, nuts and washers should comply with 1.2.4 Reference Standards: Group 4. 

(2) The rules in this Standard are valid for the bolt classes given in Table 3.1. 

(3) The yield strengthf~b and the ultimate tensile strength!ub for bolt classes 4.6, 5.6,5.8,6.8, 8.8 and 
J 0.9 are given in Table 3.1. These values should be adopted as characteristic values in design 
calculations. 

Table 3.1: Nominal values of the yield strength tyb and the ultimate tensile 
strength tub for bolts 

Bol1 class 4.6 4.8 5.6 5.8 6.8 8.8 10.9 

lf~b (N/111m2) 240 320 300 400 480 640 900 

/:Ib (N/mlll) 400 400 500 500 600 800 1000 

NOTE: The National Annex may exclude certain bolt classes. 

3.1.2 Preloaded bolts 

(1) Only bolt assemblies of c]asses 8.8 and 10.9 conforming to the requirements given in 1.2.4 Reference 
Standards: Group 4 for High Strength Structural Bolting for preloading with controlled tightening in 
accordance with the requirements in 1.2.7 Reference Standards: Group 7 may be used as preloaded 
bolts. 

3.2 Rivets 

(1) The material properties, dimensions and tolerances of steel rivets should comply with the requirements 
given in 1.2.6 Reference Standards: Group 6. 
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3.3 Anchor bolts 

(1) The following materials may be used for anchor bolts: 

Steel grades conforming to 1.2.1 Reference Standards: Group] ; 

Steel grades conforming to 1.2.4 Reference Standards: Group 4; 

Steel used for reinforcing bars conforming to EN 10080; 

provided that the nominal yield strength does not exceed 640 
required to act in shear and not more than 900 N/mn12 otherwise. 

3.4 Categories of bolted connections 

3.4.1 Shear connections 

BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

when the anchor bolts are 

(1) Bolted connections loaded in shear should be designed as one of the following: 

a) Category A: Bearing type 
In this category bolts from class 4.6 up to and including class 10.9 should be used. No preloading and 
special provisions for contact surfaces are required. The design ultimate shear load should not exceed 
the design shear resistance, obtained from 3.6, nor the design bearing resistance, obtained from 3.6 and 
3.7. 

b) Category B: Slip-resistant at serviceability limit state 
In this category preloaded bolts in accordance with 3.] .2(1) should be used. Slip should not occur at 
the serviceability limit state. The design serviceability shear load should not exceed the design slip 
reslstctnC,e, obtained from 3.9. The design ultimate shear load should not exceed the design shear 
resistance, obtained from 3.6, nor the design bearing resistance, obtained from 3.6 and 3.7. 

c) Category C: Slip-resistant at ultimate limit state 
In this category preloaded bolts in accordance \V·ith 3.1.2(1) should be used. Slip should not occLir at 
the ultimate limit state. The design ultimate shear load should not exceed the design slip 
obtained from nor the design bearing resistance, obtained from 3.6 and 3.7. In addition for a 
connection in tension, the design plastic resistance of the net cross-section at bolt holes 6.2 
of EN 1993-1-1), should be checked, at the ultimate limit state. 

The design checks for these connections are summarized in Table 3.2. 

3.4.2 Tension connections 

(l) Bolted connection loaded in tension should be designed as one of the following: 

a) Category D: non-preloaded 
In this category bolts fro111 class 4.6 up to and including class 10.9 should be used. No preloading is 
required. This category should not be used where the connections are frequently subjected to 
variations of tensile loading. However, they may be used in connections designed to resist normal 
wind loads. 

b) Category E: preloaded 
In this category preloaded 8.8 and ] 0.9 bolts with controlled tightening in conformity with 1.2.7 
Reference Standards: Group 7 should be used. 

The checks for these connections are summarized in Table 3.2. 
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Table 3.2: Categories of bolted connections 

Category 

A 
bearing type 

B 
slip-resistant at serviceability 

C 
slip-resistant at ultimate 

D 
non-preloaded 

E 
pre]oaded 

Fv.'Cd 

Fv.'Cd ~ 

Criteria 

Shear connections 

~LFv,Ed S; 

Remarks 

No pre]oading required. 
Bolt classes from 4.6 to 10.9 may be used. 

Pre loaded 8.8 or 10.9 bolts should be used. 
For slip resistance at serviceability see 3.9. 

Preloaded 8.8 or 10.9 bo1ts should be used. 
For slip resistance at ultimate see 3.9. 

see 3.4.1(1) c). 

Tension connections 

No preloading required. 
Bolt classes from 4.6 to 10.9 may be used. 

see Table 3.4. 

Preloaded 8.8 or 10.9 bolts should be used. 
Bp,Rd see Table 3.4. 

The design tensile force F[,Ed should include any force due to prying action, see 3.] L Bolts subjected to 
both shear force and tensile force should also satisf the criteria Given in Table 3.4. 

22 
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3.5 Positioning of holes for bolts and rivets 

(1) Minimum and maximum spacing and end and edge distances for bolts and rivets are 
3.3. 

in Table 

(2) Minimum and maximum spacing, end and 
1993-1-9. 

distances for structures to fatigue, see EN 

Table 3.3: Minimum and maximum spacing, end and edge distances 

Distances and Minimum Maximum l
) 

3) 

spacings, 
Structures made from steels conforming to see 3.1 Structures made from 

EN 10025 except steels conforming to 
steel s conforming to 

EN 10025-5 
EN 10025-5 

Steel exposed to the Steel not exposed 10 
S1eelused 

weather or other the weather or other 
unprotected 

corrosive influences corrosive influences 

End distance el 1,2do 4f+40 mm 
The larger of 
8t or ]25 m111 

Edge distance l,2do 4t 40 111m 
The larger of 
81 or 125 mm 

Distance 
1,5do 

4) 

in slotted holes 
Distance e4 

1,5do 
4) 

in slotted holes 

Spacingpi 
The smaller of The smaller of The smaller of 
14/0r 200 mm ]4/or 200 mm 14tmin or ] 75 111m 

Spacingpl.o 
The smaller of 
14f or 200 111m 

Spacingpl.i 
The smaller of 
28t or 400 111m 

SpacingJh 5) 2,4do 
The smaller of The smaller of The smal1er of 
14t or 200 mm 14t or 200 mm 14/min or ] 75 111111 

I) 
Maximum values for spacings, and end distances are unlimited, except in the following cases: 

for compression members in order to avoid local hllckhng and to prevent corrosion in exposed 
members (the limiting values are given in the table) and; 

for exposed tension members ~ to prevent corrosion (the limiting values are in the 

table). @i) 

The local buckling resistance of the plate in compression between the fasteners sbould be calculated 
according to EN 1993-1-1 using 0,6 PI as buckling length. Local buckling between the fasteners 
need not to be checked if p/t is smaller than 9 e . The edge distance should not exceed the local 
buckling requirements for an oLitstand element in the compression .t see EN 1993-1-1. The 
end distance is not affected by this lC:YU1H:.:IllC:U 

3) t is the thickness of the thinner outer connected part. 
4) The dimensional limits for slotted holes are given in 1.2.7 Reference Standards: Group 7. 
5) For staggered rows of fasteners a minimum line spacing 1,2do may be used, provided that the 

minimum distance, L, between any two fasteners is or equal than 2,4do, see 3.1b). 
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a) Symbols for spacing of fasteners 

I P1 

1-.J~~--~i;;9---e---9---e--
.. 'i3 'i3 '~ '0 

-tf~--?'~--?'~--~'~--~~---

Staggered Rows affasteners 

b) Symbols for stalggered spacing 

1-[+ -. + -+ --+\ jl-' -----·+-1 ---O!-- P1.i 
2- -+ ----r--- . 

PI S; 14 t and 200 mm P2 S; 14 t and s; 200 mm Pl,O s; 14 t and S; 200 nun P1.i 28 t and S; 400111111 

J outer rGH' 2 inner row 

c) spacing in compression members d) Staggered spacing in tension members 

e) End and edge distances for slotted holes 

Figure 3.1: Symbols for end and edge distances and spacing of fasteners 

3.6 Design resistance of individual fasteners 

3.6.1 Bolts and rivets 

(1) The design resistance for an individual fastener subjected to shear and/or tension is given in Table 3.4. 

For preloaded bolts in accordance with 3. 
calculations should be taken as: 

the design preload, ,to be used in 

NOTE: \Vhere the preload is not lIsed in design calculations see note to Table 3.2. 

1) 

(3) The resistances for tension and for shear through the threaded portion of a bolt in Table 
3.4 should only be lIsed for bolts manufactured in conformity with 1.2.4 Reference Standard: Group 4. 
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for bolts with cut threads, such as anchor bolts or tie rods fabricated from round steel bars where the 
threads comply with EN 1090, the relevant values from Table 3.4 should be used. For bolts with cut 
threads where the threads do not comply with EN 1090 the relevant values from Table 3.4 should be 
multiplied by a factor of 0,85. 

(4) The design shear resistance Fv,RcI given in Table 3.4 should only be used where the bolts are lIsed in 
holes with nominal clearances not exceeding those for normal holes as specified in 1.2.7 Reference 
Standards: Group 7. 

(5) MI2 and M14 bolts may also be used in 2 mm clearance holes provided that the design resistance of 
the bolt group based on bearing is less than or equal to~the design resistance of the bolt group 
based on bolt shear. In addition for class 5.8, 6.8, 8.8 and 10.9 bolts the design shear resistance 

should be taken as 0,85 times the value given in Table 3.4. 

(6) fit bolts should be designed using the method for bolts in normal holes. 

(7) The thread of a fit bolt should not be included in the shear plane. 

(8) The length of the threaded portion of a fit bolt included in the bearing length should not exceed 1/3 of 
the thickness of the plate, see Figure 3.2. 

(9) The hole tolerance used for fit bolts should be in accordance with 1.2.7 Reference Standards: Group 7. 

(10) In single lap joints with only one bolt row, see figure 3.3, the bolts should be provided with washers 
under both the head and the nut. The design bearing resistance for each bolt should be limited to: 

d t I )fM2 

NOTE: Single rivets should not be used in single lap joints. 

(11) In the case of class 8.8 or 10.9 bolts, hardened washers should be used for 
one bolt or one row of bolts. 

... (3.2) 

lap joints with only 

(12) Where bolts or rivets transmitting load in shear and bearing pass through packing of total thickness tp 

greater than one-third of the nominal diameter d, see Figure 3.4, the design shear resistance F v •Rd 

calculated as specified in Table 3.4, should be multiplying by a reduction factor fJp given by: 

9d 
... (3.3) 

(13) For double shear connections with packing on both sides of the splice, tp should be taken as the 
thickness of the thicker packing. 

(lA) Riveted connections should be designed to transfer shear forces. If tension is present the design tensile 
force should not exceed the design tension resistance Ft,Rd in Table 3.4. 

(15) for grade S 235 steel the "as driven" value ofj~II' may be taken as 400 N/m1112. 

(16) As a general rule, the grip length of a rivet should not exceed 
press riveting. 

for hammer riveting and for 
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Figure 3.2: Threaded portion of the shank in the bearing length for fit bolts 

Figure 3.3: Single lap joint with one row of bolts 

I 

I 

I 

+ + 
+ + 
+ + 
+ + 

Figure 3.4: Fasteners through packings 
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Table 3.4: Design resistance for individual fasteners subjected to shear and/or 
tension 

Failure mode Bolts Rivets 

Shear resistance per shear 

rM2 

- where the shear plane passes through the 
threaded portion of the bolt (A is the tensile stress 
area of the bolt 

for classes 4.6~ 5.6 and 8.8: 
a y = 0,6 

- for classes 4.8, 5.8, 6.8 and 10.9: 
a y 0,5 

- where the shear plane passes through the 
un threaded portion of the bolt (A is the gross cross 
section of the boJt): Uy 0,6 

rM2 

tle<Ullllg resistance 1).2). 

where ab is the smallest of ad ; or 1,0; 

in the direction of load transfer: 

- for end bolts: ad = ; for inner bolts: ad 
3do 

perpendicular to the direction of load transfer: 

~-for bolts: kl is the smallest of 
do 

-1,7,1,4 -1,7and 

- for inner bolts: kl is the smallest of 1,4 P2 -1,7 or 2,5 
do 

Tension resistance 0,6 

r M2 rM2 

where k2 0,63 for countersunk bolt, 
otherwise k2 0,9. 

Punching shear resistance / )1M2 No check needed 

Combined shear and 
tension 

---~1,0 

I) 

3 } 

The bearing resistance Fb,Rd for bolts 

in oversized holes is 0,8 times the bearing resistance for bolts in normal holes. 

- in slotted holes, where the longitudinal axis of the slotted hole is perpendicular to the direction of 
the force transfer, is 0,6 times the bearing resistance for bolts in round, normal holes, 

For countersunk bolt: 

- the bearing resistance F b.Rd should be based on a thickness t equal to the thickness of the 
connected plate minus half the depth of the countersinking. 

for the determination of the tension resistance the angle and depth of countersinking should 
conform with 1.2.4 Reference Standards: Group 4, otherwise the tension resistance should 
be adjusted accordingly. 

When the load on a bolt is not parallel to the the bearing resistance may be verified separately 
for the bolt load com onents )arallel and normal to the end. 
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3.6.2 Injection bolts 

3.6.2.1 General 

(1) Injection bolts may be used as an alternative to ordinary bo1ts and rivets for category A, Band C 
connections specified in 3.4. 

(2) fabrication and erection details for injection bolts are given in ] .2.7 Reference Standards: Group 7. 

3.6.2.2 Design resistance 

(1) The design method in 3.6.2.2(2) to 3.6.2.2(6) should be used for connections with injection bolts 
of class 8.8 or J 0.9. BoH assemblies should conform with the requirements given in 1.2.4 Reference 
Standards: Group 4, but see 3.6.2.2(3) for when pre loaded bo1ts are used. 

(2) The ultimate shear load of any bolt in a A connection should not exceed the smaller 
of the following: the design shear resistance ~ of the bolt or a group of bolts as obtained ~ from 
3.6 and the design bearing resistance of the resin as obtained from 3.6.2.2(5). 

(3) Preloaded injection bolts should be Llsed for category Band C comlections, for which preloaded bolt 
assemblies in accordance with 3.1.2(1) should be used. 

(4) The design serviceability shear load of any bolt in a category B connection and the design ultimate 
shear load of any bolt in a category C connection should not exceed the design slip resistance of the 
bolt as obtained from 3.9 at the relevant limit state plus the design resistance of the resin as 
obtained from 3.6.2.2(5) at the relevant limit state. In addition the design ultimate shear load of a bolt 
in a category Bore connection should not exceed either the design shear resistance of the bolt as 
obtained from 3.6, nor the bearing resistance of the bolt as obtained 1'ro1113.6 and 3.7. 

(5) The bearing resistance of the resin, may be determined according to the following 
equation: 

F b,Rd.rcsin 

1:\44 

where: 

1S the strength of an injection bolt 

/1 is a coefficient depending of the thickness ratio of the connected plates as given in Table 3.5 
and figure 3.5 

is the bearing strength of the resm to be determined according to the 1.2.7 Reference 
Standards: Group 7. 

tlHl',;in is the effective bearing thickness of the resin, in Table 3.5 

kl 1S 1,0 for serviceability limit state (long duration) 
is 1,2 tor ultimate limit state 

k, is taken as 1,0 for holes with normal clearances or (1,0 0,1 111), for oversized holes 

!I1 is the difference (in 111m) between the normal and oversized hole dimensions. In the case of 
short slotted holes as specified in 1.2.7 Reference Standards: Group 7, 111 = 0, 5 . (the difference 
(in 111m) between the hole length and width). 

(6) When calculating the resistance of a bolt with a clamping length exceeding 3d, a value of not 
more than 3d should be taken to determine the effective bearing thickness (see figure 3.6). 
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°2 

2.0 

Figure 3.5: Factor B as a function of the thickness ratio of the connected plates 

Table 3.5: Values of 13 and tb,resin 

2,0 
1,0 t]/12 2,0 

1,0 

jJ 

1,0 
1,66 - 0,33 (tl / 

1,33 

2 t2 1.5 d 
tl < 1,5 d 
t1 S:. d 

Figure 3.6: Limiting effective length for long injection bolts 

3.7 Group of fasteners 

(l) The design resistance of a group of fasteners may be taken as the sum of the design bearing resistances 
of the individual fasteners provided that the shear resistance }~"Rd of each individual 

fastener is greater 1han or equal to the design bearing resistance F b. Rd . Otherwise the design resistance 
of a group of fasteners should be taken as the number of fasteners multiplied by the sma]]est design 
resistance of any of the individual fasteners. 

3.8 Long joints 

(l) \\1here the distance Lj between the centres of the end fasteners in a joint, measured in the direction of 
force transfer Figure 3.7), is more than 15 d, the design shear resistance F\,.Rd of all the fasteners 
calculated according to Table 3.4 should be reduced by multiplying it by a reduction factor flu, given 

J -
-15d 

200d 
... (3.5) 
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but ],0 and ftLf 2: 0,75 

(2) The provision in 3.8(1) does not apply where there is a uniform distribution of force transfer over the 
length of the joint, e.g. the transfer of shear force between the web and the flange of a section. 

L' 
I~ J -j 

s---- F 

Lj LJ 
l~~~--~~·~! I- -, 

F....-}~:~~~! ln~: nt.!llllnlc:!;i;h~~U ~o:t:H :t::tm~:I: s~ F 

Figure 3.7: Long joints 

3.9 Slip-resistant connections using 8.8 or 10.9 bolts 

3.9.1 Design Slip resistance 

(l) The design slip resistance of a pre10aded class 8.8 or 10.9 bolt should be taken as: 

~ ... (3.6a)@11 
r 

... (3.6b)@11 

where: 

ks is given in Table 3.6 

n is the number of the friction planes @11 

J1 is the slip factor obtained either specific tests for the friction surface in accordance with 
1.2.7 Reference Standards: Group 7 or when relevant as given in Table 3.7. 

(2) For class 8.8 and 10.9 bolts conforming with 1.2.4 Reference Standards: Group 4, with controlled 
tightening in conformity with 1.2.7 Reference Standards: Group 7, the preloading force Fp,c to be used 
in equation (3.6) should be taken as: 

0,7fllb ... (3.7) 

Table 3.6: Values of ks 

Description k, 

Bolts in normal holes. 1,0 

Bolts 111 either oversized holes or short slotted holes with the axis of the slot 
0,85 

perpendicular to the direction of load transfer. 
Bolts in long slotted holes with the axis of the slot perpendicular to the direction of load 
transfer. 

Bolts in short slotted holes with the axis of the slot parallel to the direction of load 
0,76 

transfer. 

Bolts in long slotted holes with the axis of the slot parallel to the direction of load 
0,63 

transfer. 
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Table 3.7: Slip factor, 1-1, for pre-loaded bolts 

Class of friction surfaces 1.2.7 Reference Slip factor II 
Standard: Group 7) 

A 0,5 

B 0,4 

C 0,3 

D 0,2 

NOTE 1: The requirements for testing and inspection are given in 1.2.7 Reference Standards: 
Group 7. 

NOTE 2: The classification of any other surface treatment should be based on test specimens 
representative of the surfaces used in the structure using the procedure set out in 1.2.7 
Reference Standards: Group 7. 

NOTE 3: The definitions of the class of friction surface are given in 1.2.7 Reference 
Standards: Group 7. 

NOTE 4: With painted surface treatments a loss of pre-load may occur over time. 

3.9.2 Combined tension and shear 

(1) If a slip-resistant connection is subjected to an applied tensile force, or in addition to the 
shear force, F v •Ed or tending to produce slip, the design slip resistance per bolt should be taken 
as follows: 

for a category B connection: 
) 

... (3.8a) 
Y,\'!J,ser 

for a category C connection: ... (3.8b) 

(2) If, in a moment connection, a contact force on the compression side counterbalances the applied 
tensile force no reduction in slip resistance is required. 

3.9.3 Hybrid connections 

(1) As an exception to 2.4(3) , preloaded class 8.8 and 10.9 bolts in connections designed as slip-resistant 
at the ultimate limit state (Category C in 3.4) may be assumed to share load with welds, provided that 
the final tightenjng ofthe bolts is canied out after the welding is complete. 

3.10 Deductions for fastener holes 

3.10.1 General 

(1) Deduction for holes in the member design should be made according to EN 1993-1 1. 
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3.10.2 Design for block tearing 

(1) Block tearing consists of failure in shear at the row of bolts along the shear face of the hole group 
accompanied by tensile rupture along the line of bolt boles on the tension face of the bolt group. 
Figure 3.8 shows block tearing. 

(2) For a symmetric bolt group subject to concentric loading the design block tearing resistance, IS 

given by: 

IYM2 + (l I ';3) lv 

where: 

A nl is net area subjected to tension; 

Am IS net area subjected to shear. 

... (3.9) 

(3) For a bolt group subject to eccentric loading the design block shear tearing resistance is 
by: 

J 

r.r---r- 2 

32 
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1 small tension force 
2 large shear 
3 small shearforce 
4 large tensionforce 

Figure 3.8: Block tearing 

... (3.10) 
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3.10.3 Angles connected by one leg and other unsymmetrically connected members in tension 

(1) The eccentricity in joints, see 2.7(1), and the effects of the spacing and 
should be taken into account in determining the design resistance of: 

unsymmetrical members; 

distances of the bolts, 

symmetrical members that are connected unsYIIDlletrically, such as angles connected by one leg. 

(2) A single angJe in tension connected by a row of bolts in one see Figure 3.9, may be treated 
as concentrically loaded over an effective net section for which the design ultimate resistance should 
be determined as follows: 

with 1 bolt: 11) 

with 2 bolts: ... (3.12) 

with 3 or more bolts: Nu.Rd ... (3.13) 
YM2 

where: 

fJ2 and fJ3 are reduction IJlctors dependent on the pitch PI as given in Table 3.8. For intermediate values 
of PI the value of fJ may be determined by linear interpolation; 

Ancl is the net area of the angle. For an unequal-leg connected by its smaJler leg, And should 
be taken as equal to the net section area of an equivalent equal-leg angle of size equal to that 
of the smaller leg. 

Table 3.8: Reduction factors P2 and P3 
Pitch PI do 5,0 do 

2 bolts fJ2 0,4 0,7 

3 bolts or more 0,5 0,7 

a) 1 bolt 

b) 2 bolts 

c) 3 bolts 

(a) 

\...6 1 I P1 I •• 

(b) (c) 

Figure 3.9: Angles connected by one leg 
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3.10.4 lug angles 

(1) The Lug angle shown in Figure 3.10 connects angle members and their fasteners to a gusset or other 
supporting part and should be designed to transmit a force 1,2 times the force in the out stand of the 
angle connected. 

(2) The fasteners connecting the angle to the outstand of the member should be U,",':!JF",J.J,",U to 
transmit a force] ,4 times the force in the outstand of the angle member. 

(3) connecting a channel or a similar member should be ~~,,.,.., .. _~ to transmit a force 1,1 times 
the force in the channel Hanges to which they are attached. 

(4) The fasteners connecting the lug angle to the channel or similar member should be designed to 
transmit a force 1,2 times the force in the channel which they connect. 

(5) In no case should less than t\VO bolts or rivets be used to attach a lug angle to a 
supporting part. 

or other 

(6) The connection of a lug to a gusset plate or other supporting part should terminate at the end of 
the member connected. The connection of the lug angle to the member should rlln irom the end of the 
member to a point beyond the direct connection of the member to the or other supporting parL 

Figure 3.10: Lug angles 

3.11 Prying forces 

(1) \Vhere rasteners are required to carry an applied tensile 
additional force due to prying action, where this can occur. 

they should be designed to resist the 

NOTE: The rules given in 6.2.4 implicitly account for prying forces. 

3.12 Distribution of forces between fasteners at the ultinlate limit state 

(1) \Vhen a moment is applied to a joint, the distribution of internal forces may be either linear (i.e. 
proportional to the distance from the centre of rotation) or plastic, (Le. any distribution that is in 
equilibrium is acceptable provided that the resistances of the components are not exceeded and the 
ductility of the components is sufficient). 

(2) The elastic linear distribution of internal forces should be used for the following: 

when bolts are Llsed creating a category C slip-resistant connection, 

in shear connections where the design shear resistance F",Rd of a fastener is less than the 
resistance Fb.Rd , 

where connections are subjected to impact, vibration or load reversal (except wind loads). 

(3) \.\fhen a joint is loaded by a concentric shear only, the load may be assumed to be uniformly 
distributed amongst the fasteners, provided that the size and the class of fasteners is tbe same. 
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3.13 Connections made with pins 

3.13.1 General 

(I) Wherever there is a risk of pins becoming loose, they should be secured. 

(2) Pin connections in which no rotation is required may be as bolted connections, 
provided that the of the pin is less than 3 times the diameter of the pin, see 3.6.1. for all other 
cases the method in 3.13.2 should be followed. 

(3) In pin-connected members the ge()Jm~trv of the unstiffnened element that contains a hole for the pin 
should satisfy the dimensional given in Table 3.9. 

Table 3.9: Geometrical requirements for pin ended members 

Given thickness t 

a 

Given geometry 

,.: 

FEd 

0,7 

T 

~Q 

T 
~o 

~ 
I 

@\ 

4-l--
O,3do 

O.75d o 

1,3d o 

FEdy MO do ~ 2,5 t 
fy 

-"-it 
T 

2.5do 

(4) Pin connected members should be arranged such to avoid eccentricity and should be of sufficient size 
to distribute the load from the area of the member with the pin hole into the member away from the 
pin. 

3.13.2 Design of pins 

(1) The requirements for solid circular pins are given in Table 3.1 O. 

(2) The moments in a pin should be calculated on the basis that the connected parts form simple supports. 
It should be generally assumed that the reactions between the pin and the connected parts are 
uniformly distributed along the in contact on each part as indicated in Figure 3.1]. 

(3) If the pin is intended to be replaceable, in addition to the provisions given in 3.] 3.] 10 3.] the 
contact bearing stress should satisfy: 

... (3.] 4) 

where: 
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ah,ld = 0,59] 

~Jll,Rd= 

\vhere: 

d is the diameter of the pin; 

do is the diameter of the pin hole; 

... (3.15) 

(3.] 6) 

@l] is the value of the force to be transferred in bearing, under the characteristic load 

36 

combination for serviceability limit states. 

Table 3.10: Design criteria for pin connections 

Failure mode 

Shear resistance of the pin 

Bearing resistance of the plate and the pin 

If the pin is intended to be replaceable this 
re uirement should also be satisfied. 
Bending resistance of the pin 

If the pin is intended to be replaceable this 
re uirement should also be satisfied. 

Combined shear and bending resistance of the pin 

d IS the diameter of the pin; 

Design requirements 

Fv.Rd 

MRd,scr 

[
M Ed ]2 + 
}VIR" 

./;, is the lower ofihe yield strengths @l] of the pin and the connected part; 

.I:ljJ is the ultimate tensile strength of the pin; 

is the yield strength of the pin; 

is the thickness of the connected parl; 

A is the cross-sectional area of a in. 
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Figure 3.11: Bending moment in a pin 
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4 Welded connections 

4.1 General 

(l) The provisions in this section apply to weldable structural steels conforming to EN 1993-1-] and to 
material thiclmesses of 4 mm and over. The provisions also apply to joints in which the mechanical 
properties of the weld metal are compatible with those of the parent metal, see 4.2. 

For welds in thinner material reference should be made to EN 1993 part 1.3 and for welds in structural 
ho]lO\\/ sections in material thicknesses of 2,5 mm and over guidance is section 7 of this 
Standard. 

For stud welding reference should be made to EN 1994-1-1. 

NOTE: Further guidance on stud welding can be found in EN ISO 14555 and EN ISO 139] 8. 

~ (2)P \Velds subject to fatigue shall also satisfy the principles given in EN 1993-1-9. @il 

(3) Quality level C according to EN ISO 25817 is usually required, if not otherwise specified. The 
Crequency of inspection of \velds should be specified in accordance with the rules in 1.2.7 Reference 
Standards: Group 7. The quality level of welds should be chosen according to EN ISO 25817. For the 
quality level of welds llsed in fatigue loaded structures, see EN 1993-1-9. 

(4) Lamellar tearing should be avoided. 

(5) Guidance on lamellar tearing is given in EN 1993-] -] O. 

4.2 Welding consumables 

(l) AIJ welding consumables should conform to the relevant standards specified in 1.2.5 Reference 
Standards; Group 5. 

(2) The specified yield strength, ultimate tensile strength, elongation at failure and minimum Charpy 
V -11otch energy value of the filler metal, should be equivalent to, or better Lhan that specified for the 
parent material. 

NOTE: Genera]]y it is safe to use electrodes that are overmatched with regard to the steel grades 
being used. 

4.3 Geometry and dimensions 

4.3.1 Type of weld 

( I ) This Standard covers the design of fi]]et welds, fillet welds all round, butt welds, plug welds and flare 
groove welds. Butt welds may be either full penetration butt \-velds or partial penetration butt welds. 
Both fillet welds a]] rollnd and plug welds may be either in circular holes or in elongated holes. 

(2) The most common types of joints and welds are illustrated in EN 12345. 

4.3.2 Fillet welds 

4.3.2.1 General 

(I) Fmet welds may be llsed for connecting parts where the fusion faces form an angle of between 60° and 
120°. 
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(2) smaller than 60° are also permitted. However, in such cases the weld should be considered to 
be a partial penetration butt weld. 

(3) For angles than l20° the resistance of fiUet welds should be determined by testing 111 

accordance with EN 1990 Annex D: Design by testing. 

(4) Fillet welds finishing at the ends or sides of parts should be returned continuously, full size, around the 
corner tor a distance of at least twice the length of the weld, unless access or the configuration of 
the joint renders this impracticable. 

NOTE: 1n the case of intermittent welds this rule applies only to the last intermittent fillet weld at 
corners. 

(5) End returns should be indicated on the drawings. 

(6) For eccentricity of single-sided fillet welds, see 4.12. 

4.3.2.2 Intermittent fillet welds 

(1) Intermittent fillet welds should not be used in corrosive conditions. 

(2) In an intermittent fillet weld, the gaps (L I or Lz ) between the ends of each length of \veld Lw should 
fulfil the requirement in Figure 4.1. 

(3) In an intermittent finet weld, the gap (LI or L2) should be taken as the smaller of the distances between 
the ends of the welds on opposite sides and the distance between the ends of the welds on the same 
side. 

(4) In any run of intermittent fi}]et weld there should always be a length of weld a1 each end of the part 
connected. 

(5) In a built-up member in which plates are connected by means of intermittent fillet welds, a continuous 
fillet weld should be provided on each side of the plate for a length at each end equal to at least 
three-quarters of the width of the narrower plate concerned Figure 4.1). 
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I~ 
-:rtl 
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The smaller of Lwe 2:: 0,75 band 

For build-up members in tension: 
The smallest of L1 S; 16 t and and 200 mm 

For build-up members in compression or shear: 
The smallest of :5 12 t and 12 t1 and 0,25 b and 200mm 

Figure 4.1: Intermittent fillet welds 

4.3.3 Fillet welds all round 

(I) Fillet welds all round, comprising fillet welds in circular or elongated holes, may be used only to 
transmit shear or to prevent the buckling or separation of lapped parts. 

(2) The diameter of a circular hole, or width of an elongated hole, for a fillet weld all round should not be 
less than four times the thickness of the part containing it. 

(3) The ends of elongated holes should be semi-circular, except for those ends which extend to the edge of 
the part concerned, 

(4) The centre to centre spacing of fillet welds all round should not exceed the value necessary to prevent 
local buckling, see Table 3.3. 

4.3.4 Butt welds 

( I ) A full penetration butt \veld is defined as a weld that has complete penetration and fusion of weld and 
parent metal throughout the thickness of the joint. 
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(2) A partia1 penetration butt weld is defined as a we1d that has joint penetration which is less than the ful1 
thickness of the parent material. 

(3) Intermittent butt welds should not be used. 

For eccentricity in single-sided partial penetration butt \velds, see 4.12. 

4.3.5 Plug welds 

(l) Plug welds may be used: 

to transmit shear, 

to prevent the buckling or separation of lapped parts, and 

to inter-connect the components of built-up members 

but should not be used to resist externally applied tension. 

(2) The diameter of a circular hole, or width of an elongated hole, for a plug weld should be at least 8 111m 

more than the thickness of the part containing it. 

(3) The ends of elongated holes should either be semi-circular or else should have corners which are 
rounded to a radius of not less than the thickness of the part containing the slol, except for those ends 
which extend to the edge of the part concerned. 

(4) The thickness of a plug weld in parent material up to 16 1ml1 thick should be equal to the thickness of 
the parent material. The thickness of a plug weld in parent material over 16 mm thick shou1d be at 
least half the thickness of the parent material and not less than 16 mm. 

The centre 10 centre spacing of 
buckling, see Table 3.3. 

welds should not exceed the value necessary to prevent local 

4.3.6 Flare groove welds 

(I) For solid bars the design effective throat thickness of flare groove welds, when fitted flush to the 
surface of the solid section of the bars, is defined in 4.2. The definition of the design throat 
thickness of flare groove welds in rectangular hollow sections is given in 7.3.1(7). 

Figure 4.2: Effective throat thickness of flare groove welds in solid sections 

4.4 Welds with packings 

(1) In the case of welds with packing, the packing should be trimmed flush with the edge of the part that is 
10 be welded. 

(2) Where two parts connected by welding are separated by packing having a thickness less than the leg 
length of weld necessary to transmit the force, the required leg length should be increased by the 
thickness of the packing. 
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(3) Where two parts connected by welding are separated by packing having a thickness equal to, or 
greater than, the leg length of weld necessary to transmit the force, each of the parts should be 
connected to the packing by a weld capable of transmitting the design force. 

4.5 Design resistance of a fillet weld 

4.5.1 Length of welds 

(1) ~ The effective length of a fillet weld leif @l] should be taken as the length over which the fillet is 
fuJl-size. This maybe taken as the overall length of the weld reduced by twice the effective throat 
thickness a. Provided that the weJd is full size throughout its length including starts and terminations, 
no reduction in effective length need be made for either the start or the termination of the weld. 

(2) A Rllet \veld with an effective length less than 30 mm or less than 6 times its throat thickness, 
whichever is larger, should not be designed to carry load. 

4.5.2 Effective throat thickness 

(1) The effective throat thickness , a, of a fillet weld should be taken as the height of the largest triangle 
(with equal or unequal legs) that can be inscribed within the fusion faces and the weld surface, 
measured perpendicular to the outer side of this triangle, see Figure 4.3. 

(2) The effective throat thickness of a fillet weld should not be less than 3 mm. 

(3) In determining the design resistance of a deep penetration fillet weld, account may be taken of its 
additional throat thickness, see Figure 4.4, provided that preliminary tests show that the required 
penetration can consistently be achieved. 

J 
[ 

Figure 4.3: Throat thickness of a fillet weld 

/ 

Figure 4.4: Throat thickness of a deep penetration fillet weld 

4.5.3 Design Resistance of fillet welds 

4.5.301 General 

(1) The design resistance of a fillet weld should be determined using either the Directional method given 
in 4.5.3.2 or the Simplified method given in 4.5.3.3. 
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4.5.3.2 Directional method 

(1) In this method, the forces transmitted by a unit length of weld are resolved into components parallel 
and transverse to the longitudinal axis of the weld and normal and transverse to the plane of its throat. 

(2) The design throat area should be taken as = La 

(3) The location of the design throat area should be assumed to be concentrated in the root. 

(4) A uniform distribution of stress is assumed on the throat section of the weld, leading to the normal 
stresses and shear stresses shown in Figure 4.5, as follows: 

(T..L is the normal stress perpendicular to the throat 

(TIl is the normal stress parallel to the axis of the weld 

T..L is the shear stress (in the plane of the throat) perpendicular to the axis of the weld 

Til is the shear stress (in the plane of the throat) parallel to the axis of the weld. 

Figure 4.5: Stresses on the throat section of a fillet weld 

(5) The normal stress (TIl parallel to the axis is not considered when verifying the design resistance of the 
weld. 

(6) The design resistance of the fillet weld will be sufficient if the following are both satisfied: 

... (4.1) 

where: 

f~ is the nominal ultimate tensile strength of the weaker part joined; 

fJw is the appropriate correlation factor taken trom Table 4.1. 

(7) Welds between parts with different material strength grades should be designed using the properties of 
the material with the lower strength grade. 
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Table 4.1: Correlation factor Pw for fillet welds 

Standard and steel grade 
Correlation factor f3w 

EN 10025 EN 10210 EN 10219 

S 235 
S 235 H S 235 H 0,8 

S 235 W 
S 275 

S 275 H 
S 275 H 

S 275 N/NL 
S 275 NH/NLH 

S 275 NH/NLH 0,85 
S 275 :NI/ML S 275 NIH/MLH 

S 355 
S 355 H 

S 355 N/NL S 355 H 
S 355 NH/NLH 0,9 

S 355 M/ML S 355 NH/NLH 
S 355 W 

S 355 .MH/MLH 

S 420 N/NL 
S 420MH/MLH 1,0 

S 420 M/ML 
S 460 N/NL 

S 460 NH/NLH 
S 460 M/ML S 460 NH/NLH 

S 460MH/MLH 
1,0 

S 460 QIQL/QL 1 

4.5.3.3 Simplified method for design resistance of fillet ,'veld 

(I) Alternatively to 4.5.3.2 the design resistance of a fillet weld may be assumed to be adequate if, at 
every point along its length, the resuhant of all the forces per unit transmitted by Ihe weld 
satisfy the fol1owing criterion: 

... (4.2) 

where: 

IS the design value of the weld force per unit length; 

F w .Hd is the weld resistance per unit length. 

(2) Independent of the orientation of the weld throat plane to the applied force, the design resistance per 
unit length should be determined from: 

a ... (4.3) 

\,\/here: 

j;'w.d is the design shear strength of the weld. 

(3) The design shear strengthfw.d of the weld should be determined from: 

... (4.4) 

where: 

.1:1 and /J" are defined in 4.5.3.2(6). 

4.6 Design resistance of fillet welds all round 

(1) The resistance of a fillet weld all round should be determined using one of the methods given in 
4.5. 
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4.7 Design resistance of butt welds 

4.7.1 Full penetration butt welds 

(1) The design resistance of a full penetration butt weld should be taken as equal to the design resistance 
of the weaker of the parts connected, provided that the weld is made with a suitable consumable which 
will produce all-weld tensile specimens having both a minimum yield strength and a minimum tensile 
strength not less than those specified for the parent meta1. 

4.7.2 Partial penetration butt welds 

(1) The design resistance of a partial penetration butt weld should be determined using the method for a 
deep penetration fillet weld given in 4.5.2(3). 

The throat thickness of a partial penetration butt weld should not be greater than the depth of 
penetration that can be consistently achieved, see 4.5.2(3). 

4.7.3 T-buttjoints 

(1) The design resistance of a T-butt joint, consisting of a pair of partial penetration butt welds reinforced 
by superimposed fillet welds, may be dete1111ined as for a fu]] penetration butt weld (see 4.7.1) if the 
total nominal throat thickness, exclusive of the unwelded gap, is not less than the thickness t of the 
part forming the stem of the tee joint, provided that the unwe1ded gap is not more than (t I 5) or 3 mm, 
whichever is see ~ Figure 4.6 @lI. 

(2) The design resistance of aT-butt joint which does not meet the requirements given in 4.7 .3( 1) should 
be determined using the method for a fillet weld or a deep penetration fillet we1d in 4.5 
depending on the amount of penetration. The throat thickness should be determined in conformity with 
the provisions for fiUet welds (see 4.5.2) or partial penetration butt welds 4.7.2) as relevant. 

a no111, I a noll1,2 2: t 
should be the smaller of tiS and 3 111111 

Figure 4.6: Effective full penetration of T -butt welds 

4.8 Design resistance of plug welds 

(1) The design resistance Fw,Rd of a plug weld (see 4.3.3) should be taken as: 

where 

is the design shear strength of a weld given in 4.5.3.3(3); 

Aw is the design throat area and should be taken as the area of the hole. 
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4.9 Distribution of forces 

(1) The distribution of forces in a welded connection may be calculated on the assumption of either elastic 
or plastic behaviour in conformity with 2.4 and 2.5. 

(2) It is acceptable to assume a simplified load distribution within the welds. 

(3) Residual stresses and stresses not subjected to transfer of load need not be included when checking the 
resistance of a weld. This applies specifically to the normal stress parallel to the axis of a weld. 

(4) Welded joints should be designed to have adequate deformation capacity ....... nUfP\1PT ductility of the 
welds should not be relied upon. 

(5) In joints where plastic hinges may form, the welds should be designed to provide at least the same 
design resistance as the weakest of the connected parts. 

(6) In other joints where defolll1ation capacity for joint rotation is required due to the possibility of 
excessive straining, the welds sufficient strength not to rupture before general yielding in the 
adjacent parent material. 

(7) If the design resistance of an intennittent weld is determined by 
shear force per unit length Fw,Ed should be multiplied by the factor 

the total length Cot. the weld 
see Figure 4.7. 

Figure 4.7: Calculation of weld forces for intermittent welds 

4.10 Connections to unstiffened flanges 

(J) Where a transverse plate (or beam flange) is welded to a supporting unstiffened of an I, H or 
other see Figure 4.8, and provided that the condition given in 4.] 0(3) is met, the applied force 
perpendicular to the unstilTened flange should not exceed any of the relevant resistances as 
follows: 
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that of the web of the supporting member of I or H sections as given in 6.2.6.2 or 6.2.6.3 as 
appropriate; 

those for a transverse plate on a RHS member as given in Table 7.13; 

that of the supporting as given by fonl1ula (6.20) in 6.2.6.4.3(1) calculated assuming the 
applied force is concentrated over an effective width, of the tlange as given in 4.10(2) or 
4.1 0(4) as relevant. 
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Figure 4.8: Effective width of an unstiffened T -joint 

For an unstiffened 1 or H section the effective width beff should be obtained from: 

t
H

, +2s+7ktf ... (4.6a) 

where: 

... (4.6b) 

IS the yield strength of the of the I or H section; 

is the yield of the plate welded to the 1 or H section. 

The dimension s should be obtained from: 

for a rolled 1 or H section: s = r 

for a welded I or H section: s = .fi a ... (4.6d) 

(3) for an unstiffened llange of an I or H section, the following criterion should be satisfied: 

... (4.7) 

where: 

/u.P IS the ultimate strength of the plate welded to the 1 or H section; 

bp is the width of the plate welded to the I or H section. 

Otherwise the joint should be stiffened. 

(4) For other sections such as box sections or channel sections where the width of the connected plate is 
similar to the width of the flange, the effective width should be obtained from: 

belT = 2t", + 5t1' but 5 k t1' ... (4.8) 

NOTE: For hollow ,,,,,('h"l'1'" see Table 7.13. 

(5) Even if bp , the welds connecting the plate to the flange need to be designed to transmit the 
resistance of the plate bp assuming a uniform stress distribution. 
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4.11 Long joints 

(1) in lap joints the resistance of a fillet weld should be reduced by multipJying it by a reduction 
factor fiLl\' to allow for the effects of non-uniform distribution of stress along its 

(2) The provisions in 4.11 do not apply when the stress distribution along the weld corresponds to 
the stress distribution in the adjacent base as, for example, in the case of a weld connecting the 
/lange and the web of a plate girder. 

(3) In lap joints longer than 150a the reduction factor fiLw should be taken as given by: 

1,2 - O,2L j 1(1 50a) but fiLw.)::S 1,0 ... (4.9) 

where: 

Lj is the overall of the lap in the direction of the force transfer. 

(4) For lIIlet welds than 1,7 metres connecting transverse stiffeners ID plated members, the 
reduction factor may be taken as fiL\\2 given by: 

J ,1 117 but fiLw.2::S] ,0 and 0,6 ... (4.10) 

where: 

LIV is the length of the weld 

4.12 Eccentrically loaded single fillet or single-sided partial penetration butt welds 

(I) Local eccentricity should be avoided whenever it is possible. 

(2) Local eccentricity 10 the line of action of the force to be resisted) should be taken into account 
in the following cases: 

\\fhere a bending moment transmitted about the longitudinal axis of the weld produces tension at 
the root of the weld, see Figure 4.9(a); 

Where a tensile force transmitted perpendicular to the longitudinal axis of the weld produces a 
bending moment, resulting in a tension force at tbe root of the weld, see 4.9(b). 

(3) Local eccentricity need not be taken into account if a weld is used as part of a weld group around the 
perimeter of a structural hollow section. 

(a) Bending moment produces tension at the 
root of the weld 

(b) Tensile force produces tension at the root of 
the weld 

Figure 4.9: Single fillet welds and single-sided partial penetration butt welds 

4.13 Ang les connected by one leg 

(1) In angles connected by one the eccentricity of \velded lap joint end connections may be allowed 
for by adopting an effective cross-sectional area and then treating the member as concentrically 
loaded. 

(2) For an equal-leg angle, or an unequal-leg angle connected by its larger leg, the effective area may be 
taken as equal 10 the gross area. 
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(3) For an unequal-leg angle connected by its smaller leg, the effective area should be taken as equal to 
the gross cross-sectional area of an equivalent equal-leg angle of leg size equal to that of the smaller 
leg, when determining the design resistance of the cross-section, see EN 1993-1-]. However when 
determining the design buckling resistance of a compression member, see EN 1993-1-1, the actual 
gross cross-sectional area should be used. 

4.14 Welding in cold-formed zones 

(1) Welding may be carried out within a length 5t either side of a cold-formed zone, see Table 4.2, 
provided that one of the following conditions is fulfilled: 

the cold-formed zones are normalized after cold-forming but before welding; 

the ";t-ra1io satisfy the relevant value obtained from Table 4.2. 

Table 4.2: Conditions for welding cold-formed zones and adjacent material 

r/t 

25 
10 
3,0 

::::: 2,0 
::::: 1,5 
::::: 1,0 

S1rain due to cold 
forming (%) 

:::::2 
:::::5 

::::: 14 
::::: 20 
S;; 25 
S;; 33 

5t 

v 

Maximum thickness (111m) 

Generally 

Predominantly 
static loading 

any 
any 
24 
12 
8 
4 

5t 

Where fatigue 
predominates 

any 
16 
12 
10 
8 
4 

Fully killed 
Alumini um-killed 

steel 
(AI> 0,02 %) 

any 
any 
24 
12 
]0 
6 

~ NOTE Cold fonned hollow sections according to EN 10.219 which do not satisfy the limits given in 
Table 4.2 can be assumed to satisfy these limits if these sections have a thickness not exceeding 12,5 mm 
and are AI-killed with a quality J2H, MH, MLH, NH or NLH and further satisfy Cs 0,18%, P:::; ,020% 
and S :::; 0,012(%. 

In other cases welding is only permitted within a distance of 5t from the corners if it can be shown by tests 
that welding is permitted for that particular application. @l] 

49 



BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

5 Analysis, classification and modelling 

5.1 Global analysis 

5.1.1 General 

(1) The effects of the behaviour of the joints on the distribution of intemal forces and moments within a 
structure, and on the overall deformations of the structure, should generally be taken into account, but 
where these etTects are sufficiently small they may be neglected. 

(2) To identify whether the effects of joint behaviour on the analysis need be taken into account, a 
distinction may be made between three simplified joint models as follows: 

simple, in which the joint may be assumed not to transmit bending moments; 

continuous, in which the behaviour of the joint may be assumed to have no effect on the analysis; 

semi-continuous, in which the behaviour of the joint needs to be taken into account in the 
analysis. 

(3) The appropriate type of joint model should be determined from Table 5.1, depending on the 
classification orthe joint and on the chosen method of analysis. 

(4) The moment-rotation characteristic of a joint used in the analysis may be simplified by 
adopting any appropriate curve, including a linearized approximation (e.g. bi-linear or tri-linear), 
provided that the approximate curve lies wholly below the moment-rotation characteristic. 

Table 5.1: Type of joint model 

Method of global 
Classification of joint 

analysis 

Elastic Nominally pinned Rigid Semi-ngid 

Klgld··FJastic Nominally pinned Full-strength Partial-strength 

Semi-rigid and partial-strength 
Elastic-Plastic Nominally pinned Rigid and full-strength Semi-rigid and full-strength 

Rigid and partial-strength 

Type of 
Continuous Semi-continuous 

joint model 

5.1.2 Elastic global analysis 

(I) The joints should be classified according to their rotational lJ.U.ll""", see 5.2.2. 

The joints should have sufficient 
resulting from the analysis. 

to transmit the forces and moments acting at the joints 

(3) In the case of a semi-rigid joint, the rotational stiffness Sj corresponding to the bending moment 
/W(j,Ed should generally be lIsed in the analysis. If does not exceed 2/3 A1j,Rd the initial rotational 
stimless may be taken in the global analysis, see Figure 5.1 (a). . 

(4) As a simplification to 5.1.2(3), the rotational stiffness lllay be taken as SJ.inJ'1 in the for all 
values of the moment , as shown in Figure 5.1(b), where '7 is the stiffness modification 
coefficient from Table 5.2. 

For joints connecting H or J sections Sj is given in 6.3.1. 
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a) Mj,Ed :s 2/3 Mj,Rd 

Figure 5.1: Rotational stiffness to be used in elastic global analysis 

Table 5.2: Stiffness modification coefficient 1/ 

Other types of joints 

Type of connection 
Beam-to-column (beam-to-beam 

joints joints, beam splices, 
colul1m base joints) 

Welded 2 3 

Bolted end-plates 2 3 

Bolted cleats 2 

Base - 3 

5.1.3 Rigid-plastic global analysis 

(1) The joints should be classified according to their strength, see 5.2.3. 

(2) For joints connecting H or 1 sections A!i,Rd is in 6.2. 

(3) F or joints connecting ho1Jow sections the method given in section 7 may be used. 

(4) The rotation capacity of a joint should be sufficient to accommodate the rotations resulting from the 
analysis. 

(5) For joints connecting H or J sections the rotation capacity should be checked according to 6.4. 

5.1.4 Elastic- plastic global analysis 

(1) The joints should be classified according to both stiffness (see 5.2.2) and strength 5.2.3). 

(2) For joints connecting H or 1 sections Ali.Rd is in 6.2, SJ is given in 6.3. J and ~Cd is given in 6.4. 

For joints connecting hollow sections the method given in section 7 may be used. 

(4) The moment rotation characteristic of the joints should be used to determine the distribution of 
internal forces and moments. 

(5) As a simplification, the bi-linear moment-rotation characteristic shown in 
adopted. The stiffness modification coefficient '7 should be obtained from Table 5.2. 

5.2 may be 
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Figure 5.2: Simplified bi-linear design moment-rotation characteristic 

5.1.5 Global analysis of lattice girders 

(I) The provisions given in 5.l.5 apply only to structures whose joints are verified according to section 7. 

(2) The distribution of axial forces in a lattice girder may be detennined on the assumption that the 
members are connected by pinned joints (see also 2.7). 

(3) Secondary moments at the joints, caused by the rotational stiffnesses of the joints, may be neglected 
both in the of the members and in the design of the joints, provided that both of the following 
conditions are satisfied: 

the joint geometry is within the range of validity specified in Table 7.1, Table 7.8, Table 7.9 or 
Table 7.20 as appropriate; 

the ratio of the system length to the depth of the member in the plane of the lattice girder is not 
less than the appropriate minimum value. For building structures, the appropriate minimum value 
may be assumed to be 6. values may apply in other parts of EN 1993; 

the eccentricity is within the limits specified in 5.1.5(5). @lI 

(4) The moments resulting from transverse loads (whether in-plane or out-of-plane) that are applled 
between panel points, should be taken into account in the of the members to which they are 
applied. Provided that the conditions in 5.1.5(3) are satisfied: 

the brace members may be considered as pin-connected to the chords, so moments resulting from 
transverse loads applied to chord members need not be distributed into brace members, and vice 
versa; 

the chords may be considered as continuous beams, with simple supports at panel points. 

(5) Moments resulting from eccentricities may be neglected in the design of tension chord members and 
brace members. They may also be neglected in the design of connections if the eccentricities are 
within the following limits: 

- -0,55 do 

-0,55 ho 

where: 

0,25 do 

0,25 ho 

IS the eccentrjcity defined in Figure 

do IS the diameter of the chord: 

ho is the depth of the chord, in the plane of the lattice girder. 

... (5.1a) 

... (S.1b) 

(6) When the eccentnc1tles are within the limits given in 5.1.5(5), the moments resulting from the 
eccentricities should be taken into account in the design of compression chord members. In this case 
the moments produced by the eccentricity should be distributed bet ween the compression chord 
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members on each side of the joint, on the basis of their relative stiffness coefficients ilL, where L is 
the system length of the member, measured between panel points. 

(7) When the eccentricities are outside the limits given in 5.1.5(5), the moments resulting from the 
eccentricities should be taken into account in the design of the joints ~ and the members @l1 . 
In this case the moments produced by the eccentricity should be distributed bet ween all the members 
meeting at the joint, on the basis of their relative stiffness coefficients ilL. 

(8) The stresses in a chord resulting from moments taken into account in the design of the chord, should 
also be taken into account in determining the factors km, kn and kp used in the design of the joints, 
see Table 7.2to Table 7.5, Table 7.]0 and Table 7.12 to Table 7.14. 

(9) The cases where moments should be taken into account are summarized in Table 5.3. 

or 

or 

or 

Figure 5.3: Eccentricity of joints 

Table 5.3 Allowance for bending moments 

Source of the bending moment 
Type of component 

Secondary effects Transverse loading Eccentricity 

Compression chord Yes 

Tension chord 
Not if 5.1.5(3) Yes 

~Not if 5.1.5(3) and (5) are satisfied 

Brace member is satisfied Not ifS.J.S(3) and (5) are satisfied 

Joint Not if 5.1.5(3) and (5) are satisfied@l1 
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5.2 Classification of joints 

5.2.1 General 

(1) The details of all joints should fulfil the assumptions made in the relevant method, without 
adversely any other part of the structure. 

(2) Joints may be classified by their stiffness 5.2.2) and by their strength 5.2.3). 

NOTE: The National Annex may additional information on the classification of joints by their 
stiffness and strength to that in 5.2.2.1 (2). 

5.2.2 Classification by stiffness 

5.2.2.1 General 

(I) A joint may be classified as rigid, nominally 
by comparing its initial rotational stiffness 

or semi-rigid according to its rotational stiffness, 
with the classification boundaries in 5.2.2.5. 

NOTE: Rules for the determination of Sj,ini for joints connecting H or 1 sections are given in 6.3.1. 
Rules for the determination of for joints connecting hollow sections are not given in this 
Standard. 

A joint may be classified on the basis of experimental evidence, AV'"Al"·'Ar ...... ''' of previous satisfactory 
performance in similar cases or by calculations based on test evidence. 

5.2.2.2 Nominally pinned joints 

(I) A nominally pinned joint should be capable of transmitting the internal forces, without 
significant moments which might adversely affect the members or the structure as a whole. 

(2) A nominally pinned joint should be capable of U,""'-I.J·H.lJ .. l;;, the resulting rotations under the 

5.2.2.3 Rigid joints 

loads. 

(l) Joints classi fled as rigid may be assumed to have sufficient rotational stiffness to justify analysis based 
on full continuity. 

5.2.2.4 Semi-rigid joints 

(l) A joint which does not meet the criteria for a rigid joint or a nominally pinned joint should be 
classi fled as a semi-rigid joint. 

NOTE: joints provide a predictable of interaction bet\veen members, based on the 
design moment-rotation characteristics of the joints. 

(2) Semi-rigid joints should be capable of transmitting the internal forces and moments. 

5.2.2.5 Classification boundaries 

(1) Classification boundaries for joints other than column bases are in 5.2.2.l(1) and Figure 5.4. 

54 



Key: 

Kb is 

Kc is 

Ib is 
Ie is 

Lb is 

Lc is 

Zone 1: rigid, if 

where: 

BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

kb 8 for frames where the bracing system 
reduces the horizontal displacement by 
at least 80 % 

kb 25 for other frames, provided that in every 
storey KblKc 2:: 0,1 *) 

Zone 2: semi-rigid 

All joints in zone 2 should be classified as 
semi-rigid. Joints in zones 1 or 3 may 
optionally also be treated as semi-rigid. 

Zone 3: nominally pinned, if Sj.ini ~ 0,5 Efb I 

*) For frames where KblKc < 0,1 the joints 
should be classified as semi-rigid. 

the mean value of 'blLb for all the beams at the top of that storey; 
the mean value of 'clLc for all the columns in that storey; 
the second moment of area of a beam; 
the second moment of area of a column; 
the span of a beam (centre-to-centre of columns); 
the storey height of a column. 

Figure 5.4: Classification of joints by stiffness 

(2) Column bases may be classified as provided the following conditions are satisfied: 

in frames where the bracing system reduces the horizontal displacement by at least 80 % and 
where the effects of deformation may be neglected: 

if 0,5 < Ao and 

if and 48 I Le. 

otherwise if 

where: 

,,1.0 is the slenderness of a column in which both ends are assumed to be pinned; 

are as given in Figure 5.4. 

5.2.3 Classification by strength 

5.2.3.1 General 

... (5.2a) 

... (5.2b) 

... (5.2e) 

... (5.2d) 

(l) A joint may be classified as full-strength, nominally pinned or partial strength by comparing its design 
moment resistance with the design moment resistances of the members that it connects. When 
classifying joints, the design resistance of a member should be taken as that member adjacent to the 
joint. 

5.2.3.2 Nominally pinned joints 

(l) A nominally pinned joint should be capable of transmitting the internal forces, without developing 
significant moments which adversely affect the members or the structure as a whole. 
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(2) A nominally pinned joint should be capable of accepting the resulting rotations under the design loads. 

(3) A joint may be classified as nominally pinned if its design moment resistance ~.Rd is not greater than 
0,25 times the design moment resistance required for a full-strength joint, provided that it also has 
sufficient rotation capacity. 

5.2.3.3 Full-strength joints 

(J) The design resistance of a full strength joint should be not less than that of the connected members. 

(2) A joint may be classified as full-strength if it meets the criteria given in Figure 5.5. 

a) Top of column 
Either 

or 

b) Within column height 
Either 

or 

Key: 
Mb,pf,Rd is the design plastic moment resistance of a beam; 

Mc,pf,Rd is the design plastic moment resistance of a column. 

Figure 5.5: Full-strength joints 

5.2.3.4 Partial-strength joints 

Mj,Rd ~ Mb,pr,Rd 

Mj,Rd ~ Mc,PCRd 

Mj,Rd ~ Mb,PCRd 

Mj,Rd ~ 2 Mc,pf,Rd 

(I) A joint which does not meet the criteria for a full-strength joint or a nominally pinned joint should be 
classified as a partial-strength joint. 

5.3 Modelling of beam-to-colunln joints 

(1) To model the deformational behaviour of a joint, account should be taken of the shear deformation of 
the web panel and the rotational deformation of the connections. 

(2) Joint configurations should be designed to resist the internal bending moments Mbl,Ed and Mb2,lcd, 

normal forces Nbl,J::d and N b2 .J::d and shear forces Vb1.Ed and Vb2,Ed applied to the joints by the 
connected members, see Figure 5.6. 

(3) The resulting shear force Vwp,Ed in the web panel should be obtained using: 

Vwp.bl = (Alibl,Ed - A1b2 ,Ed)/z - (Vel,Ed - Ve2,Ed)/2 ... (5.3) 

where: 

z is Llle lever aTln, see 6.2.7. 

(4) To model a joint in a \vay that closely reproduces the expected behaviour, the \veb panel in shear and 
each of the connections should be modelled separately, taking account of the internal moments and 
forces in the members, acting at the periphery of the web panel, see figure 5.6(a) and figure 5.7. 

(5) As a simplified alternative to 5.3(4), a single-sided joint configuration may be modelled as a single 
joint, and a double-sided joint configuration may be modelled as two separate but inter-acting joints, 
one on each side. As a consequence a double-sided beam-to-colunm joint configuration has two 
moment-rotation characteristics, one for the right-hand joint and another for the left-hand joint. 
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(6) In a double-sided, beam-to-column joint each joint should be modelled as a separate rotational spring, 
as shown in Figure 5.8, in which each spring has a moment-rotation characteristic that takes into 
account the behaviour of the web pane] in shear as well as the influence of the relevant connections. 

(7) When determining the design moment resistance and rotational stiffness for each of the joints, the 
possible influence of the web panel in shear should be taken into account by means of the 
transformation parameters fJI and fJ2 , where: 

fJl IS the value of the transformation parameter fJ for the right-hand side joint; 

fJ2 is the value of the transformation parameter fJ for the left-hand side joint. 

NOTE: The transformation parameters /31 and fJ2 are used directly in 6.2.7.2(7) and 6.3 .2(1). They 
are also used in 6.2.6.2(1) and 6.2.6.3(4) in connection with Table 6.3 to obtain the reduction factor 0) 

for shear. 

(8) Approximate values for fJl and fJ2 based on the values of the bealll moments Mbl ,Ed and Mb2.I: cI at 
the periphery of the web panel, see Figure 5.6(a), may be obtained from Table 5.4. 

N j,c2,Ed I 

, M. 
/ _ --~C2,Ed 

.... Vj ,C2,Ed 

II II 
II II 

'\., 

\ N b1.Ed 
1'''-
j 

~__ ________ I r I 
r---- M b1 ,Ed 
I 

NJ',b2,Ed , / ====:: ::==== I \. N · b1 Ed II 1 \ J • • 
----- - ~ '\ ---~::~)(IOO-:-7-II--- 1 , ,.- - .. --

Mj,b2,Ed\ ~ ====:: ::====, /Mj,b1,Ed 

Vj,b2.Ed :: : : \b1,Ed 

Nj,c1.Ed 

a) Values at periphery of web panel b) Values at intersection of member centrelines 

Direction of forces and moments are considered as positive in relation to equations (5.3) and (5.4) 

Figure 5.6: Forces and moments acting on the joint 

VWP•Ed 

Vwp,Ed 

a) Shear forces in web panel 

N b1 ,Ed .... 

b) Connections, with forces and moments in beams 

Figure 5.7: Forces and moments acting on the web panel at the connections 
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Single-sided joint configuration 

1 Joint 
2 Joint 2: side 
3 JO;'11 1: right side 

Double-sided joint configuration 

Figure 5.8: Modelling the joint 

(9) As an alternative to 5.3(8), more accurate values of PI and based on the values of the beam 
moments l'1dj•bl .Ed and N~,b2,l:'d at the intersection of the member centrelines, may be determined from 
the simplified model shown in 5.6(b) as follows: 

:::;2 

P2 = II A1 j .bl ,fd I 

where: 

is the moment at the intersection from the right hand beam; 

is the moment at the intersection from the left hand beam. 

... (5.4a) 

... (5.4b) 

(] 0) In the case of an unstiffened double-sided beam-to-column joint confIguration in which the depths of 
the two beams are not equal, the actual distribution of shear stresses in the column web panel should 
be taken into account when determining the design moment resistance. 
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Table 5.4: Approximate values for the transformation parameter /J 

Type of joint configuration Action Value of fJ 

/1 

= .Alb2.Ed fJ = 0 *) 

M b2,Ed M b1,Ed M b2.Ed 
fJ;:::;] 

( ) ( 

\ 0 fJ 2 

0 fJ 2 

In this case the value of fJ is the exact value rather than an approximation. 
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6 Structural joints connecting H or I sections 

6.1 General 

6.1.1 Basis 

(1) This section contains design methods to determine the structural properties of joints in frames of any 
type. To apply these methods, a joint should be modelled as an assembly of basic components, see 
1.4(1 ). 

(2) The basic components used in this Standard are identified in Table 6.1 and their properties should be 
determined in accordance with the provisions given in this Standard. Other basic components may be 
used provided their properties are based on tests or analytical and numerical methods supported by 
tests, see EN 1990. 

NOTE: The design methods for basic joint components given in this Standard are of general 
application and can also be applied to similar components in other joint configurations. However the 
specific design methods given for determining the design moment resistance, rotational stiffness and 
rotation capacity of a joint are based on an assumed distribution of internal forces for joint 
configurations indicated in Figure 1.2. For other joint configurations, design methods for determining 
the design moment resistance, rotational stiffness and rotation capacity should be based on appropriate 
assumptions for the distribution of internal forces. 

6.1.2 Structural properties 

6.1.2.1 Design moment-rotation characteristic 

(1) A joint may be represented by a rotational spring c0Ill1ecting the centre lines of the connected 
members at the point of intersection, as indicated in Figure 6.l(a) and (b) for a single-sided beam-to
column joint configuration. The properties of the spring can be expressed in the form of a design 
moment-rotation characteristic that describes the relationship between the bending moment iVfj.J::d 

applied to a joint and the corresponding rotation <PJ::d between the connected members. Generally the 
design moment-rotation characteristic is non-linear as indicated in Figure 6.1 ( c). 

(2) A design moment-rotation characteristic, see Figure 6.1(c) should define the following three main 
structural properties: 

moment resistance; 

rotational stiifness; 

rotation capacity. 

NOTE: In certain cases the actual moment-rotation behaviour of a joint includes some rotation due to 
such effects as bolt slip, lack of fit and, in the case of column bases, foundation-soil interactions. This 
can result in a significant amount of initial hinge rotation that may need to be included in the design 
moment-rotation characteristic. 

(3) The design moment-rotation characteristics of a beam-to-column joint should be consistent with the 
assumptions made in the global analysis of the structure and with the assumptions made in the design 
of the members, see EN 1993-1-1. 

(4) The design moment-rotation characteristic for joints and column bases of 1 and H sections as obtained 
[rom 6.3.1(4) may be assumed to satisfy the requirements of5.1.1(4) for simplifying this characteristic 
for global analysis purposes. 
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(1) The design moment resistance which is equal to the maximum moment of the design 
moment-rotation characteristic, see Figure 6. 1 (c), should be taken as that given by 6.1.3(4) 

6.1.2.3 Rotational stiffness 

(l) The rotational stiffness Sj, which is the secant stiffness as indicated in Figure 6. should be taken as 
that given by 6.3.1 (4). For a design moment-rotation characteristic this definition of Si applies up to 
the rotation ~Xd at which first reaches but not for larger rotations, see Figure 6.1 (c). The 
initial rotational stiffness ~,ini' which is the slope of the elastic range of the design moment-rotation 
characteristic, should be taken as that given by 6.1.3(4). 

6.1.2.4 Rotation capacity 

(1) The design rotation capacity <PCd of a joint, which is equal to the maximum rotation of the design 
moment-rotation characteristic, see Figure 6.1 (c), should be taken as that given by 6.1.3(4). 

I 

i 

I : 
I 

I 

r' 

I 

) 
I 

L/ 1 
I 
I 

I 
\. 

!v 

Mj,Ed 
I 
I 
I 
I 
I 

<P I 
I 

<P Ed <PXd 

I Limitfor Sf 
a) Joint b) Model c) Design moment-rotation characteristic 

Figure 6.1: Design moment-rotation characteristic for a joint 

6.1.3 Basic components of a joint 

(I) The design moment-rotation characteristic of a joint should depend on the properties of its basic 
components, which should be among those identified in 6.1.3(2). 

(2) The basic joint components should be those identified in Table 6.1, together with the reference 10 the 
application rules which should be used for the evaluation of their structural properties. 

(3) Certain joint components may be reinforced. Details of the different methods of reinforcement are 
given in 6.2.4.3 and 6.2.6. 

(4) The relationships between the properties of the basic components of a joint and the structural 
propel1ies of the joint should be those given in the following clauses: 

for moment resistance in 6.2.7 and 6.2.8; 

for rotational stiffness in 6.3.1; 

for rotation capacity in 6.4. 
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Table 6.1: Basic joint components 

Reference to application rules 

Component Design Stiffness Rotation 
Resistance coefficient capacity 

V Ed ....---... 

Column web panel 0 6.3.2 
6.4.2 and 

1 6.2.6.1 
6.4.3 in shear 

"",,--VEd 

A 

Column web 
6.4.2 and 

2 In transverse 6.2.6.2 6.3.2 
6.4.3 

compressi on ....... , ...... Fc,Ed 
A 

r 

A 

"'1 1.~ ...... Ft,Ed 

Column web 
6.3.2 

6.4.2 and 
3 in transverse 6.2.6.3 

6.4.3 
tension 

A 

A ... , .-..Ft,Ed 

Column (lange 
6.2.6.4 6.3.2 

6.4.2 and 4 
in bending 6.4.3 

A 

~<d 
End-plate ~~+-/ 

6.2.6.5 6.3.2 6.4.2 5 
in bending /1-

+-

~ 

r'I 

Ft,Ed A 
Flange cleat .... -- -

6 ~ 6.2.6.6 6.3.2 6.4.2 in bending 

I ~ --.. 
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Component 

Beam or column 
7 flange and web ....: ... 

in compression 

~l~ Fe Ed 

-+ 

....- ,--. 
8 

Beam web Ft,Ed .....: ... 
in tension 

Plate 
F~I 0 I 

9 in tension or 
compression F,~I IF:Ed 

n Bolts ]0 ..... - l l J -------in tension U Ft,Ed 

A In 
1 ] Bolts t 

in shear I ru 
Fv,Ed 

Bolts tFb,Ed 

in bearing 

I !Fb'Ed I 
12 (on beam flange, 

colunm flange, 
end-plate or cleat) 

*) No information available in this part. 
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Reference to application rules 

Design Stiffness Rotation 
Resistance coefficient capacity 

6.2.6.7 6.3.2 *) 

6.2.6.8 6.3.2 *) 

in tension: 
- EN 1993-1-1 

6.3.2 *) 
in compression: 

- EN 1993-1-] 

With column flange: 
- 6.2.6.4 

with end-plate: ~ 
6.3.2 6.4.2 

- 6.2.6.5 (§] 
with flange cleat: 

- 6.2.6.6 

3.6 6.3.2 6.4.2 

3.6 6.3.2 *) 
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Component 

Concrete 
13 in compression 

including 

Base plate 
]4 in bending under 

compression 

Base plate in 
]5 bending under 

tension 

16 
Anchor boHs 
in tension 

17 
Anchor bolts 
in shear 

] 8 Anchor bolts 
in bearing 

19 Welds 

20 }-I a Llnched beam ; 
-

-~ 
*) No information available in this part. 
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Reference to application rules 

Design Stiffness Rotation 
Resistance coefficient capacity 

6.2.6.9 6.3.2 *) 

6.2.6.10 6.3.2 *) 

6.2.6.11 6.3.2 *) 

6.2.6.12 6.3.2 *) 

6.2.2 *) *) 

6.2.2 *) *) 

4 6.3.2 *) 

6.2.6.7 6.3.2 *) 



BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

6.2 Design Resistance 

6.2.1 Internal forces 

(J) The stresses due to the internal forces and moments in a member may be assumed not to affect the 
design resistances of the basic components of a joint, except as specified in 6.2.] (2) and 6.2.1 (3). 

(2) The longitudinal stress in a column should be taken into account when determining the design 
resistance of the column web in compression, see 6.2.6.2(2). 

(3) The shear in a colunm web panel should be taken into account when determining the design resistance 
of the following basic components: 

colunm web in transverse compression, see 6.2.6.2; 

column web in transverse tension, see 6.2.6.3. 

6.2.2 Shear forces 

(1) In welded connections, and in bolted connections with end-plates, the welds connecting the beam web 
should be designed to transfer the shear force from the connected beam to the joint, without any 
assistance from the welds connecting the beam flanges. 

(2) In bolted connections with end-plates, the design resistance of each bolt-row to combined shear and 
tension should be verified using the criterion given in Table 3.4, taking into account the total tensile 
force in the bolt, including any force due to prying action. 

NOTE: As a simplification, bolts required to resist in tension may be assumed to provide their full 
design resistance in tension when it can be shown that the design shear force does not exceed the sum 
of: 

a) the total design shear resistance of those bolts that are not required to resist tension and; 

b) (0,411,4) times the total design shear resistance of those bolts that are also required to resist 
tension. 

(3) In bolted connections with angle flange cleats, the cleat connecting the compression flange of the 
beam may be assumed to transfer the shear force in the beam to the column, provided that: 

the gap g between the end of the beam and the face of the column does not exceed the thickness 
fa of the angle cleat; 

the force does not exceed the design shear resistance of the bolts connecting the cleat to the 
column; 

lhe web of the beam satisfies the requirement given in EN 1993-1-5, section 6. 

(4) The design shear resistance of a joint may be derived from the distribution of internal forces within 
that joint, and the design resistances of its basic components to these forces, see Table 6.1. 

(5) In base plates if no special elements for resisting shear are provided, such as block or bar shear 
con11ectors, it should be demonstrated ~ that the design friction resistance of the base plate, see 
6.2.2(6), and, in cases where the bolt holes are not oversized, the design shear resistance of the anchor 
bolis, see 6.2.2(7), added up is sufficient @2] to transfer the design shear force. The design bearing 
resistance of the block or bar shear connectors with respect to the concrete should be checked according 
to EN 1992. 

(6) In a column base the design friction resistance F[,Rd between base plate and grout should be derived 
as follows: 

FLRcI = Cf,cI Nc,Ed 

where: 

... (6.1) 
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is the coelTicient of friction between base plate and layer. The following values may be 
used: 

for sand-cement mortar 0,20 ; 
for other types of grout the coefficient of friction should be determined by in 
accordance with EN 1990, Annex D; 

Nc.l:'d is the design value of the normal compressive force in the column. 

NOTE: IJthe column is loaded by a tensile normal force, Fr,Rd = 0. 

(7) In a column base the 
FI.vb.Rd and F2.vb.Rd where: 

shear resistance of an anchor bolt should be taken as the smaller of 

F1,vb.Rd shear resistance of the anchor bolt, see 3.6.1 

... (6.2) 
rMl 

where: 

Ub = 0,44 0,0003 fYb 

f;'b lS the yield strength of the anchor bolt, where 235 N/mm2 

(8) [§) The design shear resistance 
derived as follows: 

between a column base plate and a grout layer should be 

+ n ... (6.3) 

\,vhere: 

n 1S the number of anchor bolts in the base plate. 

(9) The concrete and reinforcement used in the base should be in accordance with EN ] 992. 

6.2.3 Bending moments 

(I) The design moment resistance of any joint may be derived from the distribution of internal forces 
within that joint and the design resistances of its basic components to these see Table 6.l. 

(2) Provided that the axial force in the connected member does not exceed 5% of the design 
resistance NpLRcl of its cross-section, the design moment resistance of a beam-to column joint 
or beam splice may be determined using the method given in 6.2.7. 

(3) The design moment resistance iVlj,Rd of a column base may be determined using the method given in 
6.2.8. 

In alJ joints, the sizes of the welds should be such that the moment resistance of the joint }\/1j,Rd 

is always limited by the design resistance of its other basic components, and not by the design 
resistance of the welds. 

(5) In a beam-to-colunm joint or beam splice in which a plastic hinge is required to form and rotate under 
any relevant load case, the welds should be designed to resist the effects of a moment at least equal to 
the smaller of: 
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the design plastic moment resistance of the connected member 

a times the design moment resistance of the joint A~.Rd 

where: 

U = 1,4 - for frames in which the bracing system satisfies the criterion (5.1) in EN ] 993-1-1 clause 
5.2.1(3) with respect to sway; 

a = 1,7 - for all other cases. 
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(6) In a bolted connection with more than one bolt-row in tension, as a simpJification the contribution of 
any bolt-row may be neglected, provided that the contributions of all other bolt-rows closer to the 
centre of compression are also neglected. 

6.2.4 Equivalent T -stub in tension 

6.2.4.1 General 

(1) In bo1ted connections an equivalent T-stub in tension may be used to model the resistance of 
the following basic components: 

column flange in bending; 

end-plate in bending; 

l1ange cleat in bending; 

base plate in bending under tension. 

(2) Methods for modelling these basic components as equivalent T-stub flanges, including the values to be 
used for emin, and In, are given in 6.2.6. 

(3) The possible modes of failure of the flange of an equivalent T-stub may be assumed to be similar to 
those expected to occur in the basic component that it represents. 

(4) The total effective length of an equivalent T-stub, see 6.2, should be such that the 
resistance of its flange is equivalent to that of the basic joint component that it represents. 

NOTE: The effective length of an equivalent T-stub is a notional length and does not necessarily 
correspond to the physical length of the basic joint component that 11 represents. 

(5) The design tension resistance of aT-stub il.ange should be determined from Table 6.2. 

NOTE: Prying effects are implicitly taken into account when determining the design tension 
resistance according to Table 6.2. 

(6) In cases where prying forces may develop, see Table 6.2, the design tension resistance of aT-stub 
Dange should be taken as the smal1est value for the three possible failure modes 1, 2 and 3. 

In cases where prying forces may not develop the design tension resistance of a T-stub flange ,Rd 

should be taken as the smallest value for the two possible failure modes according to Table 6.2. 

e 

,:Ef.' eff 

Figure 6.2: Dimensions of an equivalent T-stub flange 
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Table 6.2: Design Resistance Fr,Rd of a T-stub flange 

Prying forces may develop, i.e. L b :::; Lb 

Mode] 

without 
backing 
plates 

with 
backing 
plates 

Mode2 

Mode 3 

Method 1 

m 

FT.2.Rd 

FT,3,Rd 

Mode 1: Complete yielding of the Hange 

Method 2 (alternative method) 

FT,i.Rd 
2ml1 ell (111 + n) 

Fr,I,Rd 
2111n e,Jm+n) 

2M pl.2,Rd + n'I}~.Rd 
m+n 

M.ode 2: Bolt failure with yielding of the Hange 
Mode 3: Bolt failure 

No prying forces 

IJ1 

Lb is - the bolt elongation length, taken equal to the grip length (total thickness of material and 
washers), pIlls half the sum of the height of the bolt head and the height of the nut or 

- the anchor bolt elongation length, taken equal 10 the sum of 8 times the nominal bolt diameter, 
the grout layer, the plate thickness, the washer and half the height of the nut 

I§)Lb (§] 
Ie ,{/.I 1{ 

Fr,Rd is the design tension resistance of a T -stub flange 
Q IS the prying force 

MpLl .Rd 0,252:f efl/l I YMO 

J'V/p l,2,Rd = 0,252:( 

0,252:f /YMO 
11 1,25171 

is the number of bolt rows (with 2 bolts per row) 
Ft,I{(1 is the design tension resistance of a bolt, see Table 

is the total value of for all the bolts in the T -stub; 
is the value of 2:::r'cff for mode 1; 

If.::fL2 is the value of for mode 2; 
emin , 111 and tr are as indicated in Figure 6.2. 

IS the yie1d strength of the backing plates; 
tbp is the thickness of the backing plates; 

dw is the diameter of the washer, or the width across points of Q 

the bolt head or nut, as re1evant. 

0,5 FT,Rd + Q 

Q 

NOTE]: In bolted beam-to-column joints or beam splices it may be assumed that prying forces 
wi II develop. 
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NOTE 2: In method 2, the force applied to the T-stub Hange by a bolt is assumed to be uniformly 
distributed under the washer, the bolt head or the nut, as appropriate, see figure, instead of 
concentrated at tbe centre-line of the bolt. This assumption leads to a higher value for mode 1, but 
leaves the values for Fr.I.2,Rd and modes 2 and 3 unchanged. 
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6.2.4.2 Individual bolt-rows, bolt-groups and groups of bolt-rows 

(1) Although in an actual T -stub flange the forces at each bolt-row are generally equal, when an 
equivalent T-stub flange is used to model a basic component listed in 6.2.4.](1), allowance should be 
made for the different in forces at each bolt-row. 

When using the equivalent T-stub approach to model a group of bolt rows it may be necessary to 
divide the group into separate bolt-rows and use an equivalent T -stub to model each separate boh-row. 

(3) When the T-stub approach to model a group of bolt rows the following conditions should be 
satisfied: 

a) the force at each bolt-row should not exceed the design resistance determined considering only 
that individual bolt-row; 

b) [he total force on each group of bolt-rows, comprising two or more adjacent bolt-rows within 
the same bolt-group, should not exceed the design resistance of that group of bolt-rows. 

(4) When determining the design tension resistance of a basic component represented by an equivalent 
T-stub 1Jange, the following parameters should be calculated: 

a) the design resistance of an individual bolt-row, determined considering only that bolt-row; 

b) the contribution of each bolt-row to the design resistance of two or more adjacent bolt-rows 
within a bolt-group, determined considering only those bolt-rows. 

(5) in the case of an individual bolt-row should be taken as equal to the effective length LcfT 

tabulated in 6.2.6 for that bolt-row taken as an individual bolt-row. 

(6) In the case of a group of bolt-rows should be taken as the sum of the effective lengths 
tabulated in 6.2.6 for each relevant bolt-row taken as part of a bolt-group. 

6.2.4.3 Backing plates 

(1) Backing plates may be used to reinforce a column in bending as indicated in 6.3. 

(2) Each backing plate should extend at least to the 
toe of the root radius or of the weld. 

of the column flange, and to witbin 3 111111 of the 

(3) The backing plate should extend beyond the furthermost bolt rows active in tension as defined in 
Figure 6.3. 

(4) Where backing plates are used, the 
the method given in Table 6.2. 

1 Backing plate 

resistance of the T -stub should be determined lIsing 

Figure 6.3: Column flange with backing plates 
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6.2.5 Equivalent T -stub in compression 

(1) In steel- to-concrete joints, the flange of an equivalent I-stub in compression may be used to model 
the resistances for the combination of the following basic components: 

the steel base plate in bending under the bearing pressure on the foundation; 

the concrete and/or grout joint material in bearing. 

Ihe total effective length lefT and the total effective width beff of an equivalent I-stub should be such 
that the design compression resistance of the I-stub is equivalent to that of the basic joint component 
it represents. 

NOTE: IEl) Ihe values for the effective length and the effective width of an equivalent T -stub are 
notional values for these lengths @II and may differ to the physical dimensions of the basic joint 
component it represents. 

(3) Ihe compression resistance of aT-stub should be determined as follows: 

... (6.4) 

where: 

bdf is the effective width of the I-stub nange, see 6.2.5(5) and 6.2.5(6) 

IS the effective length of the I-stub flange, see 6.2.5(5) and 6.2.5(6) 

is the bearing strength of the joint, see 6.2.5(7) 

(4) Ihe forces transferred through a I-stub should be assumed to spread uniformly as shown in Figure 
6.4(a) and (b). The pressure on the resulting bearing area should not exceed the design bearlng 
strength/j'cj and the additional bearing width, c, should not exceed: 

c ... (6.5) 

where: 

IS the thickness of the I-stub flange; 

f~ is lhe yield strength of the I-stub ilange. 

\Vhere the projection of the physical of the basic joint component represented by the I-stub is 
less than c, the effective area should be taken as indicated in 6.4(a) 

(6) Where the projection of the physical length of the basic joint component represented by the I-stub 
exceeds c on any side, the part of the additional projection beyond the width c should be see 

;111.1 Ii 

bet! 

(a) Short projection (b) Large projection 

Figure 6.4: Area of equivalent T -StUb in compression 
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... (6.6) 

{Jj is the foundation joint material coefficient, which may be taken as 2/3 provided that the 
characteristic strength of the grout is not less than 0,2 times the characteristic strength of the 
concrete foundation and the thickness of the grout is not greater than 0,2 times the smallest width 
of the steel base plate. In cases where the thickness of the grout is more than 50 mm, the 
characteristic strength of the grout should be at least the same as that of the concrete foundation. 

F Rdu is the concentrated design resistance force given in EN 1992, where Aco is to be taken as (bcfr 
ferr). 

6.2.6 Design Resistance of basic components 

6.2.6.1 Column web panel in shear 

(1) The design methods given in 6.2.6.1(2) to 6.2.6.1(14) are valid provided the column web slenderness 
satisfies the condition ~ dcltw~ 69c: @l] . 

(2) For a single-sided joint, or for a double-sided joint in which the beam depths are similar, the design 
plastic shear resistance Vwp,Rd of an unstiffened colunm web panel, subject to a design shear force 
VWP,C(j, see 5.3(3), should be obtained using: 

Vwp,Rd = 
0,9 f",lt'cAFc 

.J3 rMo 

... (6.7) 

where: 

Ave is the shear area of the column, see EN 1993-1-1. 

(3) The design shear resistance may be increased by the use of stiffeners or supplementary web plates. 

(4) Where transverse web stiffeners are used in both the compression zone and the tension zone, the 
design plastic shear resistance of the column web panel Vwp,ReI may be increased by Vwp,add,Rd given 
by: 

Vwp,add,Rd 

4M pl ,fe>Jld 
but 

2M +2M V plJc,Rd pl,st,Rd 
wp,add,ReI ~ ----'----'---------'--

d s 

... (6.8) 

where: 

ds IS the distance between the centre lines of the stiffeners; 

Mpl,fc,Rd is the design plastic moment resistance of a column flange 

NJpl,s[,Rd IS the design plastic moment resistance of a stiffener. 

NOTE: In welded joints, the transverse stiffeners should be aligned with the corresponding beam 
flange. 

(5) When diagonal web stiffeners are used the design plastic shear resistance of a column web should be 
determined according to EN 1993-1-]. 

NOTE: In double-sided beam-to-colunm joint configurations without diagonal stiffeners on the 
column webs, the two beams are assumed to have similar depths. 

(6) Where a colunu1 web is reinforced by adding a supplementary web plate, see Figure 6.5, the shear area 
Ave may be increased by bs {we. If a further supplementary web plate is added on the other side of the 
web, no further increase of the shear area should be made. 
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Supplementary web plates may also be used to increase the rotational stiffness of a joint by 
the stiffness of the colunm web in shear~ compression or tension, see 6.3.2(1). 

(8) The steel orthe supplementary web plate should be equal to that of the column. 

(9) The width bs should be such that the supplementary \veb plate extends at least to the toe of the root 
radius or of the weld. 

(10) The length ls should be such that the supplementary web plate extends throughout the effective width 
of the web in tension and compression~ see Figure 6.5. 

(1]) The thickness ts of the supplementary \veb plate should be not less than the column web thickness twe. 

(12) The welds between the supplementary web plate and profile should be designed to resist the applied 
design forces. 

(] 3) The width bs of a supplementary web plate should be less than 40e ts. 

(14) Discontinuous welds may be used in non corrosive environments. 

a) Layout 

bs bs 

J 1 1 

NOTE: Weldability at the corner should be taken into account. 

b) Examples of cross-section with longitudinal welds 

Figure 6.5: Examples of supplementary web plates 

6.2.6.2 Column web in transverse compression 

(]) The design resistance of an unstitTened column web subject to transverse compression should be 
determined [rom: 

but ... (6.9) 
YMI 
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where: 

ill is a reduction factor to allow for the possible effects of interaction with shear in the column 
web panel according to Table 6.3; 

is the effective width of column web in compression: 

for a welded connection: 

2.J2 ab + S(t fc + s) 

ac ,rc and ab are as indicated in Figure 6.6. 

for bolted end-plate connection: 

= t/l) + 2.J2 a p 5(tlC + s) + 

... (6.10) 

... (6.] ]) 

Sp is the length obtained by dispersion at 45° through the end-plate (at least tp and, provided that 
the length of end-plate below the flange is sufficient, up to 2tp). 

for bolted connection with angle flange cleats: 

2ta + O,6ra + 5 (ttc' + s) ... (6.] 2) 

for a rolled 1 or H section colurnn: s = rc 

for a welded lor H section column: 

P IS the reduction factor for plate buckling: 

P 1,0 ... (6. 13 a) 

if 0,72: p = ( - 0,2)/ ... (6.13b) 

x p is the plate slenderness: 

... (6.] 3c) 

for a rolled I or H section colunm: he - + l"c) 

for a welded 1 or H section colunm: dwc he 2 (tfe + .fiac ) 

kwc is a reduction factor and is given in 6.2.6.2(2). 

Table 6.3: Reduction factor co for interaction with shear 

Transformation parameter fJ Reduction factor ill 

° fJ 0,5 co = 1 

0,5 < fJ < I ill - ill I + 2 (l - fJ)( I illl) 

fJ ] ill COl 

] fJ 2 OJ = co I + (fJ - 1) (CO2 - CO I) 

fJ = 2 0) CO::. 

1 1 
COl OJ2= 

~. ) i 2 
",c, 

IS the shear area of the column, see 6.2.6.1; 

fJ is the transformation parameter, see 5.3(7). 
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Where the maximum longitudinal compressive stress O"cOIl1,Ed due to axial force and bending moment 
in the column exceeds 0,7.f'1 ,\'>/<': in the web (adjacent to the root radius for a rolled section or the toe of 
the weld for a welded section), its effect on the design resistance of the column web in compression 
should be al10wed for by multiplying the value of given by expression (6.9) by a reduction 
factor kwc as follo'ws: 

when O"com.l::d ::; 

when O"col11.Ed 0,7.fy,we . 1,7 ... (6.14) 

NOTE: Generally the reduction factor is 1,0 and no reduction is necessary. It can therefore be 
omitted in preliminary calculations when the longitudinal stress is unknown and checked later. 

Welded joint 

a) Elevation 

~' 
twc 

r 
ttc 

b) Rolled column 

c) Welded column 

Joint with end-plate 

-)0:1< . tp 

.~ fA :~ 
»i -(-

Joint with angle flange cleats 

A 

Ib~ 
-E:::±:I::I-S--e-I+ y 

Figure 6.6: Transverse compression on an unstiffened colurrln 

(3) The 'column-sway' buckling mode of an unstiffened column web in compression illustrated in Figure 
6.7 should normaUy be prevented by constructional restraints. 

Figure 6.7: 'Column-sway' buckling mode of an unstiffened web 

(4) Stiffeners or supplementary web plates may be used to increase the design resistance of a column web 
in transverse compression. 
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(5) Transverse stiffeners or appropriate arrangements of diagonal stiffeners may be used (in association 
with or as an alternative to transverse stiffeners) in order to increase the design resistance of the 
column web in compression. 

NOTE: In welded joints, the transverse stiffeners should be aligned with the corresponding beam 
flange. In bolted joints, the stiffener in the compression zone should be aligned with the centre of 
compression as defined Figure 6. J 5. 

(6) Where an unstiffened column web is reinforced by adding a supplementary web plate conforming with 
6.2.6.1, the effective thickness of the web may be taken as 1,5 fIVe if one supplementary web plate is 
added, or 2,0 twe if supplementary web plates are added to both sides of the web. In calculating the 
reduction factor (iJ for the possible effects of shear stress, the shear area Ave of the web may be 
increased only to the extent permitted when determining its design shear resistance, see 6.2.6.1(6). 

6.2.6.3 Column web in transverse tension 

(l) The design resistance of an un stiffened column web subject to transverse tension should be detel111ined 
from: 

... (6.]5) 
YMO 

where: 

()) is a reduction factor to allow for the interaction with shear in the column web paneL 

(2) For a welded connection, the effective width 
using: 

of a column web in tension should be obtained 

... (6.16) 

where: 

for a ro]]ed I or H section column: s 

for a welded 1 or H section column: s 

where: 

ac and rc are as indicated in Figure 6.8 and ab is as indicated in Figure 6.6. 

(3) For a bolted connection, the effective width of column web in tension should be taken as equal 
to the effective length of equivalent T -stub representing the column flange, see 6.2.6.4. 

(4) The reduction factor ()) to allow for the possible effects of shear in the column web panel should be 
determined from Table 6.3, using the value of given in 6.2.6.3(2) or 6.2.6.3(3) as appropriate. 

(5) Stiffeners or supplementary web plates may be used to increase the design tension resistance of a 
column web. 

(6) Transverse stiffeners and/or appropriate arrangements of diagonal stiffeners may be lIsed to increase 
the design resistance of the column web in tension. 

NOTE: ]n welded joints, the transverse stiffeners are normally aligned with the conesponding beam 
flange. 
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(7) The welds connecting diagonal stiffeners to the column flange should be fill-in welds with a sealing 
run providing a combined throat thickness equal to the thickness of the stiffeners. 

(8) Where an unstiffened column web is reinforced by adding supplementary web plates conforming with 
6.2.6.1, the design tension resistance depends on the throat thickness of the longitudinal welds 
connecting the supplementary web plates. The etTective thickness of the web should be taken as 
follows: 

when the longitudinal welds are full penetration butt welds with a throat thickness a 2:: fs then: 

for one supplementary web plate: 

for supplementary web plates both sides: 

],5 twe 

2,0 twe 

... (6.17) 

... (6.18) 

when the longitudinal welds are fillet welds with a throat thickness a 2:: t~ /12 then for either 

one or two supplementary web plates: 

far steel grades S 235, S 275 or S 355: 

for steel grades S 420 or S 460: 

fw.efT' 1,4 fwe 

fw.eff twe 

'" (6.19a) 

... (6.19b) 

(9) In calculating the reduction factor (V for the possible effects of shear stress, the shear area of a 
column web reinforced by adding supplementary web plates may be increased only to the extent 
permitted when determining its design shear resistance, see 6.2.6.1(6). 

6.2.6.4 Column flange in tranverse bending 

6.2.6.4.] Unstiffened column flange, bolted connection 

(1) The design resistance and failure mode of an unstiffened column flange in tranverse bending, together 
with the associated bolts in tension, should be taken as similar to those of an equivalent T-stub flange, 
see 6.2.4, for both: 

each individual bolt-row required to resist tension; 

each group of bolt-rows required to resist tension. 

(2) The dimensions eillin and m for use in 6.2.4 should be determined from Figure 6.8. 

(3) The effective length of equivalent T-stub ilange should be determined for the individual bolt-rows and 
the bolt-group in accordance with 6.2.4.2 from the values given for each bolt-row in Table 6.4. 
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i 
I emin 
I 

a --
C I" 

a) Welded end-plate narrower than column flange. 

0,8 rc m 

rc ... ~ \:. .... ··r·1 emin 

r 11 III I 

I I I III I 

b) Welded end-plate wider than column flange. 

c) Angle flange cleats. 

II 
II 

I----.,J!I/ '--------' 

m e r-r--i 
III III I 

~····H·~-···'····;~-··········H+···, 

I ~dJ ~f-t emie 

I~II-VI 
l!.....--\.yll,------,I 

Figure 6.8: Definitions of e, emin, rc and m 

Table 6.4: Effective lengths for an unstiffened column flange 

BoH-row considered Bolt-row considered as 
~olt-row individually pali ofa group of bolt-rows 
Location Circular patterns Non Circular pa1terns Non-circular patterns 

CcfCcp Ccff,nc (cff,q) tcff.ne 

Inner 
2mn 4m + 1,25e 2p 

Ibolt-row 
p 

End 
The smaller of: The smaller of: The smaller of: The smaller of: 

bolt-row 
2mn 4111 + 1,25e mll + P 2m + O,625e + O,5p 
nJJ1 + 2el 2m + O,625e + e] 2el + p e] + O,5p 

Mode 1: Lcf1~] = LcCJ:nc but fctll :s; (cff,cp Itcff,l = ICcfJ;nc but ICcfl,1 :s; ICcfT.cp 

Mode 2: tcJT.2 = (cff,nc ItcfU = ICcfJ:nc 

~ e I is the distance from the centre of the fasteners in the end row to the adjacent free end of the column 
flange measured in the direction of the axis of the column profile (see row 1 and row 2 in Figure 6.9). @l] 
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6.2.6.4.2 Stiffened column flange, joint with bolted end-plate or cleats 

(I) Transverse stiffeners and/or appropriate arrangements of diagonal stiffeners may be used to increase 
the design resistance of the column t1ange in bending. 

(2) The design resistance and failure mode of a stiffened column flange in transverse bending, together 
wilh the associated bolts in tension, should be taken as similar to those of an equivalent T -stub flange, 
see 6.2.4, for both: 

each individual bolt-row required to resist tension; 

each group of bolt-rows required to resist tension. 

(3) The groups of bolt-rows on either side of a stiffener should be modelled as separate equivalent T-stub 
nanges, see Figure 6.9. The resistance and failure mode should be determined separately for 
each equivalent T-stub. 

2 

3 

4 

1 End bolt row adjacent to a (,T1Tl":n~,n· 
2 End bolt rOlv 

3 inner bolt rOll' 

4 Bolt rOlv adjacent to a SllTrenlc:r 

Figure 6.9: Modelling a stiffened column flange as separate T -stubs 

The dimensions emin and m [or use in 6.2.4 should be determined from 6.8. 

The effective lengths of an equivalent T-stub flange should be determined in accordance with 
6.2.4.2 llsing the values for each bolt-row given in Table 6.5. The value of a for use in Table 6.5 
should be obtained from 6.1 ] . 

(6) The sti ffeners should meet the requirements specified in 6.2.6.1. 
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Table 6.5: Effective lengths for a stiffened column flange 

Bolt-row considered Bolt-row considered as 
! Bolt-row individually part of a group of bolt-rows 

Location Circular patterns Non-circular Circular patterns Non-circular patterns 
f,cfLcJ) patterns {effnc L.:fLcp Lcff.nc 

BoH-rowadjacent 
2m11 am mn+p 

0,5p + am 
to a stiffener - (2m + 0,625e) 
Other inner 

2mn 4111 + 1,25e 2p 
bolt-row 

p 

Other end 
The smaller of: The smaller of: The sma]]er of: The smaller of: 

bolt-row 
27[111 4m + 1 m77 2m + 0,625e + O,5p 
m11 + 2el 2m + 0,625e + el 2el p e[ + O,5p 

End bolt-row The smaller of: 
ej +am 

adjacent to a 2m11 not relevant not relevant 
stiffener m11 2el 

(2m 0,625e) 

For Mode 1: = but ~ Iteff,1 Itcff,nc but 

For Mode 2: [erf,nc 

a should be obtained from Figure 6.11. 

IE§) e I is the distance from the centre of the fasteners in the end row to the adjacent stiffener of the 
column flange measured in the direction of the axis of the column profile (see row 1 and row 4 in 
~lgure 6.9). @II 

6.2.6.4.3 Unstiffened column !lange, welded connection 

( I) In a welded joint, the design resistance of an un stiffened column flange in bending, due to 
tension or compression from a beam flange, should be obtained using: 

,bJc ... (6.20) 

where: 

is the effective breath beff defined in 4.10 where the beam flange is considered as a plate. 

NOTE: See also the requirements specified in mv 4.10 @II. 

6.2.6.5 End-plate in bending 

(1) The design resistance and failure mode of an end-plate in bending, together with the associated bolts 
in tension, should be taken as similar to those of an equivalent T-stub flange, see 6.2.4 for both: 

each individual bolt-row required to resist tension; 

each group of bolt-rows required to resist tension. 

(2) The groups of bolt-rows either side of any stiffener connected to the end-plate should be treated as 
separate equivalent T-stubs. In extended end-plates, the bolt-row in the extended part should also be 
treated as a separate equivalent T-stub, see Figure 6.10. The design resistance and failure mode should 
be determined separately for each equivalent T-stub. 

(3) The dimension required for use in 6.2.4 should be obtained from Figure 6.8 for that part of the 
end-plate located between the beam flanges. For the end-plate extension emill should be taken as 
equal to ex, see Figure 6.10. 

(4) The effective length of an equivalent T -stub flange [eff should be determined in accordance with 
6.2.4.2 using the values for each bolt-row given in Table 6.6. 
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(5) The values of 111 and mx for use in Table 6.6 should be obtained from Figure 6.10. 

/""~I 
Q eft /.1' 

1/ 
/1 

The extension of the end-plate and the portion 
between the beam flanges are modelled as two 
separate equivalent T -stub flanges. 

For the end-plate extension, use ex and mx in 
place of e and m when determining the design 
resistance of the equivalent T-stub flange. 

Figure 6.10: Modelling an extended end-plate as separate T -stubs 

Table 6.6: Effective lengths for an end-plate 

Bolt-row considered Bolt-row cons.idered as 
Bolt-row individuallv part of a group of bolt-rows 
.location Circular patterns Non-circular patterns Circular patterns Non-circular 

fctT.cp [dIne Ccft~l'P pattemS('clLnc 

Smallest of: 
Smallest of: 

BolH'ow outside 
2mn, 4mx + 1,25ex 

tension llange e+2mx+O,625ex 

of beam 
mnx + w 
7f.mx + 2e 

O,5H+2mx+O,62Sex 
First bolt-row 

0,5p + am 
below tension 2mn anI mn+p 
l1ange of beam 

(2m + O,625e) 

Other inner 
2mn 4m+ 2p 

bolt-row 
e p 

Other end 
2mn 4111 + 1,25 e 2m+O,625e+O,5p 

bolt-row 
ml1 p 

Mode I: but but :S 

Mode 2: = ICcf1~nc 

a should be obtained from Figure 6.11. 

80 

i 



BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

'I( a 

1,4 

1 1..2 1,3 

I 1,2 

1,1 

1.0 

0,9 

0,8 

0,7 

0,6 

0,5 

0,4 

0,3 

0,2 

0,1 5 
6 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 

~ 1..1 

+ + 
m 

m+e 

+ 
m 

Figure 6.11: Values of a for stiffened column flanges and end-plates 

6.2.6.6 Flange cleat in bending 

(1) The design resistance and failure mode of a bolted angle flange cleat in bending, together with the 
associated bolts in tension, should be taken as similar to those of an equivalent I-stub flange, see 
6.2.4. 

(2) The effective length of the equivalent T-stub flange should be taken as O,5ba where ba is the 
length of the angle cleat, see Figure 6.12. 
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(3) The dimensions emin and m for use in 6.2.4 should be determined from Figure 6.13. 

'eff"~ 

~ 

Figure 6.12: Effective length left of an angle flange cleat 

I 
0,8 r a 

a) Gap 9 5 0,4 ta 
Notes: 

b) Gap 9 > 0,4 fa 

The number of bolt-rows connecting the cleat to the column flange is limited to one; 

The number of bolt-rows connecting the cleat to the beam flange is not limited; 

The length of the cleat may be different from both the width of the beam flange and the width 
of the column flange. 

Figure 6.13: Dimensions emin and m for a bolted angle cleat 

6.2.6.7 Beam flange and web in compression 

(1) The resultant of the design compression resistance of a beam flange and the adjacent compression 
zone of the beam web, may be assumed to act at the level of the centre of compression, see 6.2.7. The 
design compression resistance of the combined beam flange and web is given by the following 
expression: 

... (6.21) 

where: 

h is the depth of the connected beam; 

AleRt! is the design moment resistance of the beam cross-section, reduced if necessary to allow for 
shear, see EN 1993-1-1. For a haul1ched beam may be calculated neglecting the 
intermediate flange. 

tn. is the !lange thickness of the connected beam. 
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of the beam including the haunch exceeds 600 mm the contribution of the beam web to 
the compression resistance should be limited to 20%. 

(2) If a beam is reinforced with haunches they should be ':>l'ranc)""",; such that: 

the steel grade of the haunch should match that of the member; 

the flange size and the web thickness of the haunch should not be less than that of the member; 

the angle of the haunch flange to the flange of the member should not be greater than 45°; 

the length of stiff bearing Ss should be taken as equal to the thickness of the haunch flange parallel 
to the beam. 

(3) If a beam is reinforced with haunches, the design resistance of beam web in compression should be 
determined according to 6.2.6.2. 

6.2.6.8 Beam web in tension 

(1) In a bolted end-plate connection, the design tension resistance of the beam web should be obtained 
from: 

... (6.22) 

The effective width of the beam web in tension should be taken as equal to the effective length 
of the equivalent T-stub representing the end-plate in bending, obtained from 6.2.6.5 for an individual 
bolt-row or a bolt-group. 

6.2.6.9 Concrete in compression including grout 

(1) The bearing strength of the joint between the base plate and its concrete support should be 
determined taking account of the material properties and dimensions of both the grout and the concrete 
support. The concrete support should be designed according to EN 1992. 

The design resistance of concrete in compression, including grout, together with the associated base 
plate in bending Fc,pl,RcI, should be taken as similar to those of an equivalent T -stub, see 6.2.5. 

6.2.6.10 Base plate in bending under compression 

(1) The design resistance of a base plate in under compression, together with concrete slab on 
which the column base is placed Fc,pl,Rd, should be taken as similar to those of an equivalent T -stub, 
see 6.2.5. 

6.2.6.11 Base plate in bending under tension 

(I) The design resistance and failure mode of a base plate in bending under tension, with the 
associated anchor bolts in tension may be determined lIsing the rules given in 6.2.6.5. 

(2) In the case of base prying forces which may develop should lEV not be taken into consideration 
when detennining thickness of the base forces should be taken into account when 
determining the anchor bolts. ~ 

6.2.6.12 Anchor bolt in tension 

(1) Anchor bolts should be designed to resist the effects of the design loads. They should provide design 
resistance to tension due to uplift forces and bending moments where appropriate. 

(2) When calculating the tension forces in the anchor bolts due to bending moments, the lever arm should 
not be taken as more than the distance between the centroid of the bearing area on the compression 
side and the centroid of the bolt group on the tension side. 

NOTE: Tolerances on the positions of the anchor bolts may have an influence. 
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(3) The design resistance of the anchor bolts should be taken as the smaller of the design tension 
resistance of the anchor bolt, see 3.6, and the bond resistance of the concrete on the anchor bolt 
according to EN 1992-1-]. 

(4) One of the following methods should be used to secure anchor bolts into the foundation: 

a hook (Figure 6. 

a washer plate (Figure 6.J4(b)), 

some other appropriate load distdbuting member embedded in the concrete, 

some other fixing which has been adequately tested and approved. 

(5) When the bolts are provided with a hook, the anchorage length should be such as to prevent bond 
failure before yielding of the bolt. The anchorage length should be calculated in accordance with 
EN } 992-} -1 This type of anchorage should not be used for bolts with a yield strengthf;b higher than 
300 N/mm2

• 

(6) When the anchor bolts are provided \vith a washer plate or other load distributing member, no account 
should be taken of the contribution of bond. The whole of the force should be transferred through the 
load distributing device. 

~-----1;--1 

~~~~----~~f2 

l 

1 
(a) Hook (b) Washer plate 

Figure 6.14: Fixing of anchor bolts 

6.2.7 Design moment resistance of beam-to-column joints and splices 

6.2.7.1 General 

(I) The applied 

84 

lvi, EI 
~<IO 
1'vl'RI - , 

/. ( 

moment should satisfy: 

J Base plate 

2 Grout 

3 Concretefoundation 
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(2) The methods in 6.2.7 for determining the design moment resistance of a joint Mj •Rd do not take 
account of any co-existing axial force in the connected member. They should not be used if the 
axial force in the connected member exceeds 5% of the design plastic resistance Npl,Rd of its cross
section. 

Jf the axial force in the connected beam exceeds 5% of the design resistance, 
conservative method may be used: 

:::; 1,0 

where: 

is the design moment resistance of the joint, assuming no axial force; 

Nj .Rd is the axial design resistance of the joint, assuming no applied moment. 

, the following 

... (6.24) 

(4) The design moment resistance of a welded joint should be determined as indicated in Figure 6.] 

The design moment resistance of a bolted joint with a flush end-plate that has only one bolt-row in 
tension (or in which only one bolt-row in tension is considered, see 6.2.3(6)) should be determined as 
indicated in Figure 6.15(c). 

(6) The design moment resistance of a bolted joint with angle flange cleats should be determined as 
indicated in Figure 6.15(b). 

(7) The design moment resistance of a bolted end-plate joint with more than one row of bolts in tension 
should general1y be determined as specified in 6.2.7.2. 

(8) As a conservative simplification, the design moment resistance of an extended end-plate joint with 
only two rows of bolts in tension may be approximated as indicated in Figure 6.16, provided that the 
total resistance F Rd does not exceed ,where F[,Rd is given in Table 6.2. In this case 
the whole tension region of the end-plate may be treated as a single basic component. Provided that 
the two bolt-rows are approximately equidistant either side of the beam flange, this part of the end
plate may be treated as a T-stub to determine the bolt-row force Fl.Rd • The value of may then 
be assumed to be equal to FI,Rd, and so FRd may be taken as equal to 2FI,Rct. 

(9) The centre of compression should be taken as the centre of the stress block of the compression forces. 
As a simplification the centre of compression may be taken as in Figure 6.15. 

(10) A splice in a member or part subject to tension should be designed to transmit all the moments and 
forces to which the member or part is subjected at that point. 

(11) Splices should be designed to hold the connected members in place. Friction forces between contact 
surfaces may not be relied upon 10 hold connected members in place in a bearing splice. 

(12) Wherever practicable the members should be arranged so that the centroidal axis of any splice material 
coincides with the centroidal axis of the member. If eccentricity is present then the resulting forces 
should be taken into account. 
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Type of connection 

a) Welded connection 
rv---: 

b) 80 lted connection with angle 
flange cleats 

r'v-

c) Bolted end-plate connection 
with only one bolt-row active in 
tension 

d) Bolted extended end-plate 
connection with only two bolt-rows 
acti ve in tension 

~ 

~=====l Mj.Ed 

\ 
~===:j~ ) 

e) Other bolted end-plate 
connections with two or more bolt-

Centre of 
compression 
In line with the 
mid thickness 
of the 
compression 
flange 

In line with the 
mid-thickness 
of the of the 
angle cleat on 
the 
compression 
flange 

In line with the 
mid-thickness 
of the 
compression 
flange 

In line "with the 
mid-thickness 
of the 
compression 
flange 

In line with the 
mid-thickness 
of the 
compression 
flange 

Lever ann 

z=h ffb 

h is the depth of 
the connected 
beam 

ffb is the thickness 
of the beam 
flange 

Distance from the 
centre of 
compression to the 
bolt-row in tension 

Distance from the 
centre of 
compression to the 
boh-row in tension 

Conservatively z 
may be taken as 
the distance irom 
the centre of 
compression to a 
point midway 
between these two 
bolt-rows 

An approximate 
value may be 
obtained by taking 
the distance fi:om 
the centre of 
compression to a 
point midway 
between the 
farthest two bolt
rows in tension 

Force distributions 

,~v 

T ~FRd .... 

D f i-I 
'/'v 

i 

T C -~FRd .... p~w . ,,----

. z 

. .... 
..L ... '.' .. 1-' 

J) 

A more accurate value may 
be determined by taking the 
lever arm z as equaJ to Z~q 

obtained using the method 
given in 6.3.3.1. 

Figure 6.15: Centre of compression, lever arm z and force distributions for 
deriving the design moment resistance Mj,Rd 
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Figure 6.16: Simplified models for bolted joints with extended end-plates 

(13) Where the members are not prepared for full contact in bearing, splice material should be provided to 
transmit the internal forces and moments in the member at the spliced section, including the moments 
due to applied eccentricity, initial imperfections and second-order deformations. The internal forces 
and moments should be taken as not less than a moment equal to 25% of the moment capacity of the 
weaker section about both axes and a shear force equal to 2.5% of the normal force capacity of the 
weaker section in the directions of both axes. 

(14) Where the members are prepared for full contact in bearing, splice material should be provided to 
~ transmit at least 25% @l) of the maximum compressive force in the column. 

(15) The alignment of the abutting ends of members subjected 10 compression should be maintained by 
cover plates or other means. The splice material and its fastenings should be proportioned to carry 
forces at the abutting ends, acting in any direction perpendicular to the axis of the member. In the 
design of splices the second order eiTects should also be taken into account. 

(16) Splices in flexural members should comply with the following: 

a) Compression flanges should be treated as compression members; 

b) Tension flanges should be treated as tension members; 

c) Parts subjected to shear should be designed to transmit the following effects acting together: 

the shear force at the splice; 

the moment resulting from the eccentricity, if any, of the centroids of the groups of fasteners 
on each side of the splice; 

the proportion of moment, deformation or rotations carried by the web or part, irrespective of 
any shedding of stresses into adjoining parts assumed in the design of the member or part. 

6.2.7.2 Beam-to-column joints with bolted end-plate connections 

(1) The design moment resistance A1j •Rd of a beam-to-column joint with a bolted end-plate connection 
may be determined from: 

2:h,. ... (6.25) 

where: 

is the effective design tension resistance of bolt-row r; 

hr IS the distance from bolt-row r to the centre of compression; 

r is the bolt-row number. 
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NOTE: In a bolted joint with more than one bolt-row in tension, the bolt-rows are numbered starting 
from the bolt-row farthest from the centre of compression. 

(2) For bolted end-plate connections, the centre of compression should be assumed to be in line with the 
centre ofthe compression flange of the connected member. 

(3) The effective design tension resistance Ftr,Rd for each bolt-row should be determined in sequence, 
starting from bolt-row 1, the bolt-row farthest from the centre of compression, then progressing to 
bolt-row 2, etc. 

(4) When determining the effective design tensin resistance for bolt-row r the effective design 
tension resistance of a11 other bolt-rows closer to the centre of compression should be ignored. 

(5) The effective design tension resistance of bolt-row r should be taken as its design tension 
resistance as an individual bolt-row determined from 6.2.7.2(6), reduced if necessary to satisfy 
the conditions specified in 6.2.7.2(7), (8) and (9). 

(6) The effective design tension resistance of bolt-row r ,taken as an individual bolt-row, should 
be taken as the smallest value of the design tension resistance for an individual bolt-row of the 
following basic components: 

the column web in tension 

the column flange in bending 

the end-plate in bending 

the beam web in tension 

Ft.fc.Rd 

Ft.cp,Rd 

see 6.2.6.3; 

see 6.2.6.4; 

see 6.2.6.5; 

see 6.2.6.8. 

(7) The effective design tension resistance Ftr.Rd of bolt-row r should, if necessary, be reduced below 
the value of ~ text deleted @il to ensure that, when account is taken of all bolt-rows up to and 
including bolt-row r the following conditions are satisfied: 

the total design resistance :s Vwp,Rdl/3 - with /3 from 5.3(7) see 6.2.6.1; 

[he total design resistance IFt,Rd does not exceed the smaller of: 

the resistance of the column web in compression see 

the design resistance of the beam and web in compression see 6.2.6.7. 

(8) The effective design tension resistance Ftr,Rd of bolt-row r should, if necessary, be reduced below 
the value of F LRd ~ text deleted to ensure that the sum of the design resistances taken for the 
bolt-rows lip to and including bolt-row r that form part of the same group of boh-rows, does not 
exceed the design resistance of that group as a whole. This should be checked for the following basic 
components: 

the column web in tension 

the column flange in bending 

the end-plate in bending 

the beam web in tension 

Ft.fc.Rd 

Ft,cp.Rd 

see 6.2.6.3; 

see 6.2.6.4; 

see 6.2.6.5: 

see 6.2.6.8. 

(9) Where the effective design tension resistance of one of the previous bolt-rows x is greater than 
1 , then the effective design tension resistance for bolt-row r should be reduced, if 
necessary, in order to ensure that: 

Frr,Rd :s ... (6.26) 

where: 

hx is the distance from bolt-row x to the centre of compression; 
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x is the bolt-row farthest from the centre of compression that has a design tension resistance 
than 

NOTE: The National Annex may give further information on the use of equation (6.26). 

(10) The method described in 6.2.7.2(1) to 6.2.7.2(9) may be applied to a bolted beam splice with welded 
end-plates, see Figure 6.17, by omitting the items relating to the column. 
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Figure 6.17: Bolted beam splices with welded end-plates 

6.2.8 Design resistance of column bases with base plates 

6.2.8.1 GeneraJ 

(1) Column bases should be of sufficient size, stiffness and strength to transmit the axial forces, bending 
moments and shear forces in columns to their foundations or other supports without the 
load ca1Tying capacity of these supports. 

(2) The design bearing strength between the base plate and its support may be determined on the basis of a 
uniform distribution of compressive force over the bearing area. For concrete foundations the bearing 
stress should not exceed the design bearing strength,jid . in 6.2.5(7). 

(3) For a column base subject to combined axial force and bending the forces between the base plate and 
its support can take one of the following distribution depending on the relative magnitude of the 
applied axial force and moment: 

In the case of a dominant compressive axial force, full compression may develop under both 
column as shown in Figure 6.18(a). 

In the case of a dominant tensile force, full tension may develop under both 
Figure 6.18(b). 

as shown in 

In the case of a dominant bending moment compression may develop under one column flange 
and tension under the other as shown in Figure 6.18( c) and 6. 

(4) Base plates should be designed using the appropriate methods given in 6.2.8.2 and 6.2.8.3. 

(5) One of the following methods should be llsed to resist the shear force between the base plate and its 
support: 

I§) Frictional resistance at the joint between the base plate and its support added up with the 
shear resistance of the anchor bolts. @1] 

The shear resistance of the surrounding part of the foundation. 

If anchor bolts are used to resist the shear forces between the base plate and its support, rupture of the 
concrete in bearing should also be checked, according to EN 1992. 
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Where the above methods are inadequate special e1ements such as blocks or bar shear connectors 
should be used to transfer the shear forces between the base plate and its support. 

II 

t 
I 

a) Column base connection in case of a 
dominant compressive normal force 

c) Column base connection in case of a 
dominant bending moment 

b) Column base connection in case of a 
dominant tensile normal force 

I I =m--+ 

II 

d) Column base connection in case of a 
dominant bending moment 

Figure 6.18: Determination of the lever arm z for column base connections 

6.2.8.2 Column bases only subjected to axial forces 

(]) The design resistance, a symmetric column base plate subject to an axial compressive force 
applied concentrically may be determined by adding together the individual design resistance of 
the three T-stubs shown in Figure 6.19 (Two T-stubs under the column nanges and one T-stub under 
the column web.) The three T -stubs should not be overlapping, see Figure 6.19. The resistance 
of each of these T-stubs should be calculated lhe method given in 6.2.5. 

1 T-stllb 1 
2 T-stub 2 
3 T-stub 3 

Figure 6.19: Non overlapping T .. stubs 

6.2.8.3 Column bases subjected to axial forces and bending moments 

(1) The moment resistance A4j .Rd of a column base subject to combined axial force and moment 
should be determined using the method in Table 6.7 where the contribution of the concrete 
portion just under the column web (T-stub 2 of Figure 6.19) to the capacity is omitted. 
The following parameters are used in this method: 
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FT,LRd is the design tension resistance of the left hand side of the joint 

FLr,l(d is the design tension resistance of the right hand side of the joint 

is the 

is the 

compressive resistance of the left hand side of the joint 

compressive resistance of the right hand side of the joint -

see 6.2.8.3(2) 

see 6.2.8.3(3) 

see 

see 6.2.8.3(5) 
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(2) The design tension resistance FT,I,Rd of the left side of the joint should be taken as the smallest values 
of the design resistance of following basic components: 

the column web in tension under the left column Bange Ft.\\c,Rd see 6.2.6.3; 

the base plate in bending under the left column flange see 6.2.6.11. 

(3) The tension resistance FT,r,Rd of the right side of the joint should be taken as the smaJlest values 
resistance of following basic components: 

the column web in tension under the right colunm flange 

the base plate in bending under the right column Bange 

see 

see 6.2.6.11. 

The design compressive resistance of the left side of the joint should be taken as the smalJest 
values of the design resistance of following basic components: 

the concrete in compression under the left column flange F<.:,pl,Rd 

the left column flange and web in compression Fc,fc,Rd 

see 6.2.6.9; 

see 6.2.6.7. 

(5) The compressive resistance of the right side of the joint should be taken as the smallest 
values of the design resistance of following basic components: 

the concrete in compression under the right column flange 

the right column flange and web in compression 

(6) For the calculation of ZT,!, ZC,b ZT,r, see 6.2.8.1. 

see 6.2.6.9; 

see 6.2.6.7. 

Table 6.7: Design moment resistance Mj,Rd of column bases 

Loading 

Left side in tension 
Right side in compression 

Left side in tension 
Right side in tension 

Left side in compression 
Right side in tension 

Left side in compression 
Right side in compression 

Lever arm Z 

Z ZT.1 + ZC.r 

ZC,l + ZT,r 

Z ;;;:: ZCI + Ze ... 

e== 

o is clockwise, NEd> 0 is tension 

1'v1 Rei 

lv Rd 

The smaller of 

FT .1.Rd Z 

zT.r Ie + 1 

NF,d> 0 and 

The smaller of ----

---'--- and ----
ZC.I Ie 

o and -ZT.r < e:S 0 

The smaller of 

,1,1?d z F 7 

and 
T,LNd -

zr . Ie + 1 
,1 

NEd::; 0 and 

Z 

Ie 

o and -Ze, .. < e:S 0 

,I.ReI Z -F Z 
and 

C,r.Rd 

z· le+l c'r ZC.I Ie 1 
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6.3 Rotational stiffness 

6.3.1 Basic model 

(J) The rotational stiffness of a joint should be determined from the flexibihties of its basic components, 
each represented by an elastic stiffness coefficient k; obtained from 6.3.2. 

NOTE: These elastic stiffness coefficients are for general application. 

(2) For a bolted end-plate joint with more than one row of bolts in tension, the stiffness coefficients ki for 
the related basic components should be combined. For beam-to-column joints and beam splices a 
method is given in 6.3.3 and for column bases a method is given in 6.3.4. 

(3) 1n a bolted end plate joint with more than one bolt-row in tension, as a simplification the contribution 
of any bolt-row may be neglected, provided that the contributions of all other bolt-rows closer to the 
centre of compression are also neglected. The number of bolt-rows retained need not necessarily be 
the same as for the determination of the design moment resistance. 

(4) Provided that the axial force NEd in the connected member does not exceed 5% of the design 
resistance Npl,Rd of its cross-section, the rotational stiffness Sj of a beam-to-column joint or beam 
splice, for a moment Mj,Ed less than the design moment resistance Mj,Rd of the joint, may be obtained 
with sufficient accuracy from: 

S .I 1 ,llI-
. Ie 
I I 

where: 

ki IS the stiffness coefficient for basic joint component i; 

z is the lever arm, see 6.2.7; 

l' is the stiffness ratio Sj,in) Sj, see 6.3.1 (6). 

... (6.27) 

NOTE: The initial rotational stiffness Sj,ini of the joint is given by expression (6.27) with l' = 1,0. 

(5) The rota1ional stiffness Sj of a column base, for a moment ~,Ed less than the design moment 
resistance A1j,Rd ofthe joint, may be obtained with sufficient accuracy from 6,3.4. 

(6) The stiffness ratio l' should be determined from the following: 
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if Mj,hl :::; 2/3 Mj,Rd : 

1'=1 

if 2/3 Mj,Rd < Mj,Ed :S A1j,Rd: 

p = (l,5M j,Ed / Mj,Rd) 'I' 

in which the coefficient VI is obtained from Table 6.8. 

, .. (6.28a) 

... (6.28b) 
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Table 6.8: Value of the coefficient f{I 

Type of cOlllection ~f 

\Velded 2,7 

Bolted end-plate 

Bolted angle flange cleats 3,1 

Base plate connections 2,7 

(7) The basic components that should be taken into account when calculating the stiffness of a welded 
beam-to-column joint and a joint with bolted angle flange cleats are given in Table 6.9. Similarly, the 
basic components for a bolted end-plate connection and a base plate are given in Table 6.10. In boJh of 
these tables the stiffness coefficients, ki ,for the basic components are defined in TabJe 6.1 1. 

(8) For beam-to-column end plate joints the foHowing procedure should be used for obtaining the joint 
stiffness. The equivalent stiffness coefficient, and the equivalent lever arm, of the joint should 
be obtained from 6.3.3. The stiffness of the joint should then be obtained from I( 4) based on the 
stiffness coefficients, keq (for the joint), k/ (for the column web in shear), and with the lever arm, Z, 

taken equal to the equivalent lever arm of the joint, Zeq. 

Table 6.9: Joints with welded connections or bolted angle flange cleat 
connections 

Beam-to-column joint with Stiffness coefficients ki to be taken 
welded connections into account 

Single-sided k,; k3 

Double-sided Moments equal and opposite k3 

Double-sided Moments unequal k,; k3 

Beam-to-column joint with Stiffness coefficients kj to be taken 
Bolted angle fl ange cleat connections into account 

Single-sided k,; k3; k4; k6; kll *1. **) , 

Double-sided - Moments equal and opposite k3; k4 ; k lO; k" *). **) , 

Double-sided Moments unequal k,; k2; k' k lO ; k" *). **) 4, , 

*) Two kit coefficients, one for 
/ 

.;, ..l , 

'[J - -~-.-,-~ each flange; I 
M LEd \ - ..,. ! M j Ed Mj1 ,Ed( '7' - Mj2 ,Ed Four coefficients, one for ;' , 

~ .- ..,. Ii 

I 
each flange and one for each 

M.oments equaJ and opposite Moments unequal cleat. 
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Table 6.10: Joints with bolted end-plate connections and base plate connections 

Beam-to-column joint with Number of bolt-rows in Stiffness coefficients ki to 
bo1ted end-plate connections tension be taken into account 

One k4; k); 
Single-sided 

Two or more kt ; keq 

One k5; 
Double sided - Moments equal and opposite 

Two or more kcq 

One kl ; k3; k4 ; k10 

Double sided Moments unequal 
Two or more kl ; k2; kcq 

Beam splice with bolted end-plates 
Number of bolt-rows in Stiffness coefficients ki to 

tension be taken into account 

One 
Double sided - Moments equal and opposite 

ks [left]; ks [right]; klO 

Two or more kcq 

Base plate connections 
Number of bolt-rows in Stiffness coefficients ki to 

tension be taken into account 

One kJ3; kl(j 

Base plate connections k13 ; kl and k for each bolt 
Two or more 

row 

6.3.2 Stiffness coefficients for basic joint components 

(1) The stiffness coefficients for basic joint component should be determined using the expressions given 
in Table 6.11. 

94 



BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

Table 6.11: Stiffness coefficients for basic joint components 

Component Stiffness coefficient ki 

Column ~web Unstiffened, stiffened 

panel in shear single-sided joint, or a double-sided joint in 
which the beam depths are similar 

kl = 
0,38Avc 

kl = 00 
flz 

z is the lever arm from Figure 6.15; 
j3 1S the transformation parameter from 5.3(7). 

Co 111171 11 l,veb in unstiffened stiffened 
compress ion 

k - 0,7 bell ,c.IlC tile 
2-

d
c 

k2 = 00 

bcfCc.we is the effective width from 6.2.6.2 

Column vv'eb in stiffened or unstiffened bolted connection with stiffened welded connection 

tension a single bolt-row in tension or unstiffened 
welded connection 

k, = 
O,7belIJ ,11C t llC 

k3 = 00 ~ 

d
c 

bCff.t.wcis the effective width of the colunm web in tension from 6.2.6.3. For a joint with a 
single bolt-row in tension, beff,(,we should be taken as equal to the smallest of the 
effective lengths tcff (individually or as part of a group of bolt-rows) given for this 
bolt-row in Table 6.4 (for an un stiffened colullln flange) or Table 6.5 (for a 
stiffened column flange). 

0,ge ell tli 
3 

Column flange 
k4 = in bending 3 m 

(for a single 
[err is the smallest ofthe effective lengths (individually or as part of a bolt group) for 

bolt-row in this bolt-row given in Table 6.4 for an unstiffened column flange or Table 6.5 for a 
tension) stiffened colunm flange; 

111 is as defined in Figure 6.8. 

End-plate in 
k5 = 

0,9£ elf t p 3 

bending 3 m 
(for a single 

{err is the smallest of the ei1ective lengths (individually or as part of a group of boJt-
boh-row in rows) given for this boh-row in Table 6.6; 
tension) 

171 is generally as defined in Figure 6.11, but for a bolt-row located in the extended part 
of an extended end-plate 111 = I11x, where l11x is as defined in Figure 6.10. , 

Flange cleat in 
k6 = 

0,ge elt t {/-
bending m3 

tclT is the effective length of the flange cleat from Figure 6.12; 
m is as defined in Figure 6.13. 
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ponent Stiffness coefficient ki 

Bolts in tension 
(for a single kJO preloaded or non-pre]oaded 

bolt-row) 
is the bolt elongation length, taken as equal to the grip length (total thickness of 
material and washers), plus half the sum of the height of the bolt head and the 
hei ht of the nut. 

Bolts in shear non-preloaded preloaded 

Bolts' in 
bearing 
(for each 
component j 
on which the 
bolts bear) 

Concrete in 
comp"ess;ol1 
(including 
grout) 

Plate in 

bending under 
tension 
(for a single 
bolt row in 
tension) 

kJJ (or k 17 ) = ----

dMJ6 is the nominal diameter of an Ml6 bolt; 
I1b is the number of bolt-rows in shear. 

non-preloaded 

(or 
24nJ(bk,d .f, 

E 

but kb'S 
kbJ= 0,25 eb! d + 0,5 

but kbl 'S 1 
kb2= 0,25 Pb! d 0,375 

but kb2 'Sl 

.fu 

t 

is the effective width of the T -stub 

kl4 00 

preloaded *) 

=00 

is the distance from the bolt-row to the free 
edge of the plate in the direction of load 
transfer; 
is the ultimate tensile strength of the steel on 
which the bolt bears; 
is the spacing of the bolt-rows in the direction 
of load transfer; 
is the thickness of that com anent. 

see 6.2.5(3); 
e, see 6.2.5(3). 

This coefficient is already taken into consideration in the calculation of the stiffness 
coefficient k 13 

with prying forces without prying forces 

kls =-----

left is the effective length of the T -stub flange, see 6.2.5(3); 
tp is the thickness of the base plate; 
171 is the distance accordin to Figure 6.8. 

Anchor bolts in with prying forces **} 

tension 
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Lb is the anchor bolt elongation length, taken as equal to the sum of 8 times the 
nominal bolt diameter, the grout layer, the plate thickness, the washer and half of 
the height of the nut. 

provided that the bolts have been designed not to slip into bearing at the load level concerned 

< 8,8m
3 
A, 

- Ie!]! 3 
prying forces may 
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NOTE 1: When calculating bcff and Icff the distance c should be taken as 1,25 times the base plate 
thickness. 

NOTE 2: Backing plates should be assumed not to affect the rotational stiffness Sj of the joint. 

NOTE 3: For weld" (kJ9) the stiffness coefficient should be taken as equal to infinity. This 
component need not be taken into account when calculating the rotational stiffness Sj. 

NOTE 4: For beam flange and web in compression (k7), beam web in tension (kg), plate in tension 
or compression (k9), haunched beams (k10), the stiffness coefficients should be taken as equal to 
infinity. These components need not be taken into account when calculating the rotational stiffness 
Sj. 

NOTE 5: Where a supplementmy web plate is used, the stiffness coefficients for the relevant basic 
joint components kl to k3 should be increased as follows: 

kJ for the column web panel in shear should be based on the increased shear area Ave from 
6.2.6.1(6); 

k2 for the column web in compression should be based on the effective thickness of the web 
from 6.2.6.2(6); 

k3 for the column web in tension, should be based on the effective thickness of the web from 
6.2.6.3(8). 

6.3.3 End-plate joints with two or more bolt-rows in tension 

6.3.3.1 General method 

(1) For end-plate joints with two or more bolt-rows in tension, the basic components related to all ofthese 
bolt-rows should be represented by a single equivalent stiffness coefficient kcq determined from: 

where: 

h/" IS 

kefr /" is 
k i 

Zcq is 

... (6.29) 
Zcq 

the distance between bolt-row r and the centre of compression; 

the effective stiffness coefficient for bolt-row r taking into account the stiffness coefficients 
for the basic components listed in 6.3.3.1(4) or 6.3.3.1(5) as appropriate; 

the equivalent lever arm, see 6.3.3.1(3). 

(2) The elIective stiffness coefficient kefr,,. for bolt-row l' should be determined from: 

keff./" ... (6.30) 

where: 

ki.,. is the stiffness coefficient representing component relative to bolt-row r. 
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(3) The equivalent lever ann Zcq should be determined from: 

"k .. h 2 
~ elf ,rr 

"k .. h 
~ ell'" r 

... (6.31) 

(4) In the case of a beam-to-column joint with an end-plate connection, k;:q should be based upon (and 
replace) the stiffness coefficients ki for: 

the column web in tension (k3); 

the column Oange in bending (k4); 

the end-plate in bending (ks); 

the bolts in tension (klO). 

(5) In the case of a beam splice with bolted end-plates, kcq should be based upon (and replace) the 
stiffness coefficients k i for: 

the end-plates in bending (k5); 

the bolts in tension (klO). 

6.3.3.2 Simplified method for extended end-plates with two bolt-rows in tension 

(1) For extended end-plate connections with two bolt-rows in tension, (one in the extended part of the 
end-plate and one between the flanges of the beam, see Figure 6.20), a set of modified values may be 
used for the stiffness coefficients of the related basic components to allow for the combined 
contribution of both bolt-rows. Each of these modified values should be taken as twice the 
corresponding value for a single bolt-row in the extended part of the end-plate. 

NOTE: This approximation leads to a slightly lower estimate of the rotational stiffness. 

(2) When llsing this simplified method, the lever ann Z should be taken as equal to the distance from the 
centre of compression to a point midway between the two bolt-rows in tension, see Figure 6.20. 

Z 

Y. 

Figure 6.20: Lever arm z for simplified method 

6.3.4 Column bases 

(1) The rotational stiffness, Si , of a column base subject to combined axial force and bending moment 
should be calculated using the method given in Table 6.12. This method uses the following stiffness 
coefficients: 
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kT.l is the tension stiffness coefficient of the left hand side of the joint ~ and the inverse of it 
should be taken as equal to the sum of the inverses of the stiffness coefficients @II k l5 and k l6 

(given in Table 6.11) acting on the left hand side of the joint. 
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is the tension stiffness coefficient of the right hand side of the joint [§) and the inverse of it 
should be taken as equal to the sum of the inverses of the stitTness coefficients @2] and k l6 

(given in Table 6.11) acting on the right hand side of the joint. 

kc,1 is the compression stiffness coefficient of the left hand side of the joint and should be taken as 
equal to the stiffness coefficient kl3 (given in Table 6.11) acting on the 1eft hand side of the joint. 

is the compression stiffness coefficient of the right hand side of the joint and should be taken as 
equal to the stiffness coefficient k13 (given in Table 6.11) acting on the right hand side of the joint. 

(2) For the calculation of ZT,1, ZC.I, Zr,l', ZC.r see 6.2.8.1. 

Table 6.12: Rotational stiffness Sj of column bases 

Loading 

Left side in tension 
Right side in compression 

Left side in tension 
Right side in tension 

Left side in compression 
Right side in tension 

Lever arm Z 

Z = 2T,1 + 2C,1" 

Zr,) + ZT,r 

2 ZC,1 + 2T,[ 

Left side in compression z 
Right side in compression 

Rotational stiffness ~i,ini 

e 2Ll 

e 

e 

fi(11 kT.I + 11 kr .r ) e + ek 

::s 0 and 0< e 2CJ 

e 
where ek = -------

fi(ll kC.1 + 11 kc./') e + eli 

MEd 0 is clockwise, o is tension, f.1 see 6.3.1(6). 

M. 
e=~ 

N lVRe! 

6.4 Rotation capacity 

6.4.1 General 

~ (l)P In the case of rigid plastic global analysis, a joint at a plastic hinge location shall have sufficient 
rotation capacity. @l] 

(2) The rotation capacity of a bolted or welded joint should be determined using the provisions given in 
6.4.2 or 6.4.3. The design methods given in these clauses are only valid for S235, S275 and S355 steel 
grades and for joints in which the design value of the axial force NEd in the connected member does 
not exceed 5% of the design plastic resistance of its cross-section. 

(3) As an alternative to 6.4.2 and 6.4.3 the rotation capacity of a joint need not be checked provided that 
the design moment resistance NIj,Rd of the joint is at least 1.2 times the design plastic moment 
resistance A1pl ,Rd of the cross section of the connected member. 
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(4) In cases not covered by 6.4.2 and 6.4.3 the rotation capacity may be determined by testing in 
accordance with EN} 990, Annex D. Alternatively, appropriate calculation models may be used, 
provided that they are based on the results of tests in accordance with EN 1990. 

6.4.2 Bolted joints 

(1) A beam-to-column joint in which the design moment resistance of the joint AIj,RJ is governed by the 
design resistance of the column web panel in shear, may be assumed to have adequate rotation 
capacity for plastic global analysis, provided that lEV dwcltw:S 69{:.'@lI. 

(2) A joint with either a bolted end-plate or angle tlange cleat connection may be assumed to have 
sufficient rotation capacity for plastic analysis, provided that both of the following conditions are 
satisfied: 

a) the design moment resistance of the joint is governed by the design resistance of either: 

the column flange in bending or 

the beam end-plate or tension flange cleat in bending. 

b) the thickness t of either the column flange or the beam end-plate or tension Gange cleat (not 
necessarily the same basic component as in (a» satisfies: 

... (6.32) 

where: 

f~! is the yield strength of the relevant basic component; 

~ d IS the nominal diameter of the bolt; 

f;t!1 is the ultimate tens] Ie strength of the bolt material.@iI 

(3) A joint with a bolted connection in which the design moment resistance A1j.Rd is governed by the 
design resistance of its bolts in shear, should not be assumed to have sufficient rotation capacity for 
plastic global analysis. 

6.4.3 Welded Joints 

(I) The rotation capacity cj>Cd of a welded beam-to-column connection may be assumed to be not less that 
the value given by the following expression provided that its column web is stiffened in compression 
but ul1stiffened in tension, and its design moment resistance is not governed by the design shear 
resistance of the column web panel, see 6.4.2(1): 

... (6.33) 

where: 

hb ]s the depth of the beam; 

he IS the depth of the column. 

(2) An unstiffened welded beam-to-coJllllli1 joint designed in conformity with the provisions of this 
section, may be assumed to have a rotation capacity cj>Cd of at least 0,015 radians. 
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(1) This section gives detailed application rules to determine the static resistances of uniplanar and 
multiplanar joints in lattice structures composed of circular, square or rectangular ho]]ow sections, and 
of uniplanar joints in lattice structures composed of combinations of ho11O\\I sections with open 
sections. 

(2) The static design resistances of the joints are expressed in terms of maximum design axial and/or 
moment resistances for the brace members. 

(3) These application rules are valid both for hot finished hollow sections to EN 10210 and for cold 
formed hollow sections to EN 10219, if the dimensions of the structural hollow sections fulfil the 

"."", .... "',..,,, of this section. 

(4) For hot finished hollow sections and cold formed hollow sections the nominal yield o[the end 
product should not exceed 460 N/mm2

• For end products with a nominal yield higher than 355 
N/mm2 

, the static design resistances given in this section should be reduced by a factor 0,9. 

(5) The nominal wall thickness of hollow sections should not be less than mm. 

(6) The nominal wall thickness of a hollow section chord should not be greater than 25 mm unless special 
measures have been taken to ensure that the through thickness properties of the material will be 
adequate. 

(7) For assessment see EN 1993-1-9. 

(8) The types of joints covered are indicated in Figure 7.1. 

7.1.2 Field of application 

(1) The application rules for hollow section joints may be used only where all of the conditions given in 
7.1.2(2) to 7.1.2(8) are satisfied. 

(2) The compression elements of the members should satisfy the requirements for Class 1 or Class 2 given 
in EN 1993-1-1 ~ for the condition of axial compression @l1. 

The angles Oi between the chords and the brace members, and between adjacent brace members, 
should 

The ends of members that meet at a joint should be prepared in such a way that their cross-sectional 
shape is not modified. Flattened end connections and cropped end connections are not covered in this 
section. 

(5) In gap type joints, in order to ensure that the clearance is adequate for forming satisfactory \velds, the 
gap between the brace members should not be less than (II + 12)' 

(6) In overlap joints, the overlap should be large enough to ensure that the interconnection of the 
brace members is sufficient for adequate shear transfer from one brace to the other. In any case the 
overlap should be at least 25%. 

If the overlap exceeds AoY.iim=60oA) in case the hidden seam of the overlapped brace is not welded or 
Aov,lil11,=80% in case the hidden seam of the overlapped brace is welded or if the braces are rectangular 
sections with hi < b i and/or h j < b j, the connection between the braces and the chord face should be 
checked for shear. @il " 
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(7) Where overlapping brace members have different thicknesses and/or different strength grades, the 
member with the lowest ti./;'j value should overlap the other member. 

(8) Where overlapping brace members are of different widths, the narrower n1ember should overlap the 
wider one. 

Kjoint KT joint N joint 

T joint X joint Y joint 

. '. 

DKjoint KKjoint 

'j 

, /1' 
.j<~' " 
, /~ 

X joint TT joint 

DY joint XXjoint 

Figure 7.1: Types of joints in hollow section lattice girders 
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7.2 Design 

7.2.1 General 

~ (l)P The design values of the internal axial forces both in the brace members and in the chords at the 
ultimate limit state shall not exceed the design resistances of the members determined from 
EN 1993-1-1. 

(2)P The design values of the internal axial forces in the brace members at the ultimate limit state shall 
also not exceed the design resistances of the joints given in 7.4, 7.5, 7.6 or 7.7 as appropriate.@i] 

(3) The stresses O"O,td or O"p,td in the chord at a joint should be determined from: 

_ NO,Ed + MO,Ed 
aO,Ed - -- ---

Ao Wel .O 

where: 

N p. tcl = N O,Ed - I N;,Ed cos B; 
;>0 

7.2.2 Failure modes for hollow section joints 

... (7.1) 

... (7.2) 

(1) The design joint resistances of connections between hollow sections and of connections between 
hollow sections and open sections, should be based on the following failure modes as applicable: 

a) Chord face failure (plastic failure of the chord face) or chord plastification (plastic failure of 
the chord cross-section); 

b) Chord side wall failure (or chord web failure) by yielding, crushing or instability (crippling 
or buckling of the chord side wall or chord web) under the compression brace member; 

c) Chord shear failure; 

d) Punching shear failure of a hollow section chord walJ (crack initiation leading to rupture of the 
brace members from the chord member); 

e) Brace failure with reduced effective width (cracking in the welds or in the brace members); 

f) Local buckling failure of a brace member or of a hollow section chord member at the joint 
location. 

NOTE: The phrases printed in boldface type in this list are used to describe the various failure modes 
in the tables of design resistances given in 7.4 to 7.7. 

(2) figure 7.2 illustrates failure modes (a) to (f) for joints between CHS brace and chord members. 

(3) Figure 7.3 illustrates failure modes (a) to (f) for joints between RHS brace and chord members. 

(4) Figure 7.4 illustrates failure modes (a) to (1) for joints between CHS or RHS brace members and I or H 
section chord members. 

(5) Although the resistance of a joint with properly fornled welds is general1y higher under tension than 
under compression, the design resistance of the joint is generally based on the resistance of the brace 
in compression to avoid the possible excessive local deformation or reduced rotation capacity or 
deformation capacity which might otherwise occur. 

103 



BS EN 1993-1-8:2005 
EN 1993-1-8:2005 (E) 

Mode Axial loading 

a 

b 

c ~~ ~'v~dt--c. 

/'..:.~ - - - - ---.,. ~ " ._--_. -r,\J,','---
\, ;' 

( .c - - - - - - ~) 
\=-- - - - - ~y 

d 

e 

/ ' 

~ 
) ~{ 

.. - - - -- ./ 

f 

a 
'-:> 

Bending moment 

&1 ..•••••. 1 

1 1 

.-=:--

a-a 

! --- --- --- --- ---~ --- --- --- -;, 

([ ___ ~~~~~~-~~-J-

~\ _______ ~: __________ i __ 
\L ____ . __________________ ._i 

Figure 7.2: Failure modes for joints between CHS members 
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Bending moment 
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; I ! I 

-- .1 
~' 
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- ~_ - _______ i--} ____ , ___ ~-__ 
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Figure 7.3: Failure modes for joints between RHS brace members and RHS chord 
members 
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Mode Axial loading 

a 

b 

c 
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e 
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I 

Bending moment 

_________ I 

=====/ / \ 
1,,-_ __ __ _ -1': ~ _______ ~~ 

~( 

U<j·?;~·\ 1// 
.---1 -1 

• I 
- l-- - - - -- ~-'- - - - ---- -+,--

~ 

- .I --- J-
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Figure 7.4: Failure modes for joints between CHS or RHS brace members and I 
or H section chord members 
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7.3 Welds 

7.3.1 Design resistance 

~ (I)P The welds connecting the brace members to the chords shall be designed to have sufficient 
resistance to allow for non-uniform stress-distributions and sufficient deformation capacity to al10w 
for redistribution of bending moments. @il 

(2) In welded the connection should normally be formed around the entire of the hollow 
section by means of a butt weld, a fillet weld, or combinations of the two. However in partially 
overlapping joints the hidden part of the connection need not be welded, provided that the axial forces 
in the brace members are such that their components perpendicular to the axis of the chord do not 
differ by more than 20%. 

(3) Typical weld details are indicated in 1.2.7 Reference Standards: Group 7. 

(4) The design resistance of the weld, per unit of perimeter of a brace member, should not normally 
be less than the design resistance of the cross-section of that member per unit length of perimeter. 

(5) The required throat thickness should be determined from section 4. 

(6) The criterion in 7.3.1(4) may be waived where a smaller weld size can be justified both with 
to resistance and with regard to deformation capacity and rotation capacity, taking account of 

the possibility that only part of its length is effective. 

For rectangular structural hollow sections the design throat thickness of flare groove welds is defined 
in figure 7.5. 

a 

Figure 7.5: Design throat thickness of flare groove welds in rectangular 
structural hollow section 

(8) For welding in cold-formed zones, see 4.14. 
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7.4 Welded joints between CHS members 

7.4.1 General 

(1) Provided that the geometry of the joints is within the range of validity given in Table 7.1, the design 
resistances of welded joints between circular hollow section members may be determined using 7.4.2 
and 7.4.3. 

(2) For joints within the range of validity given in Table 7.1, only chord face failure and punching shear 
need be considered. The resistance of a connection should be taken as the minimum value for 
these two criteria. 

For joints outside the range of validity given in Table 7.1, IE1) all the failure modes given in 
7.2.2 should be considered. In addition, the secondary moments in the joints caused by their rotational 
stiffness should be taken into account. 

Table 7.1: Range of validity for welded joints between CHS brace members and 
CHS chords 

Diameter ratio 0.2:$ dido :$ 1,0 
Chords tension 10:$ dolto :$ 50 (generally), but: 

compression Class 1 or 2 and 
10:$ dolto :$ 50 (generally), but: 

Braces tension d/tj:$ 50 
compression Class 1 or 2 

Overlap 25%::; "ov ::; Aov lim., see 7.1.2 (6) 
Gap g ~ t1 + t2 

7.4.2 Uniplanar joints 

~ (l)P [n brace member connections subject only to axial the design internal axial force shall 
not exceed the design axial resistance of the welded joint 
Table 7.4 as appropriate. 

obtained from Table 7.2, Table 7.3 or 

(2) Brace member connections subject to combined bending and axial force should satisfy: 

1"ii:C=\2 + Ip,I,/:d + -'-----'- < 1 0 iV [AI. 'll 
t:'..':::Y - , 
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where: 

is the design in-plane moment ~V010l"U.l\.'V, 

is the design in-plane intemal moment; 

]s the design out-of-plane moment resistance; 

lVlop.i.Ed IS the out-of-plane internal moment. 

... (7.3) 
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Table 7.2: Design axial resistances of welded joints between CHS brace 
members and CHS chords 

Chord face failure -

Chord face failure -

Chord face failure -

T and Y joints 

O,2k f' t 2 

N Y p, yO 0 (2 8 + 1.4 2/3 2 ) / 
. I ,ReI = . n ' , Y M 5 

S111 u 1 

Xjoints 

k j ' t 2 5 2 N . - p y O 0 , / 

l.ReI - sine, (1- 0,81/3) YMS 

K and N gap or overlap joints 

k k f (2 ( d J N . = g p , )'0 0 1 8 + 10 2 _I / 
I ,Rd 'n ' , d YM5 

S111 UIO 

... sinel 
N2,ReI = -'-n- N1 ,Rd 

S111 U 2 

~ Punching shear failure for K, Nand KT gap joints and T, Y and X joints [i = 1, 2 or 3] @1] 

Factors kg and kp 

k 02(1 O,024y 1,2 .J 
-g= Y ' + 1+exp(O,5g/to -1,33) 

For 11p > 0 (compression): 
For 11p::; 0 (tension): 

kp = 1 - 0,3 11p (1 + 11p) 

kp = 1,0 

(see Figure 7,6) 

but 
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Table 7.3: Design resistances of welded joints connecting gusset plates to CHS 
members 

Chord face fail ure 

NL I Rd = 0 'p, , 

Ii tl 
Ii 

I 

~ 
I \. __ . 

-1r- t J 

&'to Mop,I,Rd = 0 

hI 

~ 
Cl 

MOp,I,Rd= 0 

Punching shear failure 

Range of val idity Factor kp 

In addition to the lin1its given in Table 7.1: For I1p> 0 (compression): 

p~0,4 and II S 4 kp = 1 - 0,3 I1p(l + I1p) but kp S 1,0 

~\_v]_1e_r_e~p_·_=_b_l_/d_o _____ al_ld __ ~ry_=_J_11_/d_o ______ ~F_O_l_" _n~p_S_O~(t_el_1s_io_l~1)_: ______ k~p_=_1~,0 ______ ~@B 
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Table 7.4: Design resistances of welded joints connecting I, H or RHS sections to 
CHS members 

Chord face fallure 

b1 
~-;..j 

! 

do to 

II .L../y-

t N1 

Punching shear failure 

~ ] or H sections with 77> 2 (for axial compression 

and out-of-plane bending) and RHS sections: 

All other cases: 

(4 + 20fi2)(1 + 0,25'7) YM~ 

5k f t 2 
= p'.1'O 0 (1 + ° 25)/ _ 

1 0,81P ,r; YM) 

A1op,I.Rd 0,5 hI 

5kpfl'ot; ( ) 
1 0,81P 1 + 0,2517 / YM5 

MOp.I,RcI = 0,5 hI 

)t I :s to (/;0 113 )/ I'M 

/ H~'I,I )t,:s 2t 0 (/;0 /13)/ YM5 

where tl is the f1ange or wall thickness of the transverse 1-, H-, or RHS section ~ 

Range of validity Factor kp 

In addition to the limits given in Table 7.1: For l1p ° (compression): 

fi 2: 0,4 and I] :s 4 kp 1 0,3 np (1 + l1p) but 

where f3 b, I do and 17 = hI I do For l1p:S ° (tension): 

kp:S 1,0 

kp = 1,0 
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(3) The internal moment -Mi,Ed may be taken as the value at the point where the centreline of the 
brace member meets the face of the chord member. 

(4) The design in-plane moment resistance and the design out-of-plane moment resistance Mi,Rd should 
be obtained from Table 7.3, Table 7.4 or Table 7.5 as appropriate. 

The special types of welded joints indicated in Table 7.6 should satisfy the appropriate des.ign criteria 
specified for each type in that table. 

(6) Values of the factor kg which is used in Table 7.2 for K, Nand KT joints are given in 7.6. The 
factor kg is lIsed to cover both gap type and overlap type joints by adopting g for both the gap and 
the overlap and using negative values of g to represent the overlap q as defined in Figure 1.3(b). 
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kg 4,5 

4,0 

3,5 

3,0 

2,5 

2,0 

1,5 

1,0 
-12 

..... m ..... 

-8 -4 ° 
... .1. ... 

I 

Overlap type joints 
(q -g) 

4 8 g/to 12 

.... ..... 

Figure 7.6: Values of the factor kg for use in Table 7.2 
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Table 7.5: Design resistance moments of welded joints between CHS brace 
members and CHS chords 

Chord face failure -

Chord face failure -

T, X, and Y joints 

~-t~ 
I i I 

I I 

I II 
I! I 

CD 

K, N, T, X and Y joints 

Mop ,1 

o 

I 

I 
I 
I 

I 
I tr:r/ to 

---1 do~ 
Punching shear failure - K and N gap joints and all T, X and Y joints 

When d l :::; do - 2to : 

Factor kp 

For l1p > ° (compression): 
For l1p :::; ° (tension): 

kp = 1 - 0,3 l1p(l + l1p) but kp :::; 1,0 
kp = 1,0 
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Table 7.6: Design criteria for special types of welded joints between CHS brace 
members and CHS chords 

Type of joint 

The forces may be either tension or compression 
but should act in the same direction for bOlh 
members. 

~ Members 1 and 3 are here in compression 
and member 2 is here in tension. 

c-------------- (§] 

All bracing members should always be in either 
compression or tension. 

~l 

Member 1 is always in compression and member 
2 is always in tension. 

"N l N 2 )f 
~ / 
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Design criteria 

where NI.Rd is the value of NI,Rd for an X joint from 
Table 7.2. 

N1 Y:d sin 81 + NH~d sin 83 :s NI ,Rd sin 81 

N 2,cel sin 82 :s Nl.JZd sin 8, 

where N1.Rd is the value of NI,ReI for a K joint from 

. d1 d] +d2 +d3 Table 7.2 but wlth - replaced by: --'---=---=----
do 3do 

where Nx,Rd is the value of Nx,Rd for an X joint from 
Table 7.2, where Nx.Rd sin 8x is the larger of: 

where Nj,Rd is the value of Nj.Rd for a K joint from 
Table 7.2, provided that, in a gap-type joint, at section 
1-1 the chord satisfies: 

NO,Ed - + VO,Ed - < 1 0 l 
) ., 

N plORd ] l r;,',ORd]- , 



7.4.3 Multiplanar joints 
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(1) ln each relevant plane of a multiplanar joint, the design criteria 
the reduced design resistances obtained from 7.4.3(2). 

in 7.4.2 should be satisfied using 

(2) The resistances for each relevant plane of a multiplanar joint should be determined by applying 
the appropriate reduction factor J1 given in Table 7.7 to the resistance of the corresponding uniplanar 
joint calculated according to 7.4.2 by using the appropriate chord force for kp • 

Table 7.7: Reduction factors for multiplanar joints 

Type of joint 

TT joint 

Member 1 may be either tension or compression. 

[§) 

XXjoint 

Members 1 and 2 can be either in compression or 
tension. is negative if one member is in 
tension and one in compression. 

KKjoint 

I 

Member] is always in compression and member 2 is 
always in tension. 

Reduction factor J1 

J1 1,0 

J1 = 1 + O,33N 2.Ed / 

taking account of the of NI,I:':d and 

where I 

J1 0,9 

provided that, in a gap-type joint, at section ]-1 
the chord satisfies: 

1,0 + 
lVp1.O,Rd Vpl,O,Rd 
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7.5 Welded joints between CHS or RHS brace members and RHS chord members 

7.5.1 General 

(I) Provided that the geometry of the joints is within the range of validity given in Table the design 
resistances of welded joints between hollow section brace members and rectangular or square hollow 
section chord members may be determined using 7.5.2 and 7.5.3. 

For joints ,<vith1n the range of validity in Table 7.8, only the design criteria covered in the 
appropriate table need be considered. The design resistance of a connection should be taken as the 
minimum value for all applicable criteria. 

(3) For joints outside the range of validity given in Table 7.8, ~ all the failure modes given in 
7.2.2 should be considered. In addition, the secondary moments in the joints caused by their rotational 
stiffness should be taken into account. 

Table 7.8: Range of validity for welded joints between CHS or RHS brace 
members and RHS chord members 

Joint [ i = 1 or 2, j overlapped brace] 

Type or 
or dilti bolfo Gap or overlap 

joint 
or and and 

Tension hJb j holfo 

35 
bJfj :::; 35 and 

T, Y or X bJbo 2': 

K gap 

N gap 

K overlap 

N overlap 

Circular 
brace 

member 

2': 0,35 
and 

2': 0,1 + 0,01 be/to 

d/bo 2': 0,4 

but 0,8 

and 

h/ti 35 

and 

~ 
Class 1 or 2 

Class] 

Class 1 

bJtj 
:::; 35 

and 

hJfj 
:::; 35 

0,5 2': 0,5(1 - /i) 

but 
1,5(1 - (J) 1) 

2,0 
and as a minimum 

g tl + t2 

Class 1 or 
@lI 

As above but with d1 replacing hi 
and d j replacing hj • 

J) 
J f g/ bo > 1,5(] /J) and ~ g 11 + t2 treat the joint as two separate Tor Y joints. 

= 60(YcI if the hidden seam is not welded and 80% if the hidden seam is welded. If the overlap 
or if the braces are rectangular sections with h b i and/or h j < b), the connection 

between the braces and chord face has to be checked for shear. 
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7.5.2.1 Unreinforced joints 
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(1) In brace member connections subject only to axial forces, the design internal axial force should 
not exceed the design axial resistance of the welded joint ,determined from 7.5.2.1 or 
7.5.2.1(4) as appropriate. 

(2) For welded joints between square or circular hollow section brace members and square hollow section 
chord members only, where the geometry of the joints is within the range of validity given in Table 
7.8 and also satisfies the additional conditions given in Table 7.9, the design axial resistances may be 
determined from the expressions given in Table 7.10. 

(3) For joints within the range of validity of Table 7.9, the only design criteria that need be considered are 
chord face failure and brace failure with reduced effective width. The design axial resistance should be 
taken as the minimum value for these two criteria. 

l\OTE: The design axial resistances for joints of hollow section brace members to square hollow 
section chords given in Table 7.10 have been simplified by omitting design criteria that are never 
critical within the range of validity of Table 7.9. 

(4) The design axial resistances of any unreinforced welded joint between CBS or RHS brace members 
and RBS chords, within the range of validity of Table 7.8, may be determined using the expressions 
given in text deleted Table 7.11, Table 7.12 or Table 7.13 as appropriate. For reinforced 
joints see 7.5.2.2. 

Table 7.9: Additional conditions for the use of Table 7.10 

Type of brace Type of joint Joint parameters 

Square ho]]ow section 
T, Y or X b/bo :s 0,85 bolto 10 

K gap orN gap 0,6 
bl + '2, :s 1,3 bolfo ] 5 

2b
l 

Circular hollow section 
T, Y orX 10 

K gap or N gap 0,6 :s f1 +2 :s 1,3 bolto~ 15 
2d] 
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Table 7.10: Design axial resistances of welded joints between square or circular 
hollow section 

Type of joint 

T, Y and X joints 

K and N gap joints 

K and N overlap joints *) 

Member i or member j may be either tension or 
compression but one should be tension and the 
other compression. 

~ ,~\ tL /\~} 
\~. tJ :~ < /( -0 N;~ ' , bi} 

b) j____ \Nj " \ ~." ' ''-f 

/~. j"'f\\ ./1., / . \ 8· 
ej ./ . II \ ~ / "I' \ 1 

i / ~, \ Y :/' --.l 
i /'7,' - - J rmw-o 
''L=======~=~======:[ W-
• ~~ @l] 

Design resistance [i = 1 or 2, j = overlapped brace] 

Chord face failure f3 ~ 0,85 

k r t 2 [ J N = /1 . y O 0 ~ + 4 1 _ / 
I,Rd (1 fJ) ' f) . f) R YM5 

- SIn I S111 I 

Chord face failure fJ :S 1,0 

Brace failure 25% :S }oov < 50% 

Brace failure 50% ~ }cov < 80% 

Brace failure 

Parameters beff , bc,ov and kn 

h r-= ~fdlo b 
.. C I ! / f ' I 

~o to ' y/i 

1of .t . 
bc.ov= --~bj but bc,ov~ bi 

For 11 > 0 (compression): 

k = 13 _ 0,4n 
11 , fJ 

but 
For n :S 0 (tension): b / t ft 

.I J yl I kn = 1,0 

For circular braces, multiply the above resistances by nl4, replace b] and hi by d1 and replace b2 and 
h2 by d2 . 
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Only the overlapping brace member i need be checked. The brace member efficiency (i.e. the design 
resistance of the joint divided by the design plastic resistance of the brace member) of the 
overlapped brace member) should be taken as equal to that of the overlapping brace member. 

~ See also Table 7.8. @l] 
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Table 7.11: Design axial resistances of welded T, X and Y joints between RHS or 
CHS braces and RHS chords 

Type of joint Design resistance 

Chord face failure fJ 0,85 

Chord side \vall buckling I) fJ = 1,0 2) 

fJ 0,85 

Punching shear fJ - (1 1/y) 

1) For X joints with cos91 > h1/ho use the snlaller of this value and the design shear resistance of 
the chord side walls given for K and N gap joints in Table 7.12. 

2) For 0,85 fJ 1,0 use linear interpolation betw-een the value for chord face failure at fJ 0,85 
and the governing value for chord side wall failure at fJ 1,0 (side wall buckling or chord shear). 

For circular braces, multiply the above resistances by n14, replace b1 and hi by dl and replace 
b2 and h2 by d2 • 

For tension: 
}b =/yO 

For con1pression: 
jl~ = X/yO 
/b 0,8 sin ()1 

(T and Y joints) 
(X joints) 

where X is the reduction factor for flexural 
buckling obtained fron1 EN 1993-1-1 using the 
relevant buckling curve and a norn1alized 

slenderness I determined from: 

I= 

beff but belT < bl 

but bep:S hI 

For 11 ° (compression): 

13- 0,4n 
, f3 

but kn _ 1,0 
For n:S ° (tension): 

kn = 1,0 

~----------------------------------~--------------------------------~~ 
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Table 7.12: Design axial resistances of welded K and N joints between RHS or 
CHS braces and RHS chords 

Type of joint Design resistance [i = 1 or 2J 

K and N gap joints Chord [ace failure 

Chord shear 

Brace failure 

Punching shear fJ~(l-lIy) 

K and N overlap joints As in Table 7.10. 

For circular braces, multiply the above resistances by nl4, replace b l and hI by d l and replace b2 and 
~ 172 by d2 , except for chord shear. @l] 

Av = (2ho + abo)to 

For a square or rectangular brace member: 

1 
a= 

] 
4g2 

~ 
+-,.., ) 

"to -

where g is the gap, see Figure 1.3(a). 

~ For circular brace members: a=O @l] 
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For n > 0 (compression): 

k = 13- 0,4n 
n , J3 

but kn ~ 1,0 
For n ~ 0 (tension): 

kn = 1,0 
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Table 7.13: Design resistances of welded joints connecting gusset plates or I or 
H sections to RHS members 

Transverse plate 

Longitudinal p1ate 

1 or H section 

Range of validity 

In addition to the limits given in Table 7.8: 
0,5 fJ 1,0 
bolto S 30 

Parameters befT , be.]) and km 

but 

but 

I§) Chord face failure fJ :5 0,85 

Chord side wall crushing when b l ;:: bo - 2to 

Punching shear when bl S bo 

Chord face failure 

As a conservative approximation, if 11 

N LRd for an I or H section may be assumed to be 
equal to the design resistance of two transverse 
plates of similar dimensions to the Ganges of the 1 
or H section, determined as specified above. 

If 17 2 ~1 - fJ , a linear interpolation between one 
and two plates should be made. 

(h, - (1) 

N LRd is the capacity of one flange; jJ is the ratio 

of the width of the flange of the I or H brace section 
and the width of the RHS chord. (§] 

For 11 ° (compression): 
kill = 1,3(1- n) 

but kill:::; 1,0 
For 11 S 0 (tension): 

kill = 1,0 

Fillet welded connections should be designed in accordance with 4.10. 
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(5) Brace member connections subjected to combined bending and axial force should 
requirement: 

Al 'r! + + Op.I,:l:::: 1,0 
]Vi,Rd A(p,i,Rd AI0P ,i,Rd 

where: 

lvljpj ,Rd is the design in-plane moment resistance 

Alip,i,EJ is the design in-plane internal moment 

AJup,i,Rd is the design out-of-plane moment resistance 

Mop.i,l:cI is the out-of-plane internal moment 

the following 

'" (7.4) 

(6) The internal moment Mj,Ed may be taken as the value at the point where the centreline of the 
brace member meets the face of the chord member. 

(7) For unreinforced joints, the design moment resistance and out-of-plane moment 
resistance Mi,Rd should be obtained from Table 7.13 or Table 7.14 as appropriate. For reinforced 
joints see 7.5.2.2. 

(8) The special types of welded joints indicated in Table 7.] 5 and Table 7.16 should satisfy the 
appropriate design criteria specified for each type in that table. 

7.5.2.2 Reinforced joints 

(1) Various types of joint reinforcement may be used. The appropriate type depends upon the fail ure mode 
that, in the absence of reinforcement, governs the design resistance of the joint. 

(2) reinforcing plates may be used to increase the resistance of the joint to chord face failure, 
punching shear failure or brace failure with reduced e1Tective width. 

(3) A pair of side plates may be used to reinforce a joint against chord side wall failure or chord shear 
11.1ilure. 

(4) J n order to avoid partial overlapping of brace members in a K or N joint, the brace members may be 
welded to a vertical stiffener. 

(5) Any combinations of these types of joint reinforcement may also be used. 

(6) The grade of steel used for the reinforcement should not be lower than that of the chord member. 

(7) The resistances of reinforced joints should be determined using Table 7.] 7 and Table 7.18. 
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Table 7.14: Design resistance moments of welded joints between RHS brace 
members and RHS chords 

T and X joints 

In-plane moments (() = 90°) 

Out-of-plane moments 

Parameters and kn 

but bcff S; b I 

Design resistance 

Chord face failure 

Chord side wall crushing 

Mip,J.Rd 0,5 frlJ 0 (hi +5toY Ir A15 

= fyo for T joints 
j~k = 0,8 f~,o for X joints 

Brace failure 

Chord face failure 

Chord side wall crushing 

fYk ,{yo 
fyk = 0,8Ao 

[or T joints 
for X joints 

fJ S; 0,85 

[§) 0,85 fJ 1,0 @2] 

[§) 0,85 fJ S; 1,0 @2] 

fJ S; 0,85 

[§) 0,85 < fJ 1,0 @2] 

Chord distortional failure (T joints only) *) 

Brace failure [§) 0,85 < fJ 1,0 @2] 

= fy, (WPI,I - 0,5(1-

For 11 ° (compression): 

kn = 1,3 
O,4n 

fJ 
but kn 1,0 

For n S; ° (tension): 
kn 1,0 

*) This criterion does not apply where chord distortional failure is prevented by other means. 
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Table 7.15: Design criteria for special types of welded joints between RHS brace 
members and RHS chords 

Type of joint 

The members may be in either tension or 
compression and should act as in the same 
direction for both members. 

The member 1 is always in compression and 
member 2 is always in tension. 

: , 

---------------

All bracing members should be either 
compression or tension. 

N1 N2 

~ / 
'- '" ~.; 8 ", '>)( 

1 ~.< . . Y<j; ' .~ 92 
y .......... :,:> _~ ~X ... : 

'ot -----~>~ .. _.' --.}. 

Member 1 is always in compression and 
member 2 is always in tension. 
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N 1 N 2 

",~ I-A [> 1 /y! 81 ~~I ./ j;1 92 
~"=- ~~~ .~-~: '~ -_// ~~y-. ~ 

Design criteria 

where N) ,Rd is the value of N),Rd for an X joint from 
Table7.1!' 

N ) ,Ed sin 0) + N 3,Ed sin 03 ::s N ),Rd sin e) 
NZ,EeI sin O2 ::s N) ,ReI sin e) 

where N] ,Rd is the value of N 1•Rd for a K joint from 

b) + bz + h) + h2 
Table 7.12, but with -----'---=----------'----=-

4bo 

where N x,Rd is the value of Nx•Rd for an X joint from 
Table 7. 11 , and N x, Rd sin Ox is the larger of: 

I NI,Rd sin 0) I and I N2,ReI sin e2 1 

where N j,Rd is the value of Ni ,Rd for a K joint from 
Table 7.12, provided that, in a gap-type joint, at section 
I-I the chord satisfies : 

N O,£d - + VO,Ed - < 1 0 l J
? l J7 

Np/ ,O,Rd Vp/ ,O,Rd -, 
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Table 7.16: Design criteria for welded knee joints and cranked-chord joints in 
RHS members 

Type of joint Criteria 

Welded knee joints 

The cross-section should be Class 1 for pure see 
EN 1993-1-1. 

O,2Np[,Rd 

and 
lVEd M Ed 
--+---<K 
N M,-

pl.Rd pl,Rd 

K +----
/ to 1 + 2bo / ho 

K 1 - (Ji cos( e / 2) Xl - K 90 ) 

where K90 is the value of K for e = 90°. 

tp ;.: 1,5t and ;.: 10 mm 

+ :S ] ,0 
!vI pl.ReI 

Cranked-chord 

I . 
I 

where is the value of Ni,Rd for a K or N overlap joint 
from Table 7.12. 

Imaginary extension of chord 
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Table 7.17: Design resistances of reinforced welded T, Y and X joints between 
RHS or CHS brace members and RHS chords 

Type of joint Design resistance 

Reinforced with flange plates to avoid chord face failure, brace failure or punching shear. 

Tension loading 

i ! j 

i I ! 

i 

: I 

i i 
I 

Con1pression loading 

-I~\n-
i ! 

I ! i 

! I 

i ! 

! I b 
I I P 

I I [<-
I~~ 

-w~to 
L b'O",j 
! i 

and 

and 

bp 2: bo - 2/0 

tl) ~ 2t
J 

j3p S 0,85 

[
2h 1 /bf! ~ J .... +4 l-blb Iy 

• () 1 P M5 
SIn 1 

bp 2: bo - 2to 
tp ~ 2t

J 

j3p S 0,85 

Take NJ ,Rd as the value of NI. Rd for a T, X or 
Y joint fron1 Table 7.11, but with kn = 1,0 and 
10 replaced by tp for chord face failure, brace 
failure and punching shear only. 

Reinforced with side plates to avoid chord side wall buckling or chord side wall shear. 

I ! 

! ! I 
i ! 

I I 

i 

1 i i 

I i 
I I ! r···· -.......... -;-. -- ci 

- - --1-

--- -- - -- _.... .._. -- - - - .-

! e I 

l..,..... P J 
! ! 

.- -

I 

I I I 

i I I 

I I I 
i I I 

I I I 
! I ! 

I w·-to 

I 

tp~ 1< b o 1 ~!p 

tp 2: 1,5h1 / sin 81 

tp ~ 2t
J 

Take N1,Rd as the value of NI.Rd for a T, X or 
Y joint froin Table 7.11, but with 10 replaced 
by (to + tp ) for chord side wall buckling failure 
and chord side wall shear failure only. 

~------------------------------------~------------------------------------~~ 
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Table 7.18: Design resistances of reinforced welded K and N joints between RHS 
or CHS brace n1en1bers and RHS chords 

Type of joint Design resistance [i = 1 or 2] 

Reinforced with flange plates to avoid chord face failure, brace failure or punching shear. 

[
hi h, J £ > 15 --+g+---

p -, sine
l 

sine
2 

bp 2: bo - 2 to 
tp 2: 2tl and 2t2 

Take N i.Rd as the value of N i.ReI for a K or N joint 
from Table 7.12, but with to replaced by tp for 
chord face failure, brace failure and punching shear 
only. 

Reinforced with a pair of side plates to avoid chord shear failure. 

t: > 15 --I -+ g+----
[ 

h h, J 
p - , sine

l 
C sine

2 

Take N i •Rd as the value of Ni,Rd for a K or N joint 
from Table 7.12, but with to replaced by (to + tp ) 

for chord shear failure only. 

Reinforced by a division plate between the brace members because of insufficient overlap. 

r -A - - - -)( - - - - - --1 
): /"\ <. 

r~~------------ '~r 

Take NI,Rd as the value of Ni,ReI for a K or N 

Ili'~ _J 0 overlap j oint from Table 7.12 with ).", < 80%, but 
with b j , tj and .hj replaced by bp , tp and f,p in the 
expression for bc,QY given in Table 7.10. 
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7.5.3 Multiplanar joints 

(1) In each relevant plane of a multiplanar joint, the design criteria given in 7.5.2 should be satisfied using 
the reduced design resistances obtained from 7.5.3(2). 

(2) The design resistances for each relevant plane of a multiplanar joint should be determined by applying 
the appropriate reduction factor p given in Table 7.19 to the resistance of the corresponding uniplanar 
joint calculated according to 7.5.2 with the appropriate chord load in the multiplanar situation. 

Table 7.19: Reduction factors for multiplanar joints 

Type of joint 

TT joint 

Member 1 may be either tension or compression. 
~ 

N~ / IN1 

/\z«\"~ : ., ............... '" ..................... 1 .. /:1 

XX joint 

'«, cp 1::; 
'\' . "-" ""A'" '/1' \ <, I .• ' ;/; 

~;Z.!.f?-~l-
I 
I 

Members 1 and 2 can be either in compression or 
tension. NUiclNI,I:'d is negative if one member is in 
tension and one in compression, 
~ 

KKjoint 
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-~e 
1 11 

i 'l 

Reduction factor p 

p =0,9 

p = 0,9(1 + 0,33N1 ,Ed / N1 ,Ed ) 

taking account of the sign of N I,Ed and N 2.r:'d 

where I N2,Ed I :s I N I,Ed I 

).1 = 0,9 

provided that, in a gap-type joint, at section 1-1 
the chord satisfies: 

[ 
No,Ed ]2 + [~]2 :s 1,0 

N pl ,o,Rd V p/ ,O,Rd 
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7.6 Welded joints between CHS or RHS brace members and I or H section chords 

(1) Provided that the geometry of the joints is within the range of validity given in Table 7.20, the design 
resistances of the joints should be detemlined using the expressions given in Table 7.21 or Table 7.22 
as appropriate. 

Table 7.20: Range of validity for welded joints between CHS or RHS brace 
members and I or H section chord members 

x 

Type of 
joint 

TorY 

Kgap 

N gap 

K overlap 

N overlap 

Class 1 

and 

:::;400mm 

~ 
Class 1 or 2 

@l] 
and 

dw :::; 400 m111 

Joint parameter [ i ] or 2, j overlapped brace] 

Compression 

~ 
Class 1 or 

and 

:::; 35 
( 

s: 35 
( 

di 50 
ti 

Tension 

~ 35 

:::; 35 

50 

0,5 
but 

2,0 

1,0 

0,5 
but 

:::; 2,0 

~ 
Class I or r 

(§J 

bJbj 

?:: 0,75 

t§> 25% :::; }lOV 

:::; Aov,lill1.
1 )@l] 

.~ I) AOv,lill1 60% if the hidden seam is not welded and 80% if the hidden seam is welded. If the overlap 
exceeds or if the braces are rectangular sections with hi b i and/or h j < b j, the connection 
between the braces and chord face has to be checked for shear. @l] 

(2) For joints within the range of validity given in Table 7.20, only ~ the failure modes covered in @l] 
the appropriate table need be considered. The design resistance of a connection should be taken as the 
minimum value for all applicable criteria. 

(3) For joints outside the range of validity given in Table 7.20, ~ all the failure modes given in @l] 
7.2.2 should be considered. In addition, the secondary moments in the joints caused by their rotational 
stiffness should be taken into account. 

(4) In brace member connections subjected only to axial forces, the design axial force should not 
exceed the design axial resistance of the welded joint Ni,Rd, determined from Table 7.21. 

(5) Brace member connections subject to combined bending and axial force should satisfy: 

where: 

lV!ip,i,Rdis the design in-plane moment resistance; 

Mip,i,Edis the design in-plane internal moment. 

... (7.5) 
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Table 7.21: Design resistances of welded joints between RHS or CHS brace 
members and I or H section chords 

Type of joint Design resistance [ i = 1 or 2, j overlapped brace J 

T, Y and X joints Chord web yielding 

Brace failure 

N1,R<.l = 2f1l t IP[:(r I r:\15 

K and N gap joints [i = ] or 2J ~ Chord web yielding@1] Brace fai.lure need not be 
I------------------+---------------c checked if: 

K and N overlap joints *) 

gltr 20 - 28jJ ; jJ'5":: 1,0 - 0,03y 
where y bo/2tr 

r-----------~----~ 

Brace failure and for CHS: 

I Ni R<.l 2 f t P ~t'{ I : . J'l I J?./ 

Chord shear 

NO,Rd 

fl'OA\ , 
[:;3' . B / r M 5 

'\J -' Sll1 i 

[(Ao )f)o + 

Brace failure 

1,33 

Members j and j may be in either tension or ~Ni,R<.l = fl'Ji (Petf + bun +2hi ~O -4tJI rM5@1] 

compression. 

Av - (2 ex) bo tr+ (tw + 21') Ir 

For RHS brace: ex 

For CHS brace: ex = ° 
f)) 

@i] 

. Brace failure 

~ Peff 1 \1 + 21' + 7 tffl'o If;;; 
but for T, Y, X joints and K 
and N gap joints: 

Peff bi + 
but for K and N overlap b 
'oints: Pell '5":: bi @1] ut 

but 

50% '5":: < 80% 

2::80% 

. + 5(1/ + r) 
smBi 

For CH,S braces muHiply the above resistances for brace failure by Jrl4 (lnd repJace both b l and hi by d, and 
both b2 and ~ h2 by d2, except for chord shear. @1] 
*) 
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Only the overlapping brace member i need be checked. The efficiency (i.e. the design resistance of 
thejoilltdivided by the design plastic resistance of the brace member) of the overlapped brace member 
j should be taken as equal to that of the overlapping brace member. ~ See also Table 7.20. @II 
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(6) The design internal moment may be taken as the value at the point where the centreline of the 
brace member meets the face of the chord member. 

(7) The design in-plane moment resistance A1;p,1,Rd should be obtained from Table 7.22. 

(8) If stiffeners in the chord (see Figure are used, then the E§) design brace failure resistance @l] 
lVi,Rd for X-, Y-, and N-gap joints (Table 7.22) is detennined as follows: 

where: 

where: 

tw + 2,. + 7 

ts 2a 7 

/ }'\15 

a IS stiffener weld throat thickness, '20' becomes 'a' if single sided fillet welds are used; 

s refers to the stiffener. 

(9) The stiffeners should be at least as thick as the I-section web. 

... (7.6) 

Table 7.22: Design moment resistances of welded joints between rectangular 
hollow section brace members and I or H section chords 

Type of .1 oint Design resistance [i = 1 or 2, j = overlapped brace] 

T and Y joints Chord web yielding 

e failure 

lEY Parameters Peff and 

E§) 
Perf t I'. -:- 2r 7 if .~o / f1'l but -/l-+ 5(t f + r) but b,,:S: 211 + 1 0& f + r) 

S111 (JI . 
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". ' .. \ ... 

"" 

E§) Brace effective @lI perimeter, without (left) and 
with (right) stiffeners 

Figure 7.7: Stiffeners for I-section chords 

7.7 Welded joints between CHS or RHS brace members and channel section 
chord members 

(1) Provided that the geometry of the joints is within the range of validity given in Table 7.23, the design 
resistances of welded joints between hollow section brace members and channel section chord 
members mClY be determined using Table 7.24. 

(2) The secondary moments in the joints caused by their bending stiffness should be taken into account. 

(3) In a gap type joint, the design axial resistance of the chord cross-section NO,Rd should be deternlined 
allowing for the shear force transferred between the brace members by the chord, neglecting the 
associated secondary moment. Verification should be made according to EN 1993-1-1. 

Table 7.23: Range of validity for welded joints between CHS or RHS brace 
members and channel section chord 

Joint parameter [ i = 1 or 2, j = overlapped brace] 

Type of 
b)ti and h) ti or d) fj joint Gap or overlap 

bilbo h)bi bol fo 
b)bj Compressi on Tension 

2:0,4 
E§) 

0,5(1-/3*) ::; g/bo* ::; 1,5(l-p*) I) Class 1 or 2 
Kgap @] h. 

and and ~ ~35 and 
N gClp h 

( 

bo ~ 400 mm ~~35 g 2: tl + 12 

ti b. 2: 0,5 I§) 
~~35 but Class 1 

2: 0,25 b. 
ti ~2,0 or 2 

~::;35 @lI 
E§) 25% ~ )' 01' ~ }'ov.lim

2
) @l] 

K overlap 
and 

t i d. 
~::;50 

b/bj 2: 0,75 
N overlap d. ti 

bo~400 mm ~~50 

( 

l ,,= bllho* 

bo = bo - 2 (tw + ro) 

I) This condition only apply when 13 ~ 0,85. 

E§)2l/Lov,lim = 60% if the hidden seam is not welded and 80% if the hidden seam is welded. If the overlap 
exceeds l'ov.lil11, or if the braces are rectangular sections with hi < b i and lor h j < b j. the connection 
between the braces and chord face has to be checked for shear. @lI 
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Table 7.24: Design resistance of welded joints between RHS or CHS brace 
members and channel section chords 

K and N gap joints 

K and N overlap joints 

A" = Ao (1 a) bo to 
bo* = bo - 2 (tw + '-0) 

For RHS: a= 

For CHS: a 0 

of joint Design resistance [i I or 2, j overlapped brace] 

Brace failure 

Chord failure 

NO,Rd = [(Ao -

Brace failure 

I HJracje tall lure 50%:s Aov < 80% 

Brace failure 

N =j't(b 'I,Rd yi .j i 

For CBS braces except for the chord shear @2], multiply the above resistances by nM and replace both 
b l and hJ by d l as well as b2 and h2 by 

Only the overlapping brace member j needs to be checked. The efficiency (i.e. the design resistance 
of the joint divided by the design plastic resistance of the brace member) of the overlapped brace 
memberj should be taken as equal to that of the brace member. 
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Foreword 

This European Standard EN 1993, Eurocode 3: Design of sted structures, has becn prepared by Technical 
Committee CEN/TC250 « Structural Eurocodes », the Secretariat of which is held by BSI. CEN/TC250 is 
responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 
text or by endorsement, at the latest by November 2005, and conflicting National Standards shall be withdrawn 
at latcst by March 2010. 

This Eurocode supersedes ENY 1993-1-1. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement these European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, [cciand, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Slovakia, Spain, Sweden, 
Switzerland and United Kingdom. 

Background to the Eurocode programme 

In 1975, the Commission of the European Community decided on an action programme in the field of 
construction, based on article 95 ofthe Treaty. The objective of the programme was thc elimination of 
technical obstacles to trade and the harmonization of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonized tcchnical 
rules for the design of constlllction works which, in a first would serve as an alternative to the national 
rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980s. 

In 1989, the Commission and the Mcmbcr States of the EU and EFTA decided, on the basis of an agreement i 

between the Commission and CEN, to transfer the prcparation and the publication of the Eurocodcs to CEN 
through a series of Mandates, in order to provide them with a future status of European Standard (EN). This 
links de facto the Eurocodes with the provisions of all the Council's Directives andlor Commission's 
Decisions dealing with European standards the Council Directive 89/1 06/EEC on construction products 
- CPD - and Council Directives 93/37/EEC, 92/50/EEC and 89/440/EEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of setting up the internal market). 

The Stlllctural Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 
EN 1991 
EN 1992 
EN 1993 
EN 1994 
EN 1995 
EN 1996 
EN 1997 
EN 1998 
EN 1999 

Eurocode 0: 
Eurocode 1: 
Eurocode 2: 
Eurocode 3: 
Eurocode 4: 
Eurocode 5: 
Eurocode 6: 
Eurocode 7: 
Eurocode 8: 
Eurocode 9: 

Basis of Structural Design 
Actions on structures 
Design of concrete structures 
Design of steel structures 
Design of composite steel and concrete structures 
Design of timber structures 
Design of maSOlll)' structures 
Geotechnical design 
Design of structures for earthquake resistance 
Design of aluminium structures 

1 Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (BC/CEN/03/89). 
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Eurocode standards recognize the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatory safety matters at national level where these 
continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of thc EU and EFTA recognize that Eurocodes serve as reference documents for the 
following purposes: 

as a means to prove compliance of building and civil engineering works with the essential requirements 
of Council Directive 89/106/EEC, particularly Essential Requirement N°} Mechanical resistance and 
stability and Essential Requirement N°2 Safety in case of fire; 

as a basis for specifying contracts for construction works and related engineering services; 

as a framework for drawing up harmonized technical specifications for construction products and 
ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they arc of a different nature from 
harmonized product standards3

. Therefore, technical aspects arising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees and/or EaT A \Vorking Groups working on product 
standards \\lith a view to achieving full compatibility of these technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or design conditions are not specifically covered and additional expert consideration will be 
required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and 
may be followed by a National annex. 

The National annex may only contain information on those parameters which are left open in the Eurocode 
for national choice, known as Nationally Determined Parameters, to be used for the design of buildings and 
civil engineering works to be constructed in the countly concerned, i.c. : 

values and/or classes where alternatives are given in the Eurocode, 
values to be used where a symbol only is given in the Eurocode, 
country specific data (geographical, climatic, etc.), e.g. snow map, 

the procedure to be used where alternative procedures are given in the Eurocode. 
It may contain 

decisions on the application of informative annexes, 
- references to non-contradictOlY complement31Y information to assist the user to apply the Eurocode. 

2 According to Art. 3,3 of the CPO, the essential requirements (ERs) shall be given concrete form in interpretative documents for the 
creation of the necessary links between the essential requirements and the mandates for harmonized ENs and ETAGs/ETAs, 

3 According to Art. 12 ortlle CPD the interpretmive documents shall : 
a) give concrete form to the essential requirements by harmonizing the terminology and the technicu1 and indicating classes or levels for each 

requirement where necessary: 
b) indicate methods of correhlting these classes or levels of requirement with the technical speci lications, methods of calculation [lnd of prooC 

technical rules for project design, etc. ; 
c) serve as a reference for establishment of harmonized standards and guidelines for European technical approvals, 

The Eurocodes, de/,acto, playa simihlr role in the field of the ER 1 and a part of E R 2, 
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Links between Eurocodes and harmonized technical specifications (ENs and ETAs) for 
products 

There is a need for consistency between the harmonized technical specifications for construction products 
and the technical rules for works4

. Furthermore, all the information accompanying the CE Marking of the 
construction products which refer to Eurocodes should clearly mention which Nationally Determined 
Parameters have been taken into account. 

National annex for EN 1993-1-9 

This standard alternative procedures, values and recommendations with notes indicating where national 
choices may have to be made. The National Standard implementing EN 1993-1-9 should have a National 
Annex containing all Nationally Determined Parameters for the of steel structures to be constructed in 
the relevant countly. 

National choice is allowed in EN 1993-1-9 through: 

1.1 (2) 

2(2) 

2(4) 

3(2) 

3(7) 

5(2) 

6.1 (1) 

6.2(2) 

7.1(3) 

7.1(5) 

8(4) 

4 see Art.3.3 and Art.l2 of the CPD, as well as clauses 4.2, 4.3.1,4.3.2 and 5.2 of ID I. 
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1 General 

1.1 Scope 

(1) EN 1993-1-9 gives methods for the assessment of 
joints subjected to fatigue loading. 

resistance of members, connections and 

(2) These methods are derived from tests with large scale specimens, that include effects of 
geometrical and structural imperfections from material production and execution (e.g. the efl'ects of 
tolerances and residual stresses from welding). 

NOTE 1 For tolerances see EN 1090. The choice of the execution standard may be given in the 
National Annex, until such time as EN 1090 is published. 

NOTE 2 The National Annex may give supplementary information on inspection requirements 
during fabrication. 

(3) The rules are applicable to structures where execution conforms with EN 1090. 

NOTE Where appropriate, supplementary requirements are indicated in the detail category tables. 

(4) The assessment methods given in this pali are applicable to all grades of structural steels, stainless 
steels and unprotected weathering steels except where noted otherwise in the detail category tables. This part 
on Iy applies to materials which conform to the toughness requirements of EN 1993-1-10. 

(5) Fatigue assessment methods other than the 6aR-N methods as the notch strain method or fracture 
mechanics methods are not covered by this part. 

(6) Post fabrication treatments to improve the fatigue strength other than stress relief are not covered in 
this part. 

(7) The fatigue strengths given in this part apply to structures operating under normal atmospheric 
conditions and with sufficient corrosion protection and regular maintenance. The effect of seawater corrosion 
is not covered. Microstructural damage from high temperature 150°C) is not covered. 

1.2 Normative references 

This European Standard incorporates by dated or undated reference, provisions from other publications. 
These normative references are cited at the appropriate places in the text and the publications are listed 
hereafter. For dated references, subsequent amendments to or revisions of any of these publications apply to 
this European Standard only when incorporated in it by amendment or revision. For undated references the 
latest edition of the publication referred to appli es (including amendments). 

Tbe following general standards are referred to in this standard. 

EN 1090 

EN 1990 

EN 1991 

EN 1993 

Execution of steel structures Technical requirements 

Basis of structural design 

Actions on structures 

Design of Steel Structures 

EN 1994-2 Design of Composite Steel and Concrete Structures: Part 2: Bridges 

1.3 Terms and definitions 

(1) For the purpose of this European Standard the following terms and definitions apply. 
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1.3.1 General 

1.3.1.1 
fatigue 
The process of initiation and propagation of cracks through a structural part due to action of fluctuating 
stress. 

1.3.1.2 
nominal stress 
A stress in the parent material or in a weld adjacent to a potential crack location calculatcd in accordance 
with elastic theory excluding all stress concentration effects. 

NOTE The nominal stress as specified in this part can bc a dircct strcss, a shear stress, a principal 
stress or an equivalent stress. 

1.3.1.3 
modified nominal stress 
A nominal stress multiplied by an appropriate strcss concentration factor to allow for a geometric 
discontinuity that has not been taken into account in thc classification of a particular constructional detail 

1.3.1.4 
geometric stress 
hot spot stress 
The maximum principal stress in the parent material adjacent to the weld toe, taking into account stress 
concentration effects due to the overall geometry of a particular constructional detai1. 

NOTE Local stress concentration effects e.g. from the weld profile shapc (which is already included 
in the detail categories in Annex B) need not be considcred. 

1.3.1.5 
residual stress 
Residual stress is a permanent state of stress in a structure that is in static equilibrium and is independent of 
any applied action. Residual stresses can arise from rolling stresses, cutting processes, welding shrinkage or 
lack of fit between members or from any loading event that causes of part of the structure. 

1.3.2 Fatigue loading parameters 

1.3.2.1 
loading event 
A defined loading sequence applied to the structure and 
repeated a defined number of times in the life of the structure. 

rise to a stress history, which is normally 

1.3.2.2 
stress history 
A record or a calculation of the stress variation at a particular point in a structure during a loading event. 

1.3.2.3 
rain flow method 
Particular cycle counting method of producing a stress-range spcctrum from a given stress history. 

1.3.2.4 
reservoir method 
Particular cycle counting method of producing a stress-range spectrum from a given stress history. 

NOTE For the mathematical determination see annex A. 

1.3.2.5 
stress range 
The algebraic difference betwcen the two extremes of a particular stress cycle derived from a stress history. 
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1.3.2.6 
stress-range spectrum 
Histogram of the number of occurrences for all stress ranges of different magnitudes recorded or calculated 
for a particular loading event. 

1.3.2.7 
design spectrum 
The total of all stress-range spectra in the design life of a structure relevant to the fatigue assessment. 

1.3.2.8 
design life 
The reference period of time for which a structure is required to perform safely with an acceptable 
probability that failure by fatigue cracking will not occur. 

1.3.2.9 
fatigue life 
The predicted period of time to cause fatigue failure under the application of the design spectrum. 

1.3.2.10 
,Miner's summation 
A linear cumulative damage calculation based on the Palmgren-Ivliner rule. 

1.3.2.11 
equivalent constant amplitude stress range 
The constant-amplitude stress range that would result in the same fatigue life as for the design spectrum, 
when the comparison is based on a Miner's summation. 

NOTE For the mathematical determination see Annex A. 

1.3.2.12 
fatigue loading 
A set of action parameters based on typical loading events described by the positions of loads, their 
magnitudes, frequencies of occurrence, sequence and relative phasing. 

NOTE 1 The fatigue actions in EN 1991 are upper bound values based on evaluations of 
measurements of loading effects according to Annex A. 

NOTE 2 The action parameters as given in EN 1991 are either 

Qrnax, nmax , standardized spectrum or 

Q LI1
111

", related to nmClX or 

QE.2 corresponding to n 2x 106 cycles. 

Dynamic effects are included in these parameters unless otherwise stated. 

1.3.2.13 
equivalent constant amplitude fatigue loading 
Simplified constant amplitude loading causing the same fatigue damage effects as a series of actual variable 
amplitude loading events 

1.3.3 Fatigue strength 

1.3.3.1 
fatigue strength curve 
The quantitative relationship between the stress range and number of stress cycles to fatigue failure~ used fOJ 
the fatigue assessment of a particular category of structural detail. 

8 
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1.3.3.2 
detail category 
The numerical designation given to a particular detail for a given direction of stress fluctuation, in order to 
indicate which fatigue strength curve is applicable for the fatigue assessment (The detail category !lumber 
indicates the reference fatigue strength Llac in N/mm2). 

1.3.3.3 
constant amplitude fatigue limit 
The limiting direct or shear stress range value below which no fatigue damage will occur in tests under 
constant amplitude stress conditions. Under variablc amplitude conditions all stress ranges have to be below 
this limit for no fatigue damage to occur. 

1.3.3.4 
cut-off limit 
Limit below which stress ranges of the design spectrum do not contributc to the calculated cumulative 
damage. 

1.3.3.5 
endurance 
The life to failure expressed in cycles, under the action of a constant amplitude stress history. 

1.3.3.6 
reference fatigue strength 
The constant amplitude stress range Llac, for a particular detail category for an endurance N :::: 2x.1 06 cycles 

1.4 Symbols 

Lla stress range (direct stress) 

Llt stress range (shear stress) 

LlaE, equivalent constant amplitude strcss range related to nl11 <1, 

Lltu equivalent constant amplitude stress range related to 2 million cycles 

Lltc reference value of the fatigue strength at Nc 2 million cycles 

LlaD, LltD fatigue limit for constant amplitude stress ranges at the number of cycles 

LlaL, LlTL cut-off limit for stress ranges at the number of cycle NL 

Llaeq equivalent stress range for connections in webs of orthotropic decks 

reduced reference value of the fatigue strength 

YFf partial factor for equivalent constant amplitude stress ranges LlaE, 

YMf partial factor for fatigue strength Llac, LlTc 

In slope of fatigue strength curve 

Ai damage equivalent factors 

\jf I factor for frequent value of a variable action 

Qk characteristic value of a single variable action 

k, reduction factor for fatigue stress to account for size effects 

kl magnification factor for nominal stress ranges to account for secondary bending moments in 
trusses 

kf stress concentration factor 

NR design life time expressed as number of cycles related to a constant stress range 

2 Basic requirements and methods 

~ (I)P Structural members shall be designed for fatigue such that there is an acceptable level of probability 
that their performance will be satisfactory throughout their design life. @11 
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NOTE Structures designed using fatigue actions from EN 1991 and fatigue resistance according to 
this part are dccmed to satisfy this requirement 

(2) Annex A may be used to determine a specific loading model, if 

no fatigue load model is available in EN 1991, 

a more realistic fatigue load model is required. 

NOTE Requirements for determining specific fatigue loading models may be specificd 1\1 the 
National Anncx. 

(3) Fatiguc tcsts may be carried out 

to determine the fatigue strength for details not included in this part, 

to determine the fatigue life of prototypes, for actual or for damage equivalent fatigue loads. 

(4) In performing and evaluating fatigue tests EN 1990 should be taken into account (see also 7.1). 

NOTE Requirements for determining fatigue strength from tests may be specified in the National 
Annex. 

(5) The methods for the fatigue assessment given in this part follows the principle of design verification 
by comparing action effects and fatigue strengths; such a comparison is only possible when fatigue actions 
are determined with parameters of fatigue strengths contained in this standard. 

(6) Fatigue actions are determined according to the requirements of the fatigue assessment. They are 
different from actions for ultimate limit state and serviceability limit state verifications. 

NOTE Any fatigue cracks that develop during service life do not necessarily mean the end of the 
service life. Cracks should be repaired with particular care for execution to avoid introducing more 
severe notch conditions. 

3 Assessment methods 

(1) Fatigue assessment shotlld be undertaken using either: 

damage tolerant method or 

safe life method. 

(2) The damage tolerant method should provide an acceptable reliability that a structure will perform 
satisfactorily for its design life, provided that a prescribed inspection and maintenance regime for detecting 
and correcting fatigue damage is implemented throughout the design life of the stmcture. 

NOTE 1 The damage tolerant method may be applied when in the event of fatigue damage occurring 
a load redistribution between components of structural elements can occur. 

NOTE 2 The National Annex may give provisions for inspection programmes. 

NOTE 3 Structures that are assessed to this part, the material of which is chosen according to 
EN 1993-1-10 and which are subjected to regular maintenance are deemed to be damage tolerant. 

(3) The safe life method should provide an acceptable level of reliability that a structure will perform 
satisfactorily for its design life without the necd for regular in-service inspection for fatigue damage. The 
safe life method should be applied in cases where local formation of cracks in one component could rapidly 
lead to failure ofthe structural clement or structure. 
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(4) For the purpose of fatigue assessment using this part, an acceptable reliability level may be achieved 
by adjustment of the partial factor for fatigue strength ;\,11' taking into account the consequences of failure and 
the design assessment used. 

(5) Fatigue strengths arc determined by considering the structural detail together vvith its metallurgical and 
geometric notch effects. In the fatigue details presented in this part the probable site of crack initiation is also 
indicated. 

(6) The assessment methods presented in this code use fatigue resistance in terms of 1~'ltigue strength 
curves for 

standard details applicable to nominal stresses 

reference weld configurations appl icable to geometric stresses. 

(7) The required reliability can be achieved as follows: 

a) damage tolerant method 

selecting details, materials and stress levels so that in the event of the formation of cracks a low rate of 
erack propagation and a long critical crack length would result, 

- provision of multiple load path 

provision of crack-arresting details, 

provision of readily inspectable details during regular inspections. 

b) safe-life method 

~ selecting details and stress levels resulting in a t~ttigue life sufficient to achieve the ~- values to be at 
least equal to those required for ultimate limit state verifications at the end of the design service life. @21 

NOTE The National Annex may the choice of the asscssment method, definitions of classes of 
consequences and numerical values tor YMr. Recommended values for Y\,'II' arc given in Table 3.1. 

Table 3.1: Recommended values for partial factors for fatigue strength 

Assessmcnt method 
Consequcnce of failure 

Low consequence High consequence 

Damage tolerant 1,00 1,15 
Safe life 1,15 L35 

4 Stresses from fatigue actions 

(1) Modelling for nominal stresses should take into account all action effects including distortional effects 
and should be based on a linear elastic analysis for members and connections 

(2) For latticcd girders made of hollow sections the modelling may be based on a simplified truss model 
with pinned connections. Provided that the stresses due to external loading applied to members between 
joints are taken into account the effects from secondary moments due to the stiffness of the connection can 
be allowed for by the use of kl-facto1's ~ (see Table 4.1 for circular hollow sections, Table 4.2 for 
rectangular hollow sections; these sections are subject to the geometrical restrictions according to Table 8.7).@2] 

Table 4.1: k1-factors for circular hollow sections under in-plane loading 

Type of joint Chords Verticals Diagonals 

Gap joints 
K type 1,5 ~- 1,3 

N type I KT type 1,5 1.8 1,4 

Overlap joints 
K type 1,5 - @2] 1,2 

N type I KT type 1,5 1,65 1,25 
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Table 4.2: k1-factors for rectangular hollow sections under in-plane loading 

Type of joint Chords 

Gap joints 
K type 1,5 

N type I KT type 1.5 

Overlap joints 
K type 1,5 

N type ! KT type 1,5 

E§) NOTE 1 For the definition of joint types see EN 1993-\-8. 

NOTE 2 Ranges of geometric validity: 

For CHS planar joints (K-, N-, KT-joints): 

0,30 f3 ~ 0,60 
12,0 r~30,0 

0, ~r ~ 1,00 
30° ~ B ~ 60° 

For SHS joints (K-, N-, KT-joints): 

0,40 ~ P ~ 0,60 

6,25~r 12,5 

0,25~r 1,00 

30° S B S 60° 

5 Calculation of stresses 

(1) Stresses should be calculated at the serviceability limit state. 

Ve11icals 

~ - @iI 
2) 

~ -@iI 
1.0 

(2) Class 4 cross sections are assessed for fatigue loads according to EN 1993-1-5. 

NOTE 1 For guidance see EN 1993-2 to EN 1993-6. 

NOTE 2 The National Annex may limitations for class 4 sections. 

Diagonals 

1,5 
1,6 
1,3 
1,4 

(3) Nominal stresses should be calculated at the site of potential fatigue initiation. Effects producing stress 
concentrations at details other than those included in Table 8.1 to Table 8.10 should be accounted for by 
using a stress concentration factor (SCF) according to 6.3 to give a modified nominal stress. 

(4) When using geometrical (hot spot) stress methods for details covered by Table B.l the stresses should 
be calculated as shown in 6.5. 

(5) The relevant stresses for details in the parent material are: 

nominal direct stresses cr 

nominal shear stresses l' 

NOTE For effects of combined nominal stresses see 8(3). 

(6) The relevant stresses in the welds are (see 5.1 ) 

normal stresses (j\\1 transverse to the axis of the weld: (J wf ~ (J~f + 1'~f 

shear stresses 1'w1' longitudinal to the axis of the weld: l' \\'1' 1'111 

for which two separate checks should be performed. 

12 
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relevant stresses Or relevant stresses tr 

Figure 5.1: Relevant stresses in the fillet welds 

6 Calculation of stress ranges 

6.1 General 

(1) Thc fatigue assessment should bc can-ied out using 

nominal stress ranges for details shown in Table 8.1 to Table 8.] 0, 

modified nominal stress ranges e.g. abrupt changes of section occur close to the initiation site 
which are not included in Table 8.1 to Table 8.10 or 

geometric stress ranges where high stress gradients occur close to a weld toe in joints covered by 
Table B.l 

NOTE The National Annex may give information on the use of the nominal stress ranges, modified 
nominal stress ranges or the geometric stress ranges. For detail categories for geometric stress ranges 
see Annex B. 

(2) The design value of stress range to be used for the fatigue assessment should be the strcss rangcs 
YFf corresponding to Nc = 2x 106 

6.2 Design value of nominal stress range 

(1) The design value of nominal stress ranges YFf ~OE.2 and YH should be determined as follows: 

(6.1 ) 

wherc ~(j(YH Qk), Lh(Yff Qk) is the stress range caused by the fatigue loads in EN 1991 

j"i are damage equivalent factors depending on the spectra as soe~cltled in the relevant parts of EN 
1993. 

(2) \Vhere no appropriate data for Ai are available the design value of nominal stress range may be 
determined using the principles in Annex A. 

NOTE The National Annex may give informations supplementing Annex A. 

13 
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6.3 Design value of modified nominal stress range 

(1) The design value of modified nominal stress ranges YFt' LlO"E.2 and YFt' LllE.2 should be detemlined as 
follows: 

(6.2) 

where kr is the stress concentration factor to take account of the local stress magnification in relation to 
detail geometry not included in the reference Ll<JR-N-curve 

NOTE k,~values may be taken from handbooks or from appropriate finite element calculations. 

6.4 Design value of stress range for welded joints of hollow sections 

(I) Unless more accurate calculations are carried out the design value of modified nominal stress range 
YF/1l0"E.2 should be determined as follows using the simplified model in 4(2): 

Y rf L1(J 1:.2 = k I (y rf L1(J E,2 ) (6.3) 

where L1(J ~.2 is the design value of stress range calculated with a simplified truss model with pinned 

joints 

kJ is the magnification factor according to Table 4.1 and Table 4.2. 

6.5 Design value of stress range for geometrical (hot spot) stress 

(1) The design value of geometrical (hot spot) stress range Yrr should be detellllined as follows: 

(6.4) 

where kr is the stress concentration factor 

7 Fatigue strength 

7.1 General 

(1) The fatigue strength for nominal stress ranges is represented by a series of (log LlO"R) - (log N) curves 
and (log LllR) - (log N) curves (S-N-curves), which correspond to typical detail categories. Each detail 

category is designated by a number which represents, in N/mm2, the reference value LlO"c and LllC for the 
fatigue strength at 2 million cycles. 

~ (2) For constant amplitude nominal stress ranges the fatigue strength can be obtained as follows: (§] 

Figure 7.1 

L11:~ N R L11~: 2 x 106 with In 5 for N ::; 10H, see Figure 7.2 

is the constant amplitude fatigue limit, see 

Figure 7.1, and 
14 



~TC = 0,457 ~Tc is the cut off limit, see Figure 7.2. 
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(3) For nominal stress spectra with stress ranges above and below the constant amplitude fatigue limit ~(jD 
the fatigue strength should be based on the extended fatigue strength curves as follows: 

~(J~1 NR ~(J~ 2xl06 

~(J; NR =~(J~ 5xl06 

with 111 = 3 for N s 5x 106 

with 111 5 for 5 106 S N 

,.--, 

"" a a -~ 
~ 

b 
<J 
C) 
OJ) 
~ ro 
!-. 

r:rJ 
r:rJ 
C) 

.0 
r:rJ 

t) 
e 

C5 

Figure 7.1. 

1000 i 

100 

10 

1,OE+04 

[ 
5 JII 

~(J -
L - 100 ~(JD 

I 

1,OE+05 1,OE+06 

0,549~(J D is the cut off limit, see 

1,OE+07 1,OE+08 1,OE+09 

1 Detail categOlY Llue 

2 Constant amplitude 

fatigue limit 

3 Cut-o.flfil71if LlUL 
Endurance, number of cycles N 

Figure 7.1: Fatigue strength curves for direct stress ranges 
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1000 -

10 

1,OE+04 1,OE+05 1.0E+06 1,OE+07 1,OE+08 

Endurance, number of cycles N 

I 

1,OE+09 

1 Detail category L1 Tc 

2 Cut-air limit L1 TL 

Figure 7.2: Fatigue strength cLirves for shear stress ranges 

NOTE 1 When test data were used to determine the appropriate detail category for a pm1icular 
constructional detail, the value of the stress range ,6,Gc corresponding to a value of Nc 2 million 
cycles were calculated for a 75% confidence level of 95% probability of survival for log N, taking into 
account the standard deviation and the sample size and residual stress effects. The number of data 
points (not lower than 10) was considered in the statistical analysis, see annex D of EN 1990. 

NOTE 2 The National Annex may permit the verification of a fatigue strength category for a 
particular application provided that it is evaluated in accordance with NOTE 1. 

NOTE 3 Test data for some details do not exactly fit the fatigue strength curves 
in 

16 

Figure 7.1. In order to ensure that non conservative conditions are avoided, such details, marked 
with an asterisk, are located one detail category 1m-vel' than their fatigue strength at 2xl06 cycles would 
require. An altemative assessment may increase the classification of such details by one detail 
category provided that the constant amplitude fatigue limit ,6,aD is defined as the fatigue strength at 107 

cycles for m=3 (see Figure 7.3). 



log 
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log N 

Figure 7.3: Alternative strength L1crc for details classified as L1crc* 

(4) Detail categories L1(Jc and L1Tc for nominal stresses are given in 

Table 8.1 for plain members and mechanically fastened joints 

Table 8.2 for welded built-up sections 

Table 8.3 for transverse butt welds 

Table 8.4 for weld attachments and stiffeners 

Table 8.5 for load canying welded joints 

Table 8.6 for hollow sections 

Table 8.7 for lattice girder node joints 

Table 8.8 for orthotropic decks - closed stringers 

Table 8.9 for orthotropic decks open stringers 

Table 8.] 0 for top flange to web junctions of runway beams 

(5) The fatigue strength categories Ll(Jc for geometric stress ranges are given in Annex B. 

NOTE The National Annex may give fatigue strength categories Llcrc and 
by Table 8.1 to Table 8.10 and by Annex B. 

7 .2 Fatigue strength modifications 

7.2.1 Non-welded or stress-relieved welded details in compression 

for details not covered 

(1) In non-welded details or stress-relieved welded details, the mean stress influence on the fatigue 
strength may be taken into account by determining a reduced effective stress range Ll(JE.1 in the fatigue 
assessment when part or all of the stress cycle is compressive. 

(2) The effective stress range may be calculated by adding the tensile portion of the stress range and 60% 
of the magnitude of the compressive portion of the stress range, see Figure 7.4. 

17 
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+ tension 
- compression 

Figure 7.4: Modified stress range for non-welded or stress relieved details 

7.2.2 Size effect 

(1) The size effect due to thickness or other dimensional effects should be taken into account as given in 
Table 8.1 to Table 8.10. The fatigue strength then is given by: 

(7.1 ) 

8 Fatigue verification 

(1) Nominal, modified nominal or geometric stress ranges due to frequent loads \jfl Qk (see EN 1990) 
should not exceed 

~() ::; 1,5 fy for direct stress ranges 

~1 ::; 1,5 fy 1.J3 for shear stress ranges 

(2) It should be verified that under fatigue loading 

Y Fr ~() F 7 ---""_.- ::; 1,0 

and 

~()c IYMC 

Y FC ~1 E.2 
----::;1,0 
~1c I Y':vlr 

(8.1 ) 

(8.2) 

NOTE Table 8.1 to Table 8.9 require stress ranges to be based on principal stresses for some details. 

(3) Unless otherwise stated in the fatigue strength categories in Table 8.8 and Table 8.9, in the case of 
combined stress ranges ~0E.2 and ~TE.2 it should be verified that: 

(8.3) 

(4) When no data for ~01=:.2 or ~TE.2 are available the verification format in Annex A may be used. 

18 
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~ NOTE 1 Annex A is presented for stress ranges in longitudinal direction. This presentation may be 
adopted also for shear stress ranges. @lI 

NOTE 2 The National Almex may give information on the use of Annex A. 
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Table 8.1: Plain members and mechanically fastened jOints 

Detail 
ca tegory 

Constructional detail Description Requi rements 

NOTE The fatigue strength curve associated with category 160 E§) Rolled or extruded products: Deta ils 1) to 3): 
is the highest. No detail can reach a bener fatigue strength at any 

160 

number of cycles. 

-.:::.~ .•. "-.-.,.--.. -
r 

-"::;~=,"''"''.~'.-'"' ' 
~~--

~~!. 

140 

I) Plates and flals with as rolled 
edges; 
2) Rolled sections with as rolled 
edges; @il 
3) Seamless hollow sections, 
either rect,]ngular or circular. 
Sheared or gas cut plates: 

4) Machine gas cut or sheilred 
material with subsequent 
dressing. 

5) Materia l with machine gas cut 

Sharp edges, su rface <lnd roll ing 
fl aws to be improved by grinding 
until removed ,lilt! smooth 
transition <lchieved. 

4) All visi blc signs of edge 
discontinuities to be removed. 
The cut areas me to be machined 
or ground and all burrs to be 
removed. 

1------+--------------------------/ edges having sh,l liow and 
regu lar drag lines or Illanual gas 

Any machinery scratches fix 
ex ample l'rom grinding 
operations, can only be parallel to 
the stresses . 

125 

100 
III = 5 

For detail I - 5 made ol'weatherin g steel use the next lower category. 

11 2 

cut material, subsequently 
dressed to remove ill l edge 
discontinuities. 
M,lchine g,lS cut with cut qmllity 
accord ing to EN 1090. 

E§) 6) and 7) 

Rolled or extruded products as 
in detai ls 1),2), 3) @il 

8) Double covered symmetrical 
joint wi th preloaded high 
strength bolts. 

Details 4) and 5): 
- Re-entrant corners to be 

improved by grinding (slope :S 
'1~) or evaluated using the 
appropr iate stress concentrat ion 
nlctors. 

- No repa ir by weld refill. 
Details 0) and 7): 

~T calculatcd from: V Set) 
T=-- -' 

8) L1C:; to be 
calculated on 
the gross 
cross-section. 

It 

For bolted 
connections 
(Derails 8) to 
13)) in general: 

8) Double covered symmetrical 8) ... gross 
joint with prel08ded injection cross-section . End distance: 

I--______ -+ _______________________________________________ -r~b~o~lt~s.~~-----~~--~----~--________ -/ e, ~ 1,5d 
9) Double covered joint with 9) ... net cross-

90 

80 

50 

50 

20 

size effect 
for 

I > 30m m: 

.~ 

fitted bolts. section . Edge distance: 
f--9)-D-o-u-b-le-~ -C(-)\-;e-r-e-d-j-o-in-t-\-v.I-U-l---I-9-)-.-.-'-I-le-t-c-H-)S-.·s----., e2 ~ 1,5 d 

non preloaded injection bolts. section. 
Spaci ng: 
PI~2 , 5d 

10) One sided connection with 10) ... gross 
JJreloaded high strength bolts. cross-section. 
] 0) One sided connection with 10) ... gross 

Spac in g: preloaded injec tion bolts. cross-section. 
P2:::: 2,5 d 

] I) Structu ral element with 
holes subject to bending and 
axial forces 

12) One sided connecti on with 
fitted bolts. 
12) One sicled connection with 
non-preloaded injection bolts. 

13) One sided or double covered 
symmetr ical connection with 
nOIl -preloaded bolts in normal 
clearance holes. 
No load reversals. 

14) Bolts and rocls with rolled or 
cut threads in tension. 
For large diameters (anchor 
bolts) the size effect has to be 
taken into account with k,. 

II) ... net 
cross-secti on . 

12) ... net 
cross-section. 
12) .. . net 
cross-section. 

13) ... net 
cross-secti on. 

Detailing to 
EN 1993 -1- 8, 
Figure 3.1 

14) ~c:; to be calculated using the 
tensile stress area of the bolt. 
Bending and tension resulting 
from prying cI'/ects and bending 
stresses fro lll other sources mllst 
bc takcn into aCCOUIlt. 

For pre loaded bolts, the reduction 
of the stress range may be taken 
into account. 



Detail 
category 

100 

111=5 

Detail 
category 

125 

11 2 

100 

100 

80 

71 

125 

11 2 

90 

140 

125 

90 
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Table 8.1 (continued): Plain members and mechanically fastened joints 

(15) 

Constructional detail Description 

Bolts in single or clouble sh('a r 
Th r('ad not in tile she~lr plmlC 
15) 
- Fitted bolts 
- normal bolts without load 
reversa l (bo lb of gUIde 5.6, 8.8 
or 10.9) 

Rcqu i I'C IlK'nts 

15) 
.0.1 cl icul ated on the sh~lnk arca of 
the bolt. 

Table 8.2: Welded built-up sections 

Constructional detail 

S 2,5 

"~ ( 
f 

~ Description 

Continuous longitudinal \ve ld s: 

I ) Autolllatic or full y mechan ized 
t~H~te ld s carri ed out from both 

2) Automatic (lI" fully mechanized 
fillet welds. Cover plate enel s to 
be checked usin g detnil 6) or 7) 

in Table 8.5. 
3) Automati c or full y mechanized 
fill et or butt weld carried out 
from both !' ides but conulining 
stop/st,lrt positions. 

Requirements 

Detai Is I) and :n: 
No stop/stilrl position is permitted 
except when the rep,lir is 
performed by a spec ialist and 
inspection is ca rri ed out to veri fy 
the proper exec ution orthe repair. 

4) When this detail cont(lins 
4) Automat ic or fully mechan ized stop/start positions category 100 
burt welds made from one side to be used. 
onl y, with a continuous backing 
bar, but without st,lrt/stop 
pos itions. 

5) Manunl fillet or butt we ld. 

6) Manual or auto mat ic or fully 
mechanized butt we lds carried 
out 1'1'0111 one side on ly, 
pilrticularly for box gi rders 

7) Rep;l ired automat ic or fully 
mechan ized or Illanual fillet 
or bull we lds for categories 
I) to 6). ~ 

8) Interl11ittentlongituclin <11 fillet 
welds. 

9) Longitudinal bUll weld, fillet 
weld or intermillent weld with a 
cope hole height not gl"Cate r than 
601ll1ll. 
For cope holes with a height 
> 60 111111 see detail I) in T,lble 
8.4 
10) Longitud inal butt we ld , both 
sides ground nush parall el to 

load direction. 100%, NDT 
10) No gl'i nding and no 
start/S lOp 
10 ) with start/stop posi tions 
I I) AutomMic or fully mech<1n izccl 
longitudinal sea III weld without SlOp! 
start pos itions in hollow sec tions 
I I) Automatic or full y mecila n ized 
longitudinal seam we ld without stop/ 
stmt positions in hollow sections 
I I) with stop/stan positions 

5),6);\ very good i"it between the 
/lange and web plMes is essential. 
"the web edge to be prepared such 
thaI the roo t face is <lcleqwlle for 
the achievement or I'egular root 
penctr~ltion without bre,]k-ollt. 

7) Improvement by grinding 
performed by specialist to remove 
all vis ible signs and adequate 
vcrificlt ion Uln restore the 
or igin al category. 

8) LW based on direct stress in 
flange. 

9) 6cr b~lsed on direct stress in 
fl ange. 

I I) Wall thickness I ::; 12 ,5 mm. 

I I) Willi tllickness t > 12,5 111111. 

@1] 

For details I to I I made with fully mechani zed welding the categories for aUlOtllMic welding appl y. 
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Table 8.3: Transverse butt welds 

Detai l 
category 

Constructional detail Description 

112 

90 

90 

80 

63 

22 

size efrect 
for 

t>25mm: 

k,=(25/t)O.2 

size effeet 
for 

t>251111l1: 

k,=(25/t )0.2 

size effect 
It)!" 

t>25mm: 

size effect 
for 

t>25I11m : 

k,=(25/1)11,2 

~O. !1.\ b 

:i:::::::!~r::,,",__ ' J; 
l 

l..j " ,,-

:r; (J2b 

\\--' ithout b'lcking bar: 

I) Transverse splices in plates 
and fl ats. 
2) Flange and web splices in 
plMe girders before clssembl y. 
3) Full cross-section butt welds 
of rolled sections without cope 
holes. 
4) Transverse splices in plates or 
flat s tapered in width or in 
thickness, \vith a slope ::; y~. 

5) Transverse splices in plates or 
flats . 
6) Full cross-section bull welds 
of ro lled secti ons without cope 
holes. 
7) Transverse spl ices in pl ates or 

___ flats tapered in width or in 
thickness with a slope ::; y;,. 
Transl ation of welds to be 
mac hined notch free. 

8) As detail 3) but with cope 
holes. 

9) Transverse splices in welded 
plate girders without cope hole. 
10) Full cross-section butt welds 
of rolled sections with cope 

4f\ ::":;~.; ! I hol es. 
II ) ']'ransverse splices in plates, 
fl ats, roll ed sections or plate 
girders. 

12) Full eross-section butt welds 
of rolled sections without cope 
hole. 

Requirements 

-All welds ground /lush to plate 
surf;lCe parallel to direction of 
the arrow. 

- Weld run-on and rUIl-oJTpieces 
to be used and subsequently 
removed, plate edges to be 
ground /lush in direction of 
stress. 

- Welded 1'1'0 111 both sides; 
checked by NOr. 

Detail 3): 
Applies oilly to joints of rolled 
I.3§) sec ti ons, cut and welded.@l] 

-The height of the weld convex ity 
to be not greater than 10%, of the 
weld width, with smooth 
transition to the plate surface. 

- Weld run-on and run-off pieces 
to be used and subsequently 
removed, plate edges to be 
ground fl ush in direc tion of 
stress. 

- Weld ed from both sides: 
checked by NIH. 

Deta ils 5 and 7: 
Welds made in fl at posi tion . 
-All welds ground flush to plate 
surface parallel to directi on of 
the arrow. 

- Weld run-on and run-ofl pieces 
to be lIsed ;lI1d subsequently 
removed, plate edges to be 
ground Jlush in direction of 
stress. 

- Welded from both sides; 
checked by N DT. 

- Rolled sec tiolls with the same 
dimensions without tolerance 
differences 

- The height of the weld convexity 
to be not greate r than 20%, of the 
we ld width , with smooth 
transition to the plate surface. 

- Weld not gro llnd flush 
- 'vVeld run-on and run-off pieces 

to be used and subsequently 
removed, plate edges to be 
gro und flu sh in direc tion of 
stress. 

- Welded from both sides; 
checked by N DT. 

Detail 10: 
The hei ght of the weld convex ity 
to be not greater than 10'% of the 
weld width, with sl1100th 
tr'lIl sition to theJ)late surface. 
- Weld run-on and run-ofr pieces 
to be used and subsequently 
removed, plate edges to be 
ground flu sh in direction of 
stress. 

- Welded from both s ides. 
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Table 8.3 (continued): Transverse butt welds 
Detail 

category 

36 

71 

71 

50 

size effect 
for 

t>25 111111: 

k,=(2SIt)u.2 

size effect 
for 

t>25111111: 

k,=(25/t)O.2 

Constructional detail 

size etrect for t>25111111 and/or 

k, 

71 

I§) 
40 

As 
detail 4 

III 

Table 8.4 

, 
1. 

Description 

13) Bull welds made from one 
side only. 
13) Butt welds made from one 
side when full penetration 

by approprime I\DT. 

16} Transverse butt weld on a 
pcrmanent backing tapered 
in width or thickncss 
slope :S 
Also valid for curved plates. 

~: 11 

17) Trans vcrse butt 
weld. different 
thicknesses without 
transition, 
centrelines aligned. 

18) Transverse butt weld at 
intersect i ng ilanges. 

Requirements 

13) \V i (hollt bac king strip. 

Details 14) ,1I1d 15): 

Fillet welds attuching the backing 
strip (0 terminate 10 111m from 
the edges of the stressed plate. 
Tnck welds inside the shape or 
bUll welds. 

16) Where backing strip fillet 
welds end 10 111111 fi'om the 
plate edge. or if;] good fit cannot 
be guarantccd, 

Details 18),1I1d 19) 

rhe fatigue strength or the 
/-----------------1 continuous component has to be 

checked with Table RA, detail 4 
or detnil 5. 

19) With transition radius 
according to Table 8.4, detail 4 
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Detail 
category 

80 L:S50mm 

71 50<L:S80mm 

63 SO<L:S IOOI11Ill 

56 L> I 00 III III 

L> I 00 III III 
71 

80 r>ISOIllIll 

Table 8.4: Weld attachments and stiffeners 

Constructional detail 

__ L 

--~~ J~';'2;~~~::- -:- . 

,-

I. 

Description 

Longitudinal attachments: 

I) The detail category va ries 
according to the length of the 
attachment L. 

2) Longitudinal attachments to 
plate or tube. 

3) Longitudinal fillet welded 
gusset with radius trans ition to 
plate or tube; end offillet weld 
reinforced (full penetration) ; 
length of reinforced weld > r. 

Requirements 

The thickness of the attachment 
Illust be Jess than its height. If not 
see Table 8.5, details 5 or 6. 

Details 3) and 4 ): 

Smooth transition radius r formed 
by initially machining or gas 

reinforced cutting the gusset plate before 
1-----+---

r
--I---+--------------------'.--+--,4--,)--,G:----I:---:--I---:d-----:c

d
--1:-----1 weld ing, then subsequently 

E§) _ > _ . usset p ate, we e to t le grinding the weld area parallel to 

90 

71 

50 

4() 

80 

71 

80 

24 

f' - edge of a plate or bealll flange . the direction of the arrow so that 
~J----- ------.. the transverse weld toe is fully or 

r> IS()mlll 

I r I 
- < - < -6 - ( -

f:S50mm 

50< [ :SSOIllIll 

:::::~:+:£~?:-;J removed. 

", r 

5) As welded, no radius 
transition. 

Transverse attachments: 

6) Welded to plate. 

Tl Vertical stiffeners welded to a 
beam or plate girder. 

8) Diaphragm of box girders 
welded to the flange or the web. 
May not be possible for small 
hollow sections. 

The values are also valid for ring 
stiffeners. 

9) The effect of welded shear 
studs 011 base material. 

Detail s 6) and 7): 

End~ of welds to be carefully 
ground to remove an y undercut 
that Illay be present. 

7) f,(J to be calculated using 
principal stresses if the stiffener 
terminates in the web, see left 
side. 



~Delail 
category 

80 (' <50 mill 

71 50<[:::;80 
63 80<[<100 
56 100<[<120 
56 [>120 

50 
120«gOO 

[>200 

45 
200<[:::;300 

[>300 
40 (>300 

Table 8.5: Load carrying welded joints 

Constructional detail Description 

all t 

[mill] 
all t 

alit 
all t 

1<20 
t>20 

20<1:::;30 
t>30 

30<t:::;50 

={~:I I}= :' 

Crucifol"l11 and 'fee joints: 

I) Toe f:lillire in full penetration 
butt welds and a ll partial 
penet ra tion joints. 

BS EN 1993-1-9 : 2005 
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Requiremenls 

I) Inspccted and round free from 
discontinuities and misa liglllllen b 
outsicie Ihe l(l lenlilces of 
EN 10 ')0. 

:n For co mputing C.CL use 
mod ified nomin,iI stress. 

3) In IXHtial penclt',ltionjoitlts two 
fiHigue assessments me rcquired. 

t>50 Firstl y, roo t cracking eva lll <lteci 
t------t---------'----t=-lc-,x-Li-:-b-:-Ie-'x-ll-le-:cI------------t--:-2-:-)-=T=--o-c-f::-'a7:jJ-u-rc-' -=ft-'o-n-l-e--:d-g-e-o--r---1 accorcli ng t 0 s tre~ses defined in 

As 
detail I 

in 
Table 8.5 ____ ~J--~ [~ :1 

:ltlachment to plate, with stress sect ion 5. using ca tegory 36* for 
peaks at weld ends due to IOC,l l {l.0" and category 80 ror {l.T". 

plate deformations. Secondly. toe cr~t cking is 
evaluated by delel"lllining {I.() in 
Ihe load- C<lITyi ng pl ate. 

:..-~" (~) Details I ) to 3): 

t------t---------------------------+-=-=---,:-:-:-----:------:---:-------:---i The mi salignment or the load-
3) Root fil ilure in parti al penetration earry ing pl ales should not exceed 

36* 

As 
detail I 

in 
Table 8.5 

.. ~"" I Olllm 

Tee-bultjoi nts or fillet welded 15 ';';, of' the th ickness of tile 
joint and in 'f ee-but! we ld, intermed i;lle plate. 
according to Figure 4.6 in 
EN 1993-1-8:2005.@lI 

Overlapped we lded joints: 

4) Fillet welded 1~lp joint. 

4) 2.G in the tllain pla[eto be 
caicul :lted on the basis or area 
shown in the sketch. 

5) {I.() 10 be Cilicubtcd ill th e 

stressed area of main Danel: slODe = 112 overlapping plates. 
~------~----------------~~~~~~~~~~~~~~~~----------------------~ 

45* 

56* 

50 

45 

40 

36 

56 

80 

111=5 

see EN 
1994-2 

(90 
111=8) 

7 1 

40 

tc<t 

tgO 

20<t:::;30 

3 o <t:::;5 0 

t>50 

___ > 10111111 

(~~>~ 
" ... " .... _ ... -

Overlapped: Details 4 ) and 5): 
- Weld terminat ions Illore than 10 

5) Fillet we lded lap joint. 1111ll from pl ate edge. 

-Shell' cr(lcking in the weld 
sho uld be checked lIsing det,lil 
g). 

Cover plates in beams and plate 6) lJ"the cover plnle is wider th,tn tc2:t 
r ~ -r- r~ girders: the il ange, a transverse end weld 

is needed . This we ld should be 
carefull y ground to relllove 
Utl C1e t·C lll. t:::;20 

20<l:::;30 

30<t:::;50 

t>50 ($' 

6) End zones of single or 
lllultip le weldcd cover plates, 
wi th or wi thout transverse end 

,,;. we ld . 

7) Cover plMes in beams :Jnd 
plate girders. 
5tc is the minimum length of the 
reinforcement we ld . 

8) ContinllOus fi ll et we lds 
transmitt ing a shear How, slich 
as web to fl ange welds in plate 
girders. 

9) Fillet we ld ed lap joint. 

Welded stud shear cotlneclors: 
10) For composite applicat ion 

I I) Tube socket jo int with 80% 
full penetration butt we lds. 

12) Tube socket join t with fillet 
welds . 

'fhe minimum length or the cover 
pl(l(e is .JO() mill. FOt" shorter 
attachments size effect see dei<lil 
I) . 

7) Transverse end we ld gt"(l und 
flu sh. In add ition, il' I,>20m lll , 
front of pl ate at the end grounci 
with a slope < I in 4. 

8) 2.T to be c,llculated 1'1'0111 the 
weld thro,ll ,tre,\. 

9) 2.T to be ca lculitted ft'olll the 
weld throat area consiciering the 
total lenglh of the weld. \Veld 
terminations more titan 10 111111 

frolll Ihe plate eclge, see also 4) 
and 5) above. 

10) {l.T to be c,1icubtcd f'ro111 the 
nominal cross section oi' lilc siud. 

II) Welclloe grou nd . 2.() 
computed in tube. 

12) ~() cOlllpuled in tube. 
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Table 8.6: Hollow sections (t :S 12,5 mm) 

Detai l 
category 

71 

71 

63 a>45° 

71 

56 

71 

50 

45 

40 

36 

26 

Constructional detail 

'- -E> I 

II 

II r=-rum

[ 0 ------- -------

910 :::IC 0 
® 

rl1n ~C------ DD II ~ -------

~3CO 
® 

~:::ICD 
® 

Description 

I) Tube-plate joint, tubes fl<llled , 
butt weld (X -groove) 

2) Tube-plate joint, tube sl itted 
and welded to plate. Holes at 
end of sli t. 

Transve rse butt welds: 

3) Butt-welded end-to-end 
connections between circul ar 
structural hol low section s. 
4) BUll-welded end-to-end 
connections between rectangular 
structural hollow sections. 

Welded attachments : 

5) Circular or rectangu lar 
structural hollow section, fil let
welded to another sec tion. 

Welded splices: 

6) Circular structural hollow 
sec ti ons, bUll-we lded end-to-end 
with an intermediate plate. 

7) Rectangular structural hollow 
sections, butt welded end-to-end 
with an intermedia te plate. 

8) Circular structural hollow 
sections, fillet-welded end-to
end with an intermediate plate. 

9) Rectangular structural hollow 
sections, fillet-welded end-to
end with an intermediate plate. 

Requirements 

I) .0.a com pu ted in tu be. 
Only valid for tube diam eter less 
than 200 III Ill. 

2) 6.0' computed in tube. 
Shear cracking in the weld should 
be ver ified using Table 8.5, detail 
8). 

Detai ls 3) and 4): 
- Weld con vex ity:::; 10% of weld 
width, with smooth transitions. 

- Welded in Jlat position, 
inspected and found free from 
defects outside the tolerances 
EN 1090. 

-Classify 2 detail categories 
higher if t > 8 mm. 

5) 
-Non load-carrying we lds. 
- Wid th pa rallel to stress direct ion 

(:::; 100 111m. 
- Other cases see 'fable 8.4. 

Detai Is 6) and 7): 

- Load-carrying welds. 
- Welds inspected and found free 
fro m defects outside the 
tolerances of EN J 090. 

-Class ify I deta il category higher 
ift > 8 111m . 

Detai Is 8) and 9): 

- Load-carrying welds. 
- Wal l thickness t :::; 8 I11Ill. 



Detail 
category 

90 

45 

111=5 

71 

m=5 

36 

71 

111=5 

56 

111=5 

7\ 

m=5 

50 

111=5 

2,0 

'" 1,0 

1.0 

1.4 

1,0 

~;::: 1,4 
t, 

1,0 

Table 8.7: Lattice girder node joints 

Construction,1] detail 

(Jap joints: Detail I): K [Inc! l\ joints, circular structured hollow sections: 

rI 

~ 

G<lP joints: Detail K and l\ joints, rectangular structural hollow sections: 

Overlap joints: Detail 3): Kjoints, circular or rectangular structural hollow sections: 

Overlap joints: Detail 4): 

BS EN 1993-1-9 : 2005 
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Requirements 

Dctajl~ I) and ~): 

Separilte asscssments needed 
ror the chords and the braces. 
For intermediate values orthc 
ratio 1"it, interpolate line(lrly 
between detail c;ltegories. 
Fi lIet welds perm illed for 
br,lccs with wall thickness t 
8111111. 

to :lnd t; :S 8111111 

(-) 50" 
b,/toxl,/t, 

25 

0,25hl) 
:S O,25d" 

O,02d" 

le,,!, out-of-plnne eccentricityl 

\)et,liI2): 
O,5(b" - hi) g:S l.I(b" b;) 
and g: 2t" 

Details 3) and 4): 

30 ';f.) overlap S 100 % 
o\erlap (qip) 100 '10 
Separate assessments needed 
for the chords and the braces. 

intermediate values or the 
ratio Ut, inlerpohltc linearly 
bet ween \lela i I categories. 
Fillel welds pert11itted ror 
braces With wall thickness 
8111111. 

to and Ii gl11l11 

sO 50c 

25 

bo 

do 300111111 
- 0,5ho :S 0,25110 

:S O,25do 

or 0.02do 

[e"p out-ol'-pl,me eccentricity] 

Definition oi'p and q: 
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Table 8.8: Orthotropic decks - closed stringers 

Detail 
catenarY 

80 t:::12JllIll 

71 t>12JllI1l 

80 t:::12ml11 

71 t>12111111 

36 

71 

112 1, 4 in 
Table IU 

As detail 
90 5,7 in 

Table 8,J 

As detail 
80 9, II in 

Table 8.J 

71 

71 

50 

28 

Constructional detail 

~I 

Description 

1) Continuous longitudinal 
stringer, with additional cutout 
incross gi rdeL 

2) Continuous longitudinal 
stringer, no ndclitionn1 cutout in 
cross girder. 

Requirement;; 

I) Assessment based on the direct 
stress range ll.G in the longitudinal 

2) Assessment based on 
stress range ll.G in the 

direct 

3) Separate longitudinal stringer 3) Assessment based on the direct 
each side of the cross girder. ll.G in the stringer. 

4) Joint in rib, full penetration 
butt weld with steel backing 
plate. 

"""AhrM,,,'" butt weld in 

6) Critical section in web of 
cross girder due to cut outs. 

.lYelc! connecting deck plate to 
trapezoidal or V -section rib 

7) Partial penetration weld with 
t 

8) Fillet weld or partial 
penetration welds out of the 
range of detai I 7) 

4) Assessment based on tbe direct 
stress range ll.e> in the stringer. 

5) Assessment based on the direct 
stress in the stringer. 
Tack welds inside the shnpe of 
butt welds. 

6) }\ssessment based on stress 
in critical section taking 

nccount of Vierendeel effects. 

NOTE In ease the stress range is 
determined according to 
EN 1993-2,9.4,2.2(3), detail 
c<Jlegory 112 may be used, 

7) Assessment based on direct 
stress range from bending in the 
plate. 

8) Assessment based on direct 
stress range from bending in the 
plate. 



Detail 

56 

Detail 
category 

160 

71 

36* 

36* 

71 

36* 

36* 
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Table 8.9: Orthotropic decks - open stringers 

Constructional detail Description 

I) Connection 
stringer to lTOSS 

2) Connection of continuous 
lorlgltUC'lll1;]j stringer to cross 

Cileck also stress range between 
stringers as defined in El\ 1993-
2, 

Requirel11ents 

I) Assessment based (in the direct 
stress r;ll1ge ,0.0 ill the stringer. 

2) Assessment b8sed 011 

Table 8.10: Top flange to web junction of runway beams 

Constructional detail 

CD 

i 

@ 

I Description Requirements 

I I) Rolled 1- or H-sections 1) Vertical compressive stress 
mnge ill web due to wheel 
loads 

2) Full penctratiol1tec-burt weld 2) Vertical compressive stress 

3) Partial penetration tee-butt 
welds, or effective full 
penetration lee-butt weld 
conforming with EN 1993 -I-R 

4) Fillet welds 

5) T-section tlange with full 
penetration tee-butt weld 

6) T-section !lan, with partial 
penetration weld, or 
elTeetive full pelletratlon tce-butt 
weld ""I f',JJ 
EN 1993-1-8 

"15 with 

7) T-sectiol1 flange with lillet 
! welds 

,0.G,cf( in due to wheel 

3) Stress range ,0.(}',cn in weld 
throat due to vertical compression 
frol11 wheel loads 

4) Stress 
throat due to vertical compression 
frol11 wheel loads 

5) Vertical compressive stress 
range L\G"." in web due 10 whcel 
loads 

6) Stress r<1ngc 6(}"", ill weld 
lhro~ll due to vertica I compressioll 
from wheel loads 

7) Stress r;lJ1ge L\G,cn, in weld 
throat due to \'ertical compression 
from wheel loads 
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Annex A [normative] - Determination of fatigue load parameters and 
verification formats 

A.1 Determination of loading events 

(1) Typical loading sequences that a credible estimated upper bound of all service load events 
expected during the fatigue design life should be determined using prior knowledge from similar structures, 
see A.] a). 

A.2 Stress history at detail 

(1) A stress history should be determined from the loading events at the structural detail under 
consideration taking account of the type and shape of the relevant influence lines to be considered and the 
effects of dynamic magnification of the structural response, see Figure A.I b). 

(2) Stress histories may also be determined from measurements on similar structures or from dynamic 
calculations of the structural response. 

A.3 Cycle counting 

(1) Stress histories may be evaluated by either of the foJIowing cycle counting methods: 

rainflow method 

reservoir method, see 

to determine 

A.I c). 

stress ranges and their numbers of cycles 

mean stresses, where the mean stress influence needs to be taken into account. 

A.4 Stress range spectrum 

(1) The stress range spectrum should be detcnnined by presenting the stress ranges and the associated 
number of cycles in descending order, see Figure A.I d). 

Stress range spectra may be modified by neglecting peak values of stress ranges representing less than 
1 (% of the total damage and small stress rangcs below the cut off limit. 

(3) Stress range spectra may be standardized according to their shape, e.g. with the coordinates L3.0' 1,0 

and In 1,0. 
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(1) When using the spectrum the applied stress ranges should be multiplied by Yl~r and the 
fatigue strength values divided by YMf in order to obtain the endurance value for eaeh band in the 
spectrum. The damage Dd during the design life should be calculated from: 

where nEi is the number of cycles associated with the stress range y 

spectrum 

(A.1 ) 

for band in the factored 

f1ac NRj is the endurance (in cyeIes) obtained from the factored -_. N R curve for a stress range of 
y Mf 

(2) On the basis of equivalence of Del the design stress range spcctrum may be transformed into any 
equivalent design stress range spectrum, e.g. a constant amplitude design stress rangc spectrum yielding the 
fatigue equivalent load Qe associated with the eycle number nmux or Qu associated with the cycle 
number Nc = 2x 1 06

, 

A.6 Verification formats 

(1) The assessment based on damage accumulation should meet the following criteria: 

based on damage accumulation: 

based on stress range: 

{D; f1a c I11D -
d 

Y Mf 

where m = 3 

(A.2) 

(A.3) 
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a) Loading sequence: 
Typical load cycle 
(repeated n-times in the 
design life) 

b) Stress history at detail 

a 

c) Cycle counting (e.g. ~a1 
reservoir method) 

d) S tress range spectrum 

e) Cycles to failure 

f) Damage summation 
(Pa Imgren-Miner rule) 

N 

fia2~ ____ +-______ ~ 
fia3~----+-------~ 
fi04~----~----~~-r" ____ _ 

log N 

Figure A.1: Cumulative damage method 
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Annex B [normative] - Fatigue resistance using the geometric (hot spot) 
stress method 

(1) For the application of the geometric stress method detail categories are given in Table 8.1 for cracks 
initiating from 

toes of butt welds, 

toes of fillet welded attachments, 

toes of fillet welds in cruciform joints. 

Table B.1: Detail categories for use with geometric (hot spot) stress method 

Detail 
c(ltegory 

Constructional det~lil Description Requireillents 

112 

100 

100 

100 

100 

100 

90 

It @~~! I !~~ 
1--1 ----II 

1) Full penetration butt joint. I) 
-All welds grounci !lush to plate 
surr~lce p~lrnllel to direction or 
the :llTo\\,. 

- Weld run-on :lIld run-olTpieees 
to be used ,lilt! subsequently 
reilloved, pl<lle edges to be 
ground /lush in direction or 
stress. 

- Welded frol11 both sides. 
checked by 1\ DT. 

- For ll1is,lligl1lllent see I\:OTI: I. 

2) Full penetnltion butt joint. 2) 

3) Cruciform joint with full 
penetration K-butt welds. 

4) Non load-carrying fi lIet 
welds. 

5) Bracket ends, ends of 
longitudinal stiffeners. 

6) Cover plate ends and similnr 
joints. 

7) Cruci form joints with load
carrying fillet welds. 

- \Veld not ground ilush 
- Weld run-on and rUl1-orrpicces 

to be used and subscquently 
removcd. plate edges to be 
ground nush in direction of 
stress. 

- Welded rl-om both sides. 
- For misalignillent sec 1\OTE: I. 
3) 
- Weld toe angle :::(i()o. 

- For Illisalignillent see NOTE I. 

4) 

- Weld toe angle :::60 0 

- Sec also I\OT'E 2. 

5) 

- Weld toe angle :::60 0 

- See also 1\OT[ 2. 

6) 

- Weld toe angle :::60°. 
- See also 1\OTI: 2. 

7) 

- Weld toe angie :::60 0 

- For mis;tiignmcnt sec 1\OTE I. 
- See also 1\OTI: 2. 

NOTE 1 Table B.l does not cover effects of misalignment. They have to be considered explicitly in 
determination of stress. 

NOTE 2 Table B.l does not cover fatigue initiation from the root followed by propagation through 
the throat. 
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NOTE 3 For the definition of the weld toe angle see EN 1090. 
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Foreword 

This Europcan Standard EN 1993, Eurocodc 3: of steel structures, has been prcpared by Technical 
Committcc CEN/TC250 « Structural Eurocodes ». the Secretariat of which is held by BSL CEN/TC2S0 is 
responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 
text or by endorscment, at the latest by November 2005, and National Standards shall be withdrawn 
at latest by March 2010. 

This Eurocode supersedes ENV 1993-1-1. 

According to the CEN-CENELEC Intcrnal Regulations, the National Standard Organizations of the 
following countries are bound to implement these European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, fceland, Ireland, Italy, 
Lithuania, Luxembourg, Malta, Netherlands, Nonvay, Poland, Portugal, Slovenia, Spain, Sweden, 
Switzerland and United Kingdom. 

Background to the Eurocode programme 

In 1975, the Commission of the European Community decided on an action programme in the tleld of 
construction, based on article 95 of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonization of technical specifications. 

Within this action programme. the Commission took the initiative to establish a set of harmonized technical 
rules for the of construction works which, in a first would serve as an alternative to the national 
rules in force in the l\1ember States and, ultimately, would replace them. 

For fifteen years, the Commission, \vith the help of a Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980s. 

In 1989, the Commission and the Member States of the EU and EFT A decided, on the basis of an agreemene 
between the Commission and CEN, to transfer the preparation and the publication of the Eurocodes to CEN 
through a series of Mandates, in order to provide them with a future status of European Standard (EN). This 
links de facto the Eurocodes with thc provisions of all the Council's Directives andlor Commission's 
Decisions dealing with European standards (e.g. the Council Directive 8911 06/EEC on construction products 
- CPD - and Council Directives 92/50/EEC and 89/440lEEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of setting up the internal market). 

The Stluetural Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 
EN 1991 
EN 1992 
EN 1993 
EN 1994 
EN 1995 
EN 1996 
EN 1997 
EN 1998 
EN 1999 

Eurocode 0: 
Eurocode 1: 
Eurocode 2: 
Eurocode 3: 
Eurocode 4: 
Eurocode 5: 
Eurocode 6: 
Eurocode 7: 
Eurocode 8: 
Eurocode 9: 

Basis of Structural Design 
Actions on structures 
Design of concrete structures 
Design of steel structures 

of composite steel and concrete structures 
of timber structures 

Design of masol1lY structures 
Geotechnical design 
Design of structures for earthquake resistance 
Design of aluminium structures 

1 Agreement between the Commission of the European Communities and the European Committee for Standardisation (CEN) 
concerning the work on EUROCODES for the design of building and civil engineering works (BC/CEN/03/89). 
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Eurocode standards recognize the responsibility of regulatory authorities in each Member State and have 
safeguarded their to determine values related to regulatory safety matters at national level where these 
continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the EU and EFT A recognize that Eurocodes serve as reference documents for the 
following purposes: 

as a means to prove compliance of building and civil engineering works with the essential requirements 
of Council Directive 8911 06/EEC, particularly Essential Requirement N° 1 -Mechanical resistance and 

- and Essential Requirement N°2 in case of fire; 

as a basis for specifying contracts for construction works and related engineering services; 

as a framework for drawing up harmonized technical specifications for construction products and 
ETAs) 

The Eurocodcs, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documel1ts~ referred to in Article 12 of the CPO, although they arc of a different nature from 
harmonized product standards3

. Therefore, technical aspects arising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product 
standards with a view to achieving full compatibility of these technical specifications with the Eurocodes. 

The Eurocodc standards provide common structural design rules for cveryday use for the dcsign of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or conditions are not specifically covered and additional expert consideration will be 
required by the in such cascs. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes wiH comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preccded a National title page and National foreword, and 
may be followed by a National annex. 

The National annex may only contain information on those parameters which are left open in the Eurocode 
for national choice, knO\\1n as Nationally Determined Parameters, to be used for the design of buildings and 
civil enginecring works to be constructed in the country concerned, i.e. : 

valucs and/or classes where alternatives are given in the Euroeode, 
values to be used where a symbol only is given in the Eurocode, 
country data (geographical, climatic, etc.), e.g. snow map, 

the procedure to be used where alternative procedures are in the Eurocode. 
It may contain 

decisions on the application of informative annexes, 
- refcrences to non-contradictory complementary information to assist the user to apply the Eurocode. 

2 According to Art. 33 of the CPD, the essential requirements (ERs) shall be given concrete form in interpretative documents for the 
creation of the necessary links between the essential requirements and the mandates for harmonized ENs and ETAGs/ETAs. 

According to Art. 12 Oflhc CPD the interpretative documents shall : 
a) give concrete form to the essential rcquil'e11lents by harmonizing the terminology and the technical bases and indicating classes or levels for each 

b) ('[\r"',A"',i inn Illese classes or levels of requirement with the techniciJl specifications, methods of calculation 8nd of proof, 
etc. : 

c) serve as n eSI[ll)ll:slmlcnt or harmonized standard.., and guidelines for European lechnicnl approvals. 

The Eurocodcs, deli/c/o, playa similar role in the fleld of the ER I and part of ER 2. 
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Links between Eurocodes and harmonized technical specifications (ENs and ETAs) for 
products 

There is a need for consistency between the harmonized technical specifications for constmction products 
and the technical mles for . Furthelmore, all the information accompanying the CE Marking of the 
construction products, which refer to Eurocodes, should clearly mention which Nationally Determined 
Parameters have bcen taken into account. 

National annex for EN 1993-1-10 

This standard gives alternative procedures, values and recommendations with notes indicating where national 
choices may have to be madc. The National Standard implementing EN 1993-1-10 should have a National 
Annex containing all Nationally Determined Parameters for the of steel structures to be constructed in 
the relevant country. 

National choice is allowed in EN 1993-1-10 through clauses: 

2.2(5) 

3.1(1) 

4 see Art.3.3 <lnd Art.12 of tile CPD, as well clauses 4.2,4.3.1,4.3.2 <lnd 5.2 of ID 1. 
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1 General 

1.1 Scope 

(1) EN 1993-1-10 contains design guidance for the selection of steel for fracture toughness and for 
through thickness properties of welded elements where there is a significant risk of lamellar tearing during 
fabrication. 

(2) Section 2 applies to steel grades S 235 to S 690. However section 3 applies to steel grades S 235 to 
S 460 only. 

NOTE EN 1993-1-1 is restricted to steels S235 to S460. 

(3) The rules and guidance given in section 2 and 3 assume that the construction will be executed in 
accordance with EN 1090. 

1.2 Normative references 

(l) This European Standard incorporates by dated and undated reference provisions from other 
publications. These normative references are cited at the appropriate places in the text and the publications 
arc listed hereafter. For dated references, subsequent amendments to or revisions of any of these publications 
apply to this European Standard only when incorporated in it by amendment or revision. For undated 
references the latest edition of the publication referred to applies (including amendments). 

NOTE The Eurocodcs were published as European Prestandards. The following European Standards 
which are published or in preparation are cited in normative clauses: 

EN 1011-2 \Velding. Recommendations for welding of metallic materials: Part 2: Arc welding of 
fen'itic steels 

EN 1090 Execution of steel structures 

EN 1990 Basis of structural design 

EN 1991 Actions on structures 

EN 1998 Design provisions for earthquake resistance of structures 

EN 1 0002 Tensile testing of metallic materials 

EN 10025 Hot rolled products of structural steels 

EN 10045-1 Metallic materials - Charpy impact test - Part 1: Test method 

~ text deleted @il 

EN 10160 Ultrasonic testing of steel flat product of thickness equal or greater than 6 mm 
(reflection method) 

EN 10 J 64 Steel products with improved deformation properties perpendicular to the surface of the 
product - Technical delivery conditions 

EN 10210-1 Hot tinished structural hollow sections of non-alloy and fine grain structural steels 
Part 1: Technical delivery requirements 

EN 10219-1 Cold formed welded structural hollow sections of non-alloy and fine grain steels 
Part 1: Technical delivery requirements 

1.3 Terms and definitions 

1.3.1 
~ KV·value @il 
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[lli) The KV (Charpy V-Notch)-value is the impact energy text deleted @2] in Joules [.I] required to 
fracture a Charpy V -notch specimen at a given test temperature T. Steel product standards generally specify 
that test specimens should not fail at an impact energy lower than 27J at a specified test temperature T. 

1.3.2 
Transition region 
The region of the toughness-temperature diagram showing the relationship ~ KV(T) @2] in which thc 
material toughness decreases with the decrease in temperature and the failure mode changes from ductile 
to brittle. The temperature values T 27.1 required in the product standards arc located in the lovv'cr part of this 

1.3.3 
Upper shelf region 
The region of the toughness-temperature diagram in which steel clements exhibit elastic-plastic behaviour 
with ductile modes of failure irrespective of the presence of small flaws and welding discontinuities from 
fabrication. 

~ KV(T) @2] [J] 

3 

27 J 
1 lO'yFer shell region 

transition 
T27J upper 

Figure 1.1: Relationship between impact energy and temperature 

1.3.4 
T 27J 

Temperature at which a minimum energyl§)KV@l]willnot be less than 27J in a Charpy V-notch impact test. 

1.3.5 
Z-value 
The transverse reduction of area in a tensile test (see EN 10002) of the through-thickness ductility of a 
specimen, measured as a percentage. 

1.3.6 
Klc-value 
The plane strain fracture toughness for linear elastic behaviour measured in 

NOTE The two intemationally recognized alternative units for the stress intensity factor K are 
N/mm3/2 and MPa"m (ie MN/m3/2) where 1 N/mm3

!2 0,032 MPa"m. 

1.3.7 
Degree of cold forming 
Permanent strain from cold forming measured as a percentage. 
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1.4 Symbols 

lEV KV(T) @2l impact energy in Joule [J] in a test at temperature T with Charpy V notch specimen 

~ K stress intensity factor @1) 

Z Z-quality 

T temperature rOC] 

TEd reference temperature 

o crack tip opening displacement (CTOD) in mm measured on a small specimen to establish its elastic 
plastic fracture toughness 

J elastic plastic fracture toughness value (J-integral value) in N/mm determined as a line or surface 
integral that encloses the crack front from one crack surface to the other 

K)(: plane strain fracture toughness for linear elastic behaviour measured in N/mmJ/1@2l 

ScI' degree of cold forming (DCF) in percent 

(JEd stresses accompanying the reference temperature TEd 

2 Selection of materials for fracture toughness 

2.1 General 

(\) The guidance given in section 2 should be used for the selection of material for new construction. It is 
not intended to cover the assessment of materials in service. The rules should be used to select a suitable 
gradc of steel from the European Standards for steel products listed in EN 1993-1-1. 

(2) The rules are applicable to tension elements, welded and fatigue stressed elements in which some 
portion of the stress cyclc is tensile. 

NOTE For elements not subject to tension, welding or fatigue the rules can be conservative. In such 
cases evaluation using fracture mechanics may be appropriate, see 2.4. Fracture toughness need not be 
specified for clements only in compression. 

~(3)P The rules shall be applied to the properties of materials specified for the toughness quality in 
the relevant steel product srandard. Material of a less onerOllS grade shall not to be used even though test 
results show compliance with the specified grade. ~ 

2.2 Procedure 

(I) The steel grade should be selected taking account of the following: 

(i) steel material properties: 

yield strength depcnding on the material thickness fit) 

toughness quality expressed in terms of TDJ or TIOJ 

(ii) member characteristics: 

member shape and detail 

stress concentrations according to the details in EN 1993-1-9 

element thickness (t) 

appropriate assumptions for fabrication flaws (e.g. as through-thickness cracks or as semi-elliptical 
surface cracks) 

(iii) design situations: 

8 

design value of lowest member temperature 

maximum stresses from permanent and imposed actions derived from the design condition described in 
(4) below 
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residual stress 

assumptions for crack from fatigue loading during an inspection interval (if relevant) 

strain rate £ from accidental actions (if relevant) 

degree of cold forming (Ed) (if relevant) 

(2) The permitted thickness of steel clements for fracture should be obtained from section 2.3 and Table 
2.1. 

(3) Alternative methods may be used to determine the toughness requirement as follO\vs: 

fracture mechanics method: 

In this method the 
toughness property. 

Numerical evaluation: 

value of the toughness requirement should not exceed the design value of the 

This may be carried out using one or more test specimens. To achieve realistic results, the 
models should be constructed and loaded in a similar \vay to the actual structure. 

(4) The following design condition should be used: 

(i) Actions should be appropriate to the following combination: 

I) 

where the leading action A is the reference temperature TEd that influences the toughness of material of the 
member considered and also lead to stress from restraint of movement. IG K are the permanent 
actions, and \jfl QKI is the frequent value of the variable load and \jf2i QKi are the quasi-permanent values of 
the accompanying variable loads, that govern the level of stresses on the materiaL 

(ii) The combinations factor ~'I and \1'2 should be in accordance with EN 1990. 

(iii) The maximum applied stress (jEd should be the nominal stress at the location of the fracture 
initiation. (jEd should be calculated as for the serviceability limit state taking il1to account all 
combinations of permanent and variable actions as defined in the appropriate part of EN 1991. 

NOTE 1 The above combination is considered to be equivalent to an accidental combination, because 
of the assumption of simultaneous occurrence of lowest temperature, ±law size, location of -naw and 
material property. 

NOTE 2 (jEd may include stresses from restraint of movement from temperature change. 

NOTE 3 As the leading action is the reference temperature TEd the maximum applied stress (jEd 

generally will not exceed 75% of the yield stn~l1!..!tI1. 

(5) The reference temperature TEd at the potential fracture location should be determined llsing the 
following expression: 

where TmcJ is the lowest air temperature with a specified return period, sec EN ] 991-1-5 

~Tr is an adjustment for radiation loss, sec EN 1991-1-5 

~ T G is the adjustment for stress and yield strength of material, crack imperfection and member 
shape and dimensions, sec 2.4(3) 

is a safety allO\vance, if required, to reflect different reliability levcls for different 
applications 

~ T £ is the adjustment for a strain rate other than the reference strain rate (sec equation 2.3) 
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~ T. is the adjustment for the 
(-'..:1 

of cold forming (see equation 2.4) 

NOTE J The safety clement to adjust Tid to other reliability requirements may be given in the 
National Annex. ,6,11<. = 0 °C 1S recommended, when using the tabulated values according to 2.3. 

NOTE 2 In preparing the tabulated values in 2.3 a standard curve has been llsed for the temperature 
shift that envelopes the design values of the stress intensity factor function [K] from applied 
stresses (JEd and residual stresses and includes the \Vallin-Sanz-eorrelation between the stress 
intensity factor function [K] and the temperature 1. A value of ~ T (J = DOC may be assumed 
whell using the tabulated values according to 2.3. 

NOTE 3 The National Annex may maximum values of the range between TEd and the test 
temperature and also the range of (jEd, to which the validity of values for permissible thicknesses in 
Table 2.1 may be restricted. 

NOTE 4 The application of Table 2.1 may be limited in the National Annex to use of up to S 460 
steels. 

(6) The reference stresses (JEd should be determined llsing an clastic analysis taking into account 
secondary effects from deformations 

2.3 Maximum permitted thickness values 

2.3.1 General 

(1) Table 2.1 gives the maximum permissible element thickness appropriate to a steel grade, its toughness 
quality in terms of K V -va lue @lI , the reference stress level [(JEd] and the reference temperature 

(2) The tabulated values arc based on the following assumptions: 

10 

the values satisfy the reliability requirements of EN 1990 for the general quality of material 

a reference strain rate £0 4x has been used. This covers the dynamic action cffects for most 

transient and persistent design situations. For othcr strain rates i: for impact loads) the tabulated 

values may be used by reducing TEd by dcducting given by 

1440 - (t ) ( E J 1.5 
= - x In- [OC] 

550 Eo 
(2.3) 

non cold-formed material with £<.:1' 0% has been assumed. To allow for cold forming of non-ageing 

stcels, the tabulated values may be used by adjusting TEd by deducting ~ TEet where 

~Tf' 3 Cd [OC] (2.4) 
'(I 

the nominal notch toughness values in terms of are based on the following product standards: 
EN I 0025, ~ text deleted EN ] 0210-1, EN 10219-1 

For other values the following correlation has been used 

T40 .! Tn.! + 10 [OC] 
(2.5) 

for members subjcct to fatigue all detail categories for nominal stresses in EN 1993-1-9 are covered 

NOTE has been taken into account by applying a fatigue load to a member with an assumed 
initial flaw The damage assumed is one quarter of the full fatigue damage obtained from 
EN 1993-1-9. This approach permits the evaluation of a minimum number of "safe periods" between 
in-service inspections when inspections should be specified for damagc tolerance according to EN 
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1993-1-9. The required number [n] of in-service inspections is related to the partial factors YFf and YMr 
applied in fatigue design according to EN 1993-1-9 by the expression 

4 
11 = -1 

(y ff Y Mf )lll ' 
where m 5 applies for long life structures such as bridges. 

The "safe period" between in-service inspections may also cover the full design life of a structure. 

2.3.2 Determination of maximum permissible values of element thickness 

(1) Table 2.1 gives the maximum permissible values of element thickness in terms of three stress levels 
expressed as proportions of the nominal yield strength: 

a) (JEd = 0,75 fit) [N/mm2] 

b) (JEd = 0,50 fit) [N/mm2] (2.6) 

c) (JEd = 0,25 fit) [N/mm2] 

where fit) may be determined either from 

to 

where t is the thickness of the plate in mm 

to = 1 mm 

or taken as Rewvalues from the relevant steel standards .. 

The tabulated values are given in terms ofa choice of seven reference temperatures: 10,0, -10, -20, -30, -40 
and -50°C. 
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Table 2.1: Maximum permissible values of element thickness t in mm 

Reference ''''.'l'f.''''' Cl T, [~C] 

Steel Sub- EE2)KV@2] 
10 1 0 1-10 1-20 1-30 1-40 I-50 10 I 0 1-10 -20 -30 -40 -50 10 I 0 1-10 1-20 1-30 1-40 I-50 

grade grade 
atT 
[DC] Jnlin = 0,75 fy(t) ()Ed = 0,50 fy(t) ()Ed 0,25 fy(t) 

S235 JR 20 27 60 50 40 35 30 25 20 90 75 65 55 I 45 40 35 135 115 i 100 85 75 65 60 
JO 0 27 90 75 60 50 40 35 30 125 105 90 75 65 55 45 175 155 135 115 100 85 75 
J2 -20 27 125 105 90 75 I 60 50 40 170 145 125 105 90 75 65 200 200 175 155 i 135 115 100 

S275 JR 20 27 55 45 . 35 30 25 20 15 80 I 55 50 40 1 35 30 125 110 95 80 70 60 55 
JO 0 1 27 75 65 55 45 35 30 25 115 80 70 55 50 40 165 145 125 110 95 80 70 
J2 -20 27 110 95 I 75 65 • 55 45 i 35 155 115 95 80 70 55 200 190 165 145 125 110 95 

M,N -20 40 135 110 95 75 i 65 I 55 45 180 155 130 115 95 80 70 200 200 190 165 145 125 110 
i ML,NL -50 27 185 160 135 110 95 75 65 200 200 180 155 130 115 95 230 200 200 200 190 165 145 

S355 JR 20 27 40 35 25 20 15 15 10 65 55 45 40 30 25 25 110 95 80 70 60 55 45 
JO 0 27 60 50 40 35 i 25 20 • 15 95 80 65 55 45 40 30 150, 130 110 95 80 70 60 
J2 -20 27 90 75 60 50 40 i 35 25 135 110 1 95 80 65 55 45 200 175 150 130 110 95 80 

K2,M,i\1 -20 40 110 90 75 60 • 50 40 35 155 135 110 95 80 65 I 55 200 200 175 150 130 110 95 
ML,NL -50 27 155 130 110 90 75 60 1 50 200 180 155 135 110 95 80 210 200 200 200 175 150 130 

S420 M,N -20 40 95 80 65 55 45 35 30 140 120 100 85 70 60 50 200 185 160 140 120 100 85 
ML,NL -50 27 135 115 95 80 65 55 45 190 165 140 120 100 85 70 200 200 200 185 160 140 120 

S460 0 -20 30 70 60 50 40 30 25 20 110 95 75 65 55 45 35 175 155 130 115 95 80 70 
M,N -20 40 90 70 60 50 i 40 30 25 130 110 95 75 65 55 45 200 175 155 130 115 95 80 
OL -40 30 105 1 70 60 50 40 30 155 130 110 95 75 65 1 55 200 200 175 155 130 115 95 

ML,NL -50 27 125 90 70 ! 60 50 40 180 1155 130 110 95 75 65 200 200 200 175 155 130 115 
OL1 -60 30 150 125 105 90 70 60 50 200 180 155 130 110 95 75 215 200 200 200 175 155 130 

S690 i 0 0 40 40 30 25 20 15 10 10 65 55 45 35 30 20 20 120 1 100 85 75 60 50 45 
0 -20 I 30 50 40 30 25 20 15 10 80 65 55 45 35 30 20 140 120 100 85 75 60 50 

OL -20 40 60H§i40' 30 I 25 20 . 15 95 80 65 55 45 35 30 165' 140 120 100 85 75 60 
OL -40 30 75 50 40 30 25 20 1151 95 80 65 55 45 35 190 165 140 120 100 85 75 

OL1 -40 40 90 75 60 50 1 40 30 25 1351115 95 80 65 55 45 200 190 165 140 120 100 85 
OL1 -60 30 110 90 75 60 I 50 40 30 160 135 1115 95 80 65 55 200 200 190 165 140 120 100 

NOTE I Linear interpolation ean be used in applying Table 2.1. Nlost applications require (JEd values 
between (JEd 0,75 fit) and (JEd 0,50 f~.(t). = 0,25 t~r(t) is given for interpolation purposes. 
Extrapolations beyond the extreme values are not valid. 

NOTE 2 For ordering products made of S 690 steels, the test temperaturelEVT Kv@1]should be given. 

NOTE 3 Table 2.1 has been derived for the guaranteed lEV K V -va lues 
rolling of the product. 

in the direction of the 

2.4 Evaluation using fracture mechanics 

(1) For numerical evaluation using fracture mechanics the toughness requirement and the design 
toughness property of the materials may be expressed in terms of CTOD values, J-integral values, K1c 
values, or lEV KV -values and comparison should be made using suitable fracture mechanics methods. 

(2) The following condition for the reference temperature should be met: 

TEd 2TRd ~ (2.7) 

where TRd is the temperature at \:vhich a safe level of fracture toughness can be relied upon under the 
conditions being evaluated 

The potential failure mechanism should be modelled using a suitable tlaw that reduces the net section 
of the material thus making it more susceptible to failure by fracture of the reduced section. The flaw should 
meet the following requirements: 

12 

location and the shape should be appropriate for the notch case considered. The fatigue classification 
tables in EN 1993-1-9 may be used for guidance on appropriate crack positions. 

for members not susceptible to fatigue the size of the flaw should be the maximum likely to have been 
left uncorrected in inspections carried out to EN 1 090. ~ The assumed flaw should be located at 
the position of the 1110S t adverse stress concentration. @1] 
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for members susceptible to fatigue the size of the flaw should consist of an initial flaw grown f~1tigue. 

The size of the initial crack should be chosen such that it represents the minimum value detectable by the 
inspection methods llsed in accordance with EN 1090. The crack growth from should bc 
calculated with an appropriate fracture mechanics model using loads experienced during the design safe 
working life or an inspection interval (as relevant). 

(4) If a structural detail cannot be allocated a specific detail category from EN 1993-1-9 or if more 
rigorous methods are used to obtain results which arc more refined than those given in Table 2.1 then a 
specific verification should be carried out using actual fracture tests on large scale test specimens. 

NOTE The numerical evaluation of thc test results may be undertaken using the mcthodology given 
in Annex D of EN 1990. 

3 Selection of materials for through-thickness properties 

3.1 General 

(1) The choice of quality class should be selected from Table 3.1 depending on the conseqllcnces of 
lamellar tearing. 

Table 3.1: Choice of quality class 

Class Application of guidance 

1 
All steel products and all thicknesses listed in 

European standards for all applications 

2 
Certain steel products and thicknesses listed in 

European standards and/or certain listed applications 

NOTE The National Annex may choose the relevant class. The use of class I is recommended. 

(2) Depending on the quality class selected from Table 3.1, either: 

through thickness properties for the steel material should be specified from EN 10 164, or 

post fabrication inspection should be used to identify whether lamellar tearing has occurred. 

(3) The following aspects should be considered in the selection of steel assemblics or connections to 
safeguard against lamellar tearing: 

the criticality of the location in terms of applied tensile stress and the degree of redundancy. 

the strain in the through-thickness direction in the element to which the connection is made. This strain 
arises from the shrinkage of the weld metal as it cools. It is greatly increased where t1:ce movement is 
restrained by other portions of the structure. 

the nature of the joint detail, in particular wclded cruciform, tee and corner joints. For example, at the 
point shown in Figurc 3.1, the horizontal plate might have poor ductility in the through-thickness 
direction. Lamellar tearing is most likcly to arise if the strain in the connection acts @1] through the 
thickness of the material, which occurs jf tbe fusion face is roughly paralIc] to the surface of the material 
and the induced shrinkage strain is perpendicular to the direction of rolling of the material. The heavier 
the weld, the greater is the susceptibility. 

chemical properties of transversely stressed material. High sulfur levels in particular, even if 
significantly below normal steel product standard limits, can increase the lamellar tearing. 

13 
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Figure 3.1: Lamellar tearing 

(4) The susceptibility of the material should be determined by measuring the through-thiclmess ductility 
qual ity to EN 10164, which is expressed in terms of quality classes identified by Z-values. 

NOTE] Lamellar tearing is a weld induced flaw in the material which generally becomes evident 
during ultrasonic inspection. The main risk of tearing is with cruciform, T - and corner joints and with 
full penetration welds. 

NOTE 2 Guidance on the avoidance of lamellar tearing during welding is given in EN 1011-2. 

3.2 Procedure 

(1) Lamellar tearing may be neglected if the following condition is satisfied: 

(3.1) 

where ZEd is the required design Z-value resulting from the magnitude of strains from restrained metal 
shrinkage under the weld beads. 

ZRd is the available design Z-value for the material according to EN 10164, i.e. Z15, Z25 or Z35. 

(2) The required design value ZEd may be determined using: 

(3.2) 

in which Za, Zc, Zd and are as given in Table 3.2. 
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Table 3.2: Criteria affecting the target value of lEd 

Weld depth .1El> Effective weld depth ClefI' IEl> thickness a of fillet wc lds~ Zj relevant for (scc Figure 3.2) @2] 
straining from aeff :S 7mm a= 5 IllIll Za= 0 
metal shrinkage 7 aeff_ 10mm a 7mm Za 3 

10 aeff 20mm a l4m111 Za= 6 
20 < aeff 30111m a 21 mm Za 9 
30 aeff< 40111111 a 28111m Za 12 
40 < acff 50111111 a 35 111111 Za 15 
50 < aeff a> 35111111 Za 15 

Shape and O.7s 

position of U Jr n y ~ Zh = -25 
welds in T - and ~ 

cruciform- and 
I • I 

corner-

f conncctions corner joints Zh -]0 

single run fillet wclds Za = 0 or fillet JL Jb 6 welds with ] with buttering Zh -5 
with low strength weld material I I Is 

multi run fillet welds JLffi ~ Zh 0 
I I 

sequence to reduce shrinkage 

~i~-' partial and full O! ~ Zh = 3 
penetration welds Is M. 
partial and full n ~ JL n Zb = 5 
penetration welds I I Is I I 

corner joints ~ ~ Zh=S 

Effect of s 10mm Zc 2" 
material 10 <s _ 20mm Zc 4'" 
thickness on 20 < s < 30mm Zc 6':' 
restraint to 30 <s<40mm Zc S" 
shrinkage 

40 < s:S 50mm Zc 10' 

50 <s<60mm Zc = Ii' 
60 s:S 70mm Zc = IS" 

70 Zc = 15 
~': 

s 
Remote 

Low restraint: 
Free shrinkage possible 

Zd = 0 
restraint of (e.g. T-joints) 
shrinkage after 

Medium restraint: 
Free shrinkage restrictcd 

~ welding by (e.g. diaphragms in box girders) 
other portions 

High restraint: 
Free shrinkage not possible 

! Z,,=~ 
of the structure (e.g. stringers in orthotropic deck plates) 
Influence of Without preheating Zl' 0 
preheating Preheating 2: 100°C Z" -S 

May be reduced by 50% for material stressed, in the through-thic1GICSS direction, by compression duc to 
predominantly static loads. 
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Figure 3.2: Effective weld depth aeff for shrinkage 

(3) The appropriate ZRd-class according to EN 10164 may be obtained by applying a suitable 
classification. 

NOTE For classification see EN 1993-1-1 and EN 1993-2 to EN 1993-6. 
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Foreword 

This European Standard EN 1993-1-11, Eurocode 3: Design of steel structures: Part J 1 J Design of 
structures with tension components, has been prepared by Technical Committee CEN/TC250 « Structural 
Eurocodes », the Secretariat of which is held by BST. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by April 2007 and conflicting National Standards shall be withdrawn 
at latest by March 2010. 

~ This Eurocode pal1ially supersedes ENV 1993-2, Annex A. @J] 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
fo11owing countries are bound to implement this European Standard: ALlstlia, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, P0l1ugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom. 

National annex for EN 1993-1-11 

This standard gives alternative procedures, values and recommendations with notes indicating where national 
choices may have to be made. The National Standard implementing EN 1993-1-11 should have a National 
Annex containing al1 National1y Determined Parameters to be used for the design of tension components to 
be constructed in the relevant country. 

National choice is allowed in EN 1993-1-11 through: 

2.3.6(1) 

2.3.6(2) 

204.1(1) 

3.1 (I) 

404(2) 

4.5(4) 

5.2(3) 

5.3(2) 

6.2(2) 

6.3.2(J) 

6.3A( I) 

604.1 (1)P 

7.2(2) 

AA.5.1 (I) 

AA.5.2( 1) 

B(6) 
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1 General 

1.1 Scope 

(l) prEN1993-1 11 gives design rules for structures with tension components made of steel, which, due to 
their connections with the structure, are adjustable and replaceable see Table 1.1. 

NOTE: Due to the requircment of adjustability and replaceability such tension components are generally 
prefabricated products delivered to site and installcd into the structure. Tension components that are not 
adjustable or replaceable, e.g. air spun cables of suspension bridges, or for externally post-tensioned hridges, are 
outside the scope of lhis part. However, rules of this standard may be applicable. 

(2) This standard also gives rules for determining the technical requirements for prefabricated tension 
components for assessing their safety, serviceability and durabihty. 

4 

Table 1.1: Groups of tension components 

Group! l\lain tension eleluent Component 
A rod (bar) tension rod (bar) system, prestressing bar 

circular wire spira] strand rope 
B circular and Z-wires fully locked coil rope 

circular wire and stranded wire , strand rope 
circular wire parallel wire strand (PWS) 

C circular wire bundle of parallel wires 
! seven wire (prestressing) strand bundle of paralle] strands 

NOTE 1: Group A products in general have a single solid round cross section connected to end terminations hy 
threads. They are mainly used as 

hracings for walls, girders 

slays for roof elements, pylons 

tensioni ng systems for steel-wooden truss and steel structures, space frames 

NOTE 2: Group B products are composed of wires which are anchored in sockets or other end terminations and 
are fabricated primarily in the diameter range of 5 111m to 160 mm, see EN 12385-2. 

Spiral strand ropes are mainly L1sed as 

stay cahlcs for aerials, smoke stacks, masts and hridges 

carrying cables and cahles for light weight structures 

hangers or suspenders for sllspension hridges 

stahilizi ng cables for cable nets and wood and steel trusses 

hand-rail cahles for banisters, halconies, hridge rails and guardrails 

Fully locked coil ropes are fabricated in the diameter range of 20 mill to 180 mm and are mainly used as 

stay suspension cahles and hangers for hridge construction 

suspension cahles and stabilizing cables in cable trusses 

edge cables for cable nets 

stay cables for pylons, masts, aerials 
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Structural strand ropes are mainly used as 

stay cables for masts, aerials 

hangers for suspension bridges 

damper / spacer tie cables between stay cables 

edge cables for fabric membranes 

rail cables for banister, r"",('fHl'" bridge and guide rails. 

NOTE 3: Group C products need individual or collective anchoring and appropriate protection, 

Bundles of parallel wires are mainly used as stay cables, main cables for suspension bridges and external 
tendons. 

Bundles of parallel strands are mainly lIsed as stay cables for composite and steel bridges. 

(4) The types of termination dealt with in this part for Group Band C products are 

metal and resi n sockets, see EN ] 34] ]-4 

sockets with cement grout 

ferrules and ferrule securing, see EN 13411-3 

swaged sockets and swaged fitting 

U-bolt wire rope grips, see EN ] 3411-5 

anchoring for bundles with wedges, cold formed button heads for wires and nuts for bars. 

NOTE: For terminology see Annex C. 

1.2 Normative references 

(l) This Ellropean Standard incorporates dated and undated reference to other publications. These 
normative references are cited at the appropriate places in the text and the publications are listed hereafter. 
For dated references, subsequent amendments or revisions to any of these publications apply to this 
European Standard only when incorporated in it by amendment or revision. For undated references the latest 
edition of the publication referred to applies, 

EN 10138 Prestressing steels 

Part 1 General requirements 

Part 2 Wires 

Part 3 Strands 

Part 4 Bars 

EN 10244 Steel wire and vvire products - Non-ferrous metallic coatings on steel yvire 

Part 1 General requirements 

Part 2 Zinc and alloy coatings 

Part 3 Alumillium coatings 

EN 10264 Steel vvire and wire products - Steel wire for ropes 

Part I General requirements 

Part 2 Cold drawn non-alloyed ;.;teel wire for ropesfor general applications 

Part 3 Cold dravvn and cold profiled 110n alloyed steel wire j()r high tensile applications 

Part 4 Stainless steel wires 

EN 12385 Steel 'vvire ropes safety 

Part I General requirements 

Part 2 Definitions, designation and classifkation 
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Part 3 h~f()rmationf()r use and maintenance 

Part 4 Stranded ropesfc)r generall(fting applications 

Part JO Spiral ropes for general structllral applications 

EN 13411 Terminations for steel H:ire ropes s({fery 

Part 3 Ferrules and ferrule-securing 

Part 4 Metal and resin socketing 

Part 5 U-bolt ~vi,.e rope grips 

1.3 Terms and definitions 

(]) For the purpose of this European Standard the fo]]owing terms and definitions apply_ 

1.3.1 
strand 
an element of rope normally consisting of an assembly of wires of appropriate shape and dimensions laid 
helically in the same or opposite direction in one or more layers around a centre 

1.3.2 
strand rope 
an assembly of several strands laid helically in one or more layers around a core (single layer rope) or centre 
(rotation-resistant or parallel-closed rope) 

1.3.3 
spiral rope 
an assembly of a minimum of two layers of wires laid helically over a central wire 

1.3.4 
spiral strand rope 
spiral rope comprising only round wires 

1.3.5 
fully locked coil rope 
spiral rope having an outer layer of fully locked Z-shaped wires 

1.3.6 
fill factor f 
the ratio of the sum of the nominal metallic cross-sectional areas of all the wires in a rope (A) and the 
circumscribed area (Au) of the rope based on its nominal diameter (d) 

1.3.7 
spinning loss factor k 
reduction factor for rope construction included in the breaking force factor K 

1.3.8 

breaking force factor (K) 
an empirical factor used in the determination of minimum breaking force of a rope and obtained as fol1ows: 

K 
1Cfk 

4 

where f is the fill factor for the rope 

k is the spinning loss factor 
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NOTE: K-factors for the more common rope classes and constructions are given in the appropriate part of EN 
12385. 



1.3.9 
Dlinirnurn breaking force (Fmin) 

minimum breaking force which should be obtained as follows: 

d K 
F

lllil1 
[kNJ 

1000 

where d is the diameter of the rope in mm 

K is the breaking force factor 

Rr is the rope gradeil1 N/mm2 

1.3.10 
rope grade (Rr) 

BS EN 1993-1-11: 2006 
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a level of requirement of breaking force which is designated by a number (e.g. 1770 [N/mm2], 
1960 [N/mm2]) 

NOTE: Rope grades do not necessarily correspond to the tensile strength grades of the wires in the rope. 

1.3.11 
unit weight (w) 
the self weight of rope based on the metallic cross-section (Am) and the unit length taking account of the 
densities of steel and the corrosion protection system 

1.3.12 
cable 
main tension component in a structure (e.g. a stay cable bridge) which may consist of a rope, strand or 
bundles of paral1el wires or strands 

1.4 Syn1bols 

(1) For this standard the symbols given in 1.6 of EN 1993-1-1 and 1.6 of EN 1993-1-9 apply. 

(2) Additional symbols are defined where they first occur. 

NOTE: Symbols may have various meanings. 
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2 Basis of design 

2.1 General 

(I)P The design of structures with tension components shall be in accordance with the general rules given 
in EN 1990. 

(2) The supplementary provisions for tension components given in this standard should also be applied. 

(3) For improved durability the following exposure classes may be applied: 

Table 2.1: Exposure classes 

Corrosion action 
Fatigue action not exposed 

exposed externally 
externally 

no significant fatigue action class 1 class 2 
mainly axial fatigue action class 3 class 4 

axial and lateral fatigue actions 
class 5 

(w'ind & rain) 

(4) Connections of tension components to the structure should be replaceable and adjustable. 

2.2 Requirements 

(I)P The following hmit states shall be considered in designing tension components: 

1. ULS: 

2. SLS: 

Appl ied axial loads shall not exceed the design tension resistance, see section 6. 

Stress and strain levels in the component shall not exceed the limiting values, see 
section 7. 

NOTE: For durability reasons, serviceability checks may govcrn over ULS-verifications. 

3. Fatigue: Stress ranges from axial load fluctuations and wind and rain induced osci11ations shall not 
exceed the limiting values, see sections 0 and O. 

NOTE: Duc to the di fficulties in modelling the excitation charactcristics of tcnsion elcments, SLS checks 
should he carried out in addition to fatigue checks. 

(2) To prevent the likely de-tension of a tension component (i.e. the stress reaching below zero and 
causing uncontrol1ed stability or or damages to structural or non structural parts) and for certain types 
of structures, the tension components are preloaded by deformations imposed on the structure (prestressing). 

In such cases permanent actions, which should consist of actions from gravity loads "G" and prestress "P", 
should be considered as a single permanent action "G+P" to which the relevant partial factors /'Gi should be 
applied, see section 5. 

NOTE: For other materials and methods of construction other rules for the combination of "G" and "P" may 
apply. 

(3) Any attachments to prefabricated tension components, such as saddles or clamps, should be designed 
for ultimate limit states and serviceability limit states using the breaking strength or proof strength of cables 
as actions, see section 6. For fatigue see EN 1993-1-9. 

8 

NOTE: Fatigue action on the ropes is governed by the radius in the saddle or anchorage area (see Figure 6.1 for 
minimum radius). 
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2.3 Actions 

2.3.1 Self weight of tension components 

(]) The characteristic value of the self weight of tension components and their attachments should be 
determined from the cross-sectional area and the density of the materials unless data are given in tbe relevant 
parts of EN 12385. 

~ (2) For spiral strand ropes, fully locked coil ropes or circular wire strand ropes the nomi nal self weight gk 
may be calculated as follows: @j] 

(2.1 ) 

where Am is the cross-section in mm2 of the metallic components 

w [N/(mm 3)] is the unit weight taking into account the density of steel including the corrosion 
protection system, see Table 2.2 

(3) Am may be determined from 

J'C d 2 t' 
Alii 4' (2.2) 

where d is the external diameter of rope or strand in mm, including any sheathing for corrosion protection 

! is the fil1-factor, see Table 2.2 

Table 2.2: Unit weight wand fill-factors f 

Fill factor! unit weight 
Core Core Core Number of wire layers around w x 10-7 

wires + 1 wires + 2 wires + >2 core wire N 
layer z- layer z- layer z-

1 2 3-6 >6 mm) 
wires wires wires 

] Spiral strand ropes 0,77 0,76 0,75 0,73 830 

2 
Fully locked coil 

0,81 0,84 0,88 830 
ropes 

3 
Circular wire 

0,56 930 
strand ropes 

(4) For paraJ]el wire ropes or parallel strand ropes the metallic cross-section may be determined from 

(2.3) 

where n is the number of identical wires or strands of which the rope is made 

{{Ill is the cross-section of a wire (derived from its diameter) or a (prestressing) strand (derived from 
the appropriate standard) 

(5) For group C tension components the self weight should be determined from the steel weight of the 
individual wires or strands and the weight of the protective material (HDPE, wax etc.) 

2.3.2 Wind actions 

(1) The wind effects to be taken into account should include: 

the static effects of wind drag on the cables, see EN 1991-1 including deflections and bending effects 
near the ends of the cable, 

aerodynamic and other excitation causing possible oscillation of the cables, see section 8. 
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2.3.3 Ice loads 

(I) For ice loading see Annex B to EN 1993-3-1. 

2.3.4 Thermal actions 

(I) The thermal actions to be taken into account should include the effects of differential temperatures 
between the cables and the structure. 

(2) For cables exposed externally the actions from differential temperature should be taken into account, 
see EN 1991 1-5. 

2.3.5 Prestressing 

(l) The pre\oads in cables should be such that, when all the permanent actions are applied, the structure 
adopts the required geometric profile and stress distribution. 

(2) Facilities for prestressing and adjusting the cables should be provided and the characteristic value of 
the preload should be taken as that required to achieve the required profile in (1) at the limit state under 
consideration. 

(3) If adjustment of the cables is not intended to be can'jed out the effects of the variation of preloads 
should be considered in the design of the structure. 

2.3.6 Replacement and loss of tension components 

(I) The replacement of at least one tension component should be taken into account in the design as a 
transient design situation. 

NOTE: The National Annex may define the lransient loading conditions and partial factors for replacement. 

(2) Where required a sudden loss of anyone tension component should be taken into account in the design 
as an accidental design situation. 

NOTE 1: The National Annex may define where such an accidental design situation should apply and also give 
the protection requirements and loading conditions, e.g. for hangers of bridges. 

NOTE 2: In the absence of a rigorous analysis the dynamic effect of a sudden removal may conservatively be 
allowed for by using the additional action effect Ed: 

(2.4) 

where k 1,5 

Edl represenls the design effects with all cables intact; 

Ed2 represenls the design effects with the relevant cable removed. 

2.3.7 Fatigue loads 

(1) For fatigue loads see EN ] 991. 
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2.4.1 Transient design situation during the construction phase 

as EN 1993-1-11: 2006 
EN 1993-1-11: 2006 (E) 

(1) For the construction phase the partial factor for permanent loads may be amended to suit the particular 
design situation and limit state model. 

NOTE: The National Annex may define the partial factor YGi for the construction phase. Recommended values 
)'Gi are: 

Yc = 1,10 for a short time period (only a few 
installations 

for thc installation or first strand in strand by strand 

YG 1,20 for the installation or other strands 

1,00 for favourable effccts. 

~ 2.4.2 Persistent design situations during service 

(1) For ULS, SLS and fatigue verifications partial factors )'t\] may be based on 

the severity of the conditions used for proving tests 

the measures employed to suppress bending effects. 

NOTE: Appropriate valucs for )'t\1 are given in section 6. 

3 Material 

3.1 Strength of steels and wires 

( 1) The characteristic val ues .I~, and fLi for structural steel and fO.2 or fo.1 and .1;1 for wires should be taken 
from the relevant technical specifications. 

NOTE 1: For steel sec EN 1993-1- J and EN 1993-1A. 

NOTE 2: For wires see EN 10264, Part I to Part 4. 

NOTE 3: For ropes see EN 12385, Part 4 and Part 10. 

NOTE 4: For terminations see EN 13411-3. 

NOTE 5: For strands sec EN 10138-3. 

NOTE 6: The National Annex may 
are recommended: 

a maximum value for in for durability reasons. Thc following values 

steel wires round wires: nominal tensile strength: 1770 N/I1lm2 

Z-wires: nominal tensile strength: ] 570 N/mm2 

stainless steel wires: round wires: nominal tensile strength: J 450 N/mm2 

3.2 Modulus of elasticity 

3.2.1 Group A tension components 

(1) The modulus of elasticity for Group A tension components may be taken as E = 210000 N/mm2 ; for 
systems made of stainless steels see EN 1993-1-4. 

3.2.2 Group B tension components 

(1) The modulus of elasticity for Group B tension components should be derived from tests. 
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NOTE 1: The IllOdulus of elasticity is dependant on the stress level and whether the cable has been prestretched 
and cyclically loaded and unloaded. 

NOTE 2: The tension stiffness of the cable for tension components of Group Band C may be determined by 
multiplying the modulus of elasticity by the metallic cross section 

(2) The secant modulus should be used as the modulus of elasticity for structural analysis for persistent 
design situations during service. Characteristic values should be obtained for each cable type and diameter 
and should be determined after a sufficient number of (at least 5) load cycles between Fillf and to ensure 
stable values are obtained, where Fillf and F slIp are the minimum and maximum cable forces respectively 
under the characteristic permanent and variable actions. 

(3) For sh0l1 test samples (sample length 10 x lay length) the value of creep obtained will be smaller 
than for long cables. 
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NOTE 1: In the absence of more accurate values this effect may be taken into account for cutting to length by 
applyi ng an additional shortening of 0,15 mm/m. 

NOTE 2: \Vhen test results are not available, nominal values of moduli of elasticity for use as first estimates are 
given in Table 3. j. For further information see EN 10138. 

Table 3.1: Modulus of elasticity Eo corresponding to variable loads Q 

Eo [kN/mm2] 
High strength tension component 

steel wires 
stainless 

steel wires 

1 Spiral strand ropes 150 ± 10 130 ± 10 
2 Fully locked coil ropes 160± 10 -

3 Strand wire ropes with CWR 100 ± ]0 90± 10 
4 Strand wire ropes with CF 80± 10 -

5 Bundle of parallel wires 205 ±5 -

6 Bundle of parallel strands 195 ±5 -

NOTE 3: The nominal values of the modulus of elasticity E for fully locked coil ropes are given in 3.1. 
These estimated values apply to cyclic loading range between 30 and 40 % of the calculated breaking strength 
FlI \;, 
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- - - limiting value @] 

mean value 

CTG+p stress under characteristic permanent actions 

CTQ maximum stress under characteristic variable actions 

EQ modulus of elasticity for persistent design situations during service 

EG+p modulus of elasticity for an appropriate analysis for transient design situations during 
construction phase up to permanent load G + P 

Ei\ modulus of elasticity for cutting to length 

~ Text deleted @11 

Figure 3.1: Modulus of elasticity E for non pre-stretched fully locked coil ropes 
for bridges 

NOTE 4: Non pre-stretched Group B cables exhibit both elastic and permanent deformations when subjected to 
static loading. It is recommended that such cables are pre-stretched before or after installation by cyclic loading 
up to a maximum of 0,45~,I;. For cutting to length such cables should be pre-stretched with a precision related to 
the facilities for in-situ adjustment. 

NOTE 5: For Figure 3.1 the following assumptions apply: 

the lay length is greater than lOx the diameter 

the minimum value of stress is 100 N/mm2 

The minimum value of stress is the lower bound of the elastic range. 

3.2.3 Group C tension components 

(1) The modulus of elasticity for Group C tension components may be taken from EN 10] 38 or Table 3.1. 

3.3 Coefficient of thermal expansion 

(1) The coefficient of thermal expansion should be taken as 

aT = 12 x 10-6 per °C 

aT = I 6 x 10-6 per °C 

for steel wires 

for stainless steel wires 
(3.1 ) 
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3.4 Cutting to length of Group B tension components 

(]) Strands may only be marked to length only for cutting at a prescribed cutting load. 

(2) For exact cutting to length the following data should be considered: 

measured values of the elongation between 6;\ and O(:;+p after cyc1 ic loading according to 3.2.2(2) 

difference between the design temperature (normal1y 10°C) and the ambient temperature when cutting 
to length 

long term cable creep under loads 

additional elongation of cable after instal1ation of cable clamps 

deformation after first loading. 

NOTE: Cable creep and cone setting will continue after installation, therefore higher loads may be required 
during erection to account for cable creep and setting of the pouring cone after cooling of molten metal and after 
the initial loael is applied. 

3.5 Lengths and fabrication tolerances 

(1) The total length of the cable and all measuring points for the attachment of saddles and clamps should 
be marked under a defined preload. 

NOTE: The provisions or additional control markings allow for later checks of the exact length after parts have 
been installed. 

(2) The fabrication tolerances should be taken into account after pre-stretching and cyclic loading and 
unloading. 

(3) When structures are sensitive to deviations from nominal geometrical values (e.g. by creep), facilities 
for adjustments should be provided. 

3.6 Friction coefficients 

(1) The friction coefficient between ful1y locked coil cables and steel attachments (clamps, saddles, 
fittings) should be determined from tests. 

NOTE: The friction forces may be reduced by reduction of the diameter if tension is increased. 

(2) The friction coefficient for other types of cables should also be determined from tests, see Annex A. 

4 Durability of wires, ropes and strands 

4.1 General 

(I) For Group Band C tension components with exposure classes 2, 4 and 5 according to Table 2.1 the 
corrosion protection system should be as follows: 

1. Individual wires should be protected against corrosion; 

2. The rope interior should be protected to stop the ingress of moisture; 

3. The outer surface should be protected against corrosion. 

(2) Group C tension components as defined in Table 1.1 should have two layers of corrosion protection 
systems with an interface or inner filler between the two systems. 
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(3) At clamps and anchorages additional corrOSIon protection should be applied to prevent water 
penetrati on. 

(4) For transpOli, storage and handling, see Annex B. 

4.2 Corrosion protection of individual wires 

(1) Each steel wire within group Band C tension components should be coated with either zinc or zinc 
alloy compound. 

(2) For group B tension components zinc or zinc a]]oy coating for round wires should be in accordance 
with EN 10264-2, class A. For shaped wires coating should comply with EN J 0264-3, class A. 

NOTE 1: Generally Z-shapcd wires are galvanized with a thicker coating thickness or up to 300g/m2 to allow 
for a reduction in thickness on sharp corners. 

NOTE 2: Wires coated with a Zn95A15 alloy have a much improved corrosion protection than galvanizing with 
zinc of the same coating thickness. Round and Z-shaped wires can be coated with a Zn95Al5 basis weight. 

(3) For Group C tension components, coating of \vires should comply with EN 10] 38. 

4.3 Corrosion protection of the interior of Group B tension components 

(1) All interior voids within cables should be filled with an active or passive inner filling that should not 
be displaced by water, heat or vibration. 

NOTE 1: Active fillers are polyurethane-oil based with zinc dust paint. 

NOTE 2: Passive inner fillers can be permanent elastic-plastic wax or aluminium llake in hydrocarhon resin. 

NOTE 3: The inner filling applied during the manui~lcture of the tension components can extrude when the 
component is loaded (bleeding), so that other corrosion protection measures should be timed accordingly. 

NOTE 4: The inner filling should be selected to avoid any incompatibility with the other corrosion protection 
measures being applied to the cable. 

4.4 Corrosion protection of the exterior of Group B tension components 

(1) After construction additional corrosion protection measures should be applied to compensate for any 
damage incurred and for the loss of zinc. 

NOTE: This protection may consist of polyethylene sheathing or zinc rich paint. The minimum thickness of 
polyethylene should be equal to the outer rope diameter divided 15 and should not be less than 3 111m. 

The paint system should comprise a minimum of: 

2 x 50 J-llll polyurethane with zinc dust prime coats; 

2 x 125 !J m polyurethane with iron mica finishing coats. 

Cables with stainless steel wires and stainless steel terminations without additional corrosion 
protection should comply with the relevant corrosion resistance class. 

NOTE 1: The National Annex may specify the corrosion resistance classes for stainless steel. 

NOTE 2: Zn95Al5-coated wires provide up to 3 times better resistance compared with heavy zinc coated wires 
under identical conditions. 
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4.5 Corrosion protection of Group C tension components 

(1) Group C tension components should norma]]y be sheathed using steel or polyethylene tube complying 
to relevant standards with the space between the inside of the sheath and the cable fj]]ed with a suitable 
corrosion protection compound or cement grout. 

(2) Alternatively polyethylene sheathing extruded directly or epoxy coating over the individual strands or 
cables may be used. 

(3) The sheaths used for the cables should be made IE1) impermeable to water ~ at the connections to 
the anchorages. The joints should be designed so that they do not break, when the sheath is subjected to tension. 

(4) Voids should be filled with continuous hydrophobic materials with no detrimental effects on the 
tension components. Alternatively, the cable may be protected by circulation of the dry air within the sheath. 

NOTE 1: Continuous hydrophohic materials are soft such as grease, wax or soft resin, or hard fillers, 
such as cement. The suitability of the fillers should be proved by tests. The choice of the acceptable fillers may 
be specified in the National Annex. 

NOTE 2: Corrosion protection of main cahles of sLlspension bridges requires a approach. After 
compacti ng the main cable into the required cross-sectional area the cahle is closely wrapped with tensioned 
galvanized soft wire laid in a suitable paste sufficient to fill completely the voids between the outer cable wires 
and the wrapping wire. After removal of the surplus paste from outside of the wrapping wire the zinc-coated 
surface is cleaned and paimed. Special treatnlent is required for suspension bridge cable anchorages where the 
wrapping wire is removed. Dehumidification of the air around the \V'ires is a common method of protection. 

4.6 Corrosion protection at connections 

(I) Provision should be made to prevent rainwater running down the cable from entering the clamps, 
saddles and anchorages. 

(2) Cable structure connections should be sealed. 

5 Structural analysis 

5.1 General 

(l)P The analysis shall be carried OLlt for the 11mit states considered for the following design conditions: 

I. the transient construction phase 

2. the persistent service conditions after completion of construction. 

5.2 Transient construction phase 

(1) The construction process including forming cables, pre-stressing and the geometry of the structure 
should be planned such that the following conditions are attained: 

the required geometric form 

a permanent stress distribution that satisfies the serviceability and ultimate limit state conditions for a]) 
design situations. 

For compliance with control measures throughout the entire construction process (e.g. measurements 
of shape, gradients, deformations, frequencies or forces) all calculations should be carried out using 
characteristic values of permanent loads, imposed deformations and any imposed actions. 

(3) Where ultimate limit states during pre-stressing are controlled by the differential effects of gravity 

loads "G" and prestress "P", the partial factor If> to be applied to "P" should be defined for that situation. 
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5.3 Persistent design situation during service 
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(l) For any persistent design situation during the service the permanent actions "e" from gravity and 
preloads or prestressing "P" should be combined in a single permanent action "e + P" corresponding to the 
permanent shape of the structure. 

(2) For the verification of the serviceability limit states the action He + P" should be included in the 
relevant combination of action. For the verification of the ultimate limit state EQU or STR (see EN 1990) the 
permanent actions "e + P" should be multiplied by the partial factor )lei SliP' when the effects of permanent 
action and of variable actions are adverse. If the permanent actions "e + P" are favourable they should be 
multiplied by the partial factor YG info 

NOTE: The National Annex may give guidance where outside the scope of EN 1993 the partial factor )Ie; to "0 
+ P" may be used. 

(3) When nonlinear action effects from deformations are significant during service these effects should be 
taken into account, see 5.4. 

5.4 Non-linear effects from deformations 

5.4.1 General 

(1) The effects of deformations from catenary effects and the shortening and lengthening of the 
components including the effects due to creep should be taken into account. 

5.4.2 Catenary effects 

(1) Catenary effects may be taken into account by using the effective modulus El to each cable or its 
segment: 

E, = ___ E __ _ 
E 

1+---
12 (J3 

E is the modulus of elasticity of the cable in N/mm2 

w is the unit weight according to Table 2.2 in N/mm 3 

l is the horizontal span of the cable in mm 

(J is the stress in the cable in N/mm2• For situations according to 5.3 it is O'G+P' 

5.4.3 Effects of deformations on the structure 

(5.1 ) 

(1) For the order analysis the action effects due to variable loads should take into account the initia1 
geometrical form of the structure due to the permanent loading "G + P" for a given temperature To. 

(2) For the 2nd order analysis at serviceability limit state the action effects should be determined using the 
characteristic load combination. These action effects may also be used for ultimate limit state verifications 
according to 7.2. 

(3) For 2nd order analysis for the non-linear behaviour of structures (over-linear structural response) at the 
ultimate limit state the required permanent geometrical form of the structure at the reference temperature 
should be combined with the stresses due to (e + P)". Design values of the variable actions 

YQQ"I + YQlf/2Qk2 may be applied together with the appropriate assumptions for the imperfection of the 

structure. 

NOTE: For Yc see 5.3(2). 
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6 Ultimate limit states 

6.1 Tension rod systems 

(1) Tension rod systems should be designed for the ultimate limit state according to EN ] 993-1-] or EN 
1993-] -4 depending on the type of steel used. 

6.2 Pre-stressing bars and Group 8 and C components 

(1)P For the ultimate limit state it shall be verified that 

:::;1 (6.1) 

where FEd is the design value of the axial rope force 

F Rei is the design value of the tension resistance. 

(2) The design value of the tension resistance FRJ should be taken as follows: 

F = min . F/i 1 
Rd .. 1,5 YR ' YR f (6.2) 

where Fuk is the characteristic value of the breaking strength, 
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Fk is the characteristic value of the proof strength of the tension component as given in Table 6.1; 

)'R is the partial factor. 

NOTE 1: Ful:. corresponds to the characteristic value of the ultimate tensile strength. 

~ Table 6.1: Characteristic value of the proof strength Fk of tension components @j] 

Group Relevant standard ~ Fk@j] 
A EN 10138-1 Fo.11:. *) 
B EN 10264 Fa.1k 
C EN 10138-1 FO.lk 

*) For prestressing: bars see EN 1993-1 I and EN 1993-1-4 

NOTE 2: The check against Fk ensures that the component will remain elastic when the actions attain their 

design value. For components (e.g. fully locked coil ropes) whereE. ~ this check is not required. 
-- I, 1,50 

NOTE 3: By tests on delivery it is demonstrated that the experimental values F uke and Fke satisfy the 
requirement 

see EN 12385, Part 1. 

NOTE 4: The partial factor )'R may be specified in the National Annex. The value is dependent on whether or 
not measures are applied at the rope ends to reduce bending moments from eable rotations, ~see 7.1 (2).@j] 
The values for )It< in Table 6.2 are recommended. 



Table 6.2: Recommended I'R - values 

Measures to minimise 
bending 

)'f( stresses at the 
anchorage 

Yes 0,90 
No 1,00 
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(3) For prestressing bars and group C tension components the characteristic value of the breaking strength 
should be determined from: 

(6.3) 

where Am is the metal1ic cross-section, see 2.3.1; 

fuk is the charactelistic value of the tensile strength of bars, wires or (prestressing) strands 
according to the relevant standard. 

(4) For group B tension components Fuk should be calculated as: 

where F min is determined according to EN 12385-2 as: 

K d 2 

F, = [kN] 
mill 1000 

where K is the minimum breaking force factor taking account of the spinning Joss; 

d is the nominal diameter of the rope in mm; 

Rr is the rope grade in N/mm2 ; 

kc is the loss factor given in Table 6.3 for some types of end terminations. 

NOTE: K, d, Rr are specified for all ropes in the EN 12385-2. 

Table 6.3: Loss factors ke 

Type of termination Loss factor kc 
Metal filled socket 1,0 

Resin filled socket 1,0 

Ferrule-secured eye 0,9 
Swaged socket 0,9 

U-boll grip 0,8 *) 

*) For U-bolt grip a reduction of preload is possible. 

6.3 Saddles 

6.3.1 Geometrical conditions 

(6.4) 

(6.5) 

(1) Where the saddle proportions meet the requirements given in Figure 6.1, (2) and (3), stresses due to 
curvature of wires may be neglected in the design. 
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a) 

strand/rope 
saddle 
length «f strand/rope bettveen the tlvo theoretical tangent points T} under 
the most lll~favollr(fble characteristic combination (d'loads and the 
catelwr}' effects 

additional length ~vrap 

Figure 6.1: Bedding of a strand/rope over a saddle 

NOTE: Compliance with the requirements in (I) above will resull in the breaking resistance of the strand and 
rope being reduced not more than 3 %. 

(2) The radius r] of the saddle should not be less than the greater of 30d or r} 2: 400.0, where 

o is the diameter of wire; 

d is the diameter of the cable; 

d' is the contact width. 

(3) The value of r] may be reduced to 20d when the bedding of the rope on at least 60% of the diameter is 
coated with soft meta] or zinc spray with a minimum thickness of 1 mm. 

(4) Smaller radii may be Llsed for spiral ropes where justified by tests. 

NOTE: The locations of T, and T2 should be determined for the relevant load cases taking into account the 
movements of bearings and cables. 

6.3.2 Slipping of cables over saddles 

(l) To prevent slippages the following condition should be met: 

Inax ~ellM . .l1 (6.6) 

where and FEd? are the design values of the maximum and minimum force respectively on either side 
of the I§) saddle;@il 

jl is the coefficient of friction between cable and saddle; 

(1 is the angle in radians, of the cable passing over the saddle; 

Y~Ur is the partial factor for friction. 

NOTE: The partial factor )'1\1Ir may be in the National Annex. The value )'Mfr = 1 is recommended. 
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(2) If (1) is not satisfied, clamps should be provided to impart an additional radial clamping force Fr such 
that 

(6.7) 

where k is normally as 2,0 where there is full friction developed between the saddle grooves and the 
clamp and Fr does not exceed the resistance of the cable to clamping forces, see 6.3.3, other k = 
1,0; 

)i1,fr is the pmiial factor for friction resistance. 

(3) In determining Fr from preloaded bolts the following effects should be considered: 

a) long term creep; 

b) reduction of diameter if tension is increased; 

c) compaction/bedding down of cable or ovalisation; 

d) reduction of preload in clamp bolts by external forces; 

e) differential temperature. 

6.3.3 Transverse pressure 

(l)P The transverse pressure qEd due to the radial clamping force Fr shall be limited to 

q!:'d ~] 

ql<d 

F 
where qbl = d l ~2 and O,6d ~ d l ~ d, (for d

l 
see Figure 6.lb)); 

q =~ Nd 
~vl 

qRk is the limiting value of the transverse pressure which shall 

Yi'vLbed is the paIiial factor. 

determined from tests; 

(6.8) 

NOTE: For calculating qRd the pressure from FEcll need not be considered as it is covered by the rules in 6.3.1. 

(2) In the absence of tests the limiting values of the transverse pressure qRk should be obtained from Table 
6.4. 

NOTE 1: The use of the limiting values qRk with }'M.bcd = 1 
the breaking strength of the cable. 

should lead to a reduction of not more than 3 (j() of 

Table 6.4: Limiting values qRk 

Type of cable qRk [N/mm2] 

Steel clamps and saddles Cushioned clamps and saddles 
Fully locked coil rope 40 100 

Spiral strand rope 25 60 

NOTE 2: Cushioned clamps should have a 
thickness of I mm. 

of soft metal or sprayed zinc coating with a minimum 
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6.3.4 Design of saddles 

(I) Saddles should be designed for a cable force of k times the characteristic breaking strength 
cables. 

NOTE: The factor k may be specified in the National Annex. The value of k 1, J 0 is recommended. 

6.4 Clamps 

6.4.1 Slipping of clamps 

of the 

(1)P Where clamps transmit longitudinal forces to a cable and the parts (see Figure 6.2) are not 
mechanically keyed together, slipping shall be prevented by verifying 

where 

+ Fr )J1 
F':'d II :::; ---=--

Y'VLji' 

F is the component of external design load parallel to the cable; hd ll '-

F':d
ec 

is the component of the external design load perpendicular to the cable; 

Fr is the radial clamping force considered that may be reduced by items in 0(3); 

fl is the coefficient of friction; 

)'MJr is the partial factor for friction. 

NOTE 1: The partial factor }'MJr may be specified in the National Annex. YMJr = 1,65 is recommended. 

(6.9) 

NOTE 2: Fr may be increased or reduced external forces according to the manner in which they are applied 
to the cable clamp. 

6.4.2 Transverse pressure 

(1) The transverse pressure due to the application of the greater of FJ:(lec or F Hdec + Fr should meet the 

requirements of 6.3.3. 

6.4.3 Design of clamps 

(I) Clamps and their fittings connecting components such as hangers to a main cable should be designed 

for a notional force equal to 1,15 times the characteristic value of the proof strength @il Fk of the 
secondary components clamped, see Figure 6.2. 
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J hole for preloaded bolts 
2 preload Frfrom preloaded holts 

Figure 6.2: Clamp 
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NOTE: F k is not related to ULS. By the use of Fk design (see EN 1993-1-1, 1.5.8) is applied. 

7 Serviceabi lity I im it states 

7.1 Serviceability criteria 

(1) The following serviceability criteria should be considered. 

1. Deformations or vibrations: 

2. Elastic service conditions. 

NOTE 1: Limits for deformations or vibrations may result in a stiffness requirement governed by the structural 
system, the dimensions and the preloading of high strength tension components, and by the slipping resistance of 
attach men ts. 

NOTE 2: Limits to retain elastic behaviour and durability are related to maximum and minirnum values of 
stresses for serviceability load combinations. 

(2) Bending stresses in the anchorage zone may be reduced by suitable measures neoprene pads for 
transverse loading). 

7.2 Stress limits 

(1) Limiting stress may be specified for the characteristic load combination for the following purposes: 

to keep stresses in the elastic range for the relevant design situations during construction and in the 
service phase; 

to limit strains such that corrosion control measures are not affected, i.e. cracking of sheaths, hard fil1ers, 
opening of joints etc., and also to cater for uncertainty in the fatigue design; 

ULS verifications for linear and sub-linear structural response to actions. 

(2) Stress limits should be related to the breaking strength as follows: 

F 
(J'.=~ 

lIk A 
/1/ 

see equation (6.3). 

(7. l) 
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NOTE 1: The National Annex may values for stress limits and Recommended values for stress 
limits are given in Table 7.1 for the construction phase and for stress limits in Tahle 7.2 for service 
conditions. 

Table 7.1: Stress limits fconst for the construction phase 

Stage of installation .f~onst. 
First tension components for only a few hours 0,60 (Tuk 

After instalment of other tension components 0,55 (Tllk 

NOTE 2: The stress limits follow from 

_ 0,66 auk 
(7.2) 

rl<rr 

with )lR x J'I J ,0 x 1,10 = 1,10 for short lerln situations 

YR x J'r 1,0 x 1,20 1,20 for long term situations 

Table 7.2: Stress limits fSLS for service conditions 

Loadin~ conditions fSLS 

Fatigue design including bending stresses *) 0,50 (Tuk 

Fatigue design without bending stresses 0,45 (Tuk 

';') Bending stresses may be reduced by detailing measures, see~7.1(2).@J] 

NOTE 3: The stress limits follow from 

0,66 
(7.3) 

with ;'R x )'f: = xl = 1,33 with bending stresses 

ilR X )IF I ,0 x 1,48 = I without bending stresses 

where YF::::;)lQ = 1,50 1 A8 

NOTE 4: The stress limitfsLs = 0,45 (}uk is used for testing, see Annex A. 

8 Vibrations of cables 

8.1 General 

(1) For cables exposed externally (e.g. stay cables) any wind-induced vibrations during and after erection 
and their impact on safety should be checked. 

(2) Aerodynamic forces on the cable may be caused by: 

a) buffeting (from turbulence in the air flow) 

b) vortex shedding (from von Karman vortexes in the wake behind the cable) 

c) galloping (self induction) 

d) wake gal10ping (fluid-elastic interaction of neighbouring cables) 

e) interaction of wind, rain and cable 

24 

NOTE: Galloping is not possible on a cahle with a circular cross-section for symmetry reasons. This 
phenomenon may arise with cables where apparent shapes have altered, due to formation of layers of ice or dust. 
Forces due to c), d) and e) are a function of the motion of the cable (feedback) and are due to the ensuing 
aeroelastic instability leading to vibrations of large amplitudes starting at a critical wind speed. As the 
mechanism of dynamic excitation cannot yet be modelled with sufficient accuracy to make reliable predictions, 
measures should be provided to limit unforeseen vibrations. 
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(3) Cable vibrations may also be caused by dynamic forces acting on other parts of the structure (girder, 
pylon). 

NOTE: This phenomenon is often referred to as "parametric excilalion" and is responsible for large arnplilude 
vibrations where the eigen-frequency or the cable stays and the structure overlap. 

8.2 Measures to limit vibrations of cables 

(1) Structures supported by cables should be monitored for excessive vvind and rain induced vibrations 
either by visual inspection or other methods that allow a more accurate determination of their amplitudes, 
modes and frequencies. 

(2) In the design of a cable structure provisions should be made for instal1ing vibration controlling 
measures during or after erection. 

(3) Such measures may include: 

a) modification of cable surface (aerodynamic shape); 

b) damping devices; 

c) stabilizing cables tie-down cables with appropriate connections). 

8.3 Estimation of risks 

(1) Vibration of cables due to rain and wind should be prevented by design; this can involve utilising 
cable stays with texturing. 

(2) The risk of vibration increases with cable stay length. Short cable stays less than 70 m @J] to 80 m) 
generally impose no risk, except that in the case of a paI1icularly unstable structure (poorly shaped and 
t1exible deck) parametric resonance occurs. Dampers are therefore not needed for short cable stays. 

(3) For long cable stays with length greater than 80 ll1 provisions should be made for the installation of 
dampers to ensure that the critical damping ratio exceeds 0,5 %. Dampers may be dispensed with on the back 
span cable stays where it is unlikely to have any major displacement of the anchorage as the span is shol1. 

(4) The risk of parametric resonance should be assessed at the design stage by means of a detailed study 
of the IRi) eigen modes @lI of the structure and cable staY$ considering the ratio of angular frequencies 
and anchorage displacement for each mode. 

(5) Measures should be taken to avoid over1apping of frequencies, i,e. situations where the cable stay's 

frequency of excitation Q is within 20 % of the structure's frequency ~l or 2~1' If necessary, stability cables 
can be used to offset the modal angular frequencies of the cable stays. 

(6) For users comfort and safety, the amplitude of cable stay vibration should be limited using a response 
criterion such that with a moderate wind velocity of 15 m/s the amplitude of cable stay vibration should not 
exceed L1500, where L is the length of the cable. 

9 Fatigue 

9.1 General 

(1) The fatigue endurance of tension components in exposure classes 3, 4 or 5 to Table 2.1 should be 
determined using the fatigue actions from EN ) 99) and the appropriate category of structural detail. 

(2) Fatigue failLlre of cable systems uSLlal1y occurs at anchorages, saddles or clamps. The effective 
category of detail at these locations shoLlld preferably be determined from tests representing the actual 
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configuration used and reproducing any flexural effect or transverse stresses likely to occur in practice. The 
test evaluation should be carried out according to EN 1990 - Annex D. 

9.2 Fluctuating axial loads 

(1) In the absence of the tests described in 9.1 (2) above, fatigue strength curves and detail f'<.,t""fT/,r"",, may 
be obtained from 9.1 and Table 9.1, respectively. 

log~~ 

log N, 

Figure 9.1: Fatigue strength curves for tension components 

Table 9.1: Detail categories for fatigue strength according to EN 1993-1-9 

Group Tension cOlnponents Detail category L\()c [N/nlln2] 

A 1 Prestressing bars lOS 

B 
2 Fully locked coil rope with metal or resin socketing 150 
3 Spiral strands with metal or resin socketing 150 
4 Para]]el wire strands with epoxy socketing 160 

C 5 Bundle of parallel strands ]60 
6 Bundle of pm'allel wires ]60 

NOTE: The detail categories in Table 9.1 refer to exposure classes 3 and 4 according to Table 2. J. For axial and 
lateral fatigue actions (exposure class 5 according to Table 2.1) additional protective measures are required in 
order to minimise bending stresses. 

(2) The categories given in (J) are only valid when the following conditions apply: 

a) cables with sockets comply with the basic requirements in Annex A; 

b) the design of cables, saddles and clamps complies with 6; 

c) large aerodynamic oscillations of cables are prevented, see 8; 

d) adequate protection against corrosion is provided, see 4. 

(3) For assessments see EN 1993-1-9. 
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Annex A [informative] - Product requirements for tension components 

A.1 Scope 

(1) This annex gives the product requirements for tension components and their terminations to be used 
for buildings and civil engineering works. 

(2) The requirements are based on the specific use of the prefabricated tension component including 
environmental and loading conditions. 

(3) The following types of prefabricated tension components are covered: 

Group A: tension rod systems, bars; 

Group C: bundle of parallel wires, bundle of bars, bundle of parallel strands. 

A.2 Basic requirements 

(1) Tension components should comply with the following criteria: 

I. strength and ductility of the cable system and its termi nations; 

2. fatigue resistance due to axial load fluctuation, bending stresses, angular deviations caused by catenary 
effects, wind forces and erection imperfections; 

3. stable condition of axial and flexural stiffness of the cable system by guaranteed pre-stretching); 

4. protection of cable and anchorages against corrosion; 

5. resistance to fretting at any contact between steel parts. 

(2) Terminations and anchorages of the tension components should be designed such that: 

1. the ultimate resistance of the tension component would be reached before any yielding or other permanent 
deformation of the anchoring or any bearing elements would occur; 

2. their fatigue resistance exceeds that of the components; 

3. facilities for adjustment of the component length are provided to meet the requirements for preload, 
geometrical tolerances etc.; 

4. sufficient articulation is provided in the anchorage to cater for manufacturing and erection imperfections; 

5. the tension components can be replaced. 

(3) The above requirements should be met by: 

appropriate choice of materials for wires, strands, steels and protective coatings; 

choice of the form of construction in respect of strength, stiffness, ductility, durability and robustness for 
manufacturing, transpOll, handling and installation; 

quality control of accurate fitting of the end termination to ensure the correct alignment of tension 
component in service. 

(4) The compliance of the above requirements should be verified by testing as part of an appropriate 
quality management system. 

A.3 Materials 

(1) All materials used should comply with the relevant European technical specifications. 

(2) The suitability of the cOlTosion protection system including the durability of fillers and protection 
materials should be proved by appropriate testing. 
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NOTE: The testing may prove the following: 

protection agents (chemicals, stress corrosion cracking, UV); 

water tightness (flexibility and durability v./hen cable hends); 

durability of colour (if required). 

A.4 Requirements for tests 

A.4.1 General 

(I) The fol1owing tests on wire, strands, bars and complete tension components should ensure that they 
perform as required. 

Fke and F like should be determined in a static tension test. If required for cutting to length 
3.4) and structural analysis (see 5)) the test should follow the predicted stress profile of the cable in the 

structure for measuring all relevant data. 

(3) To determine the fatigue strength curve, where required, a representative number of axial tests should 

be carried out at = 0,45auk 7.2(2» with different values of I1F, see Table A.4.I. 

NOTE: The fatigue testing should be carried out under load control and not under extension control. 

2 

Table A.4.1 : Testing requirements for fatigue 

Type of test 

axial test 

(class 3 and 

axial and 
flexural test 

5) 

Fati ue loading before fracture test 

a,'lIp = 0,45allk 

l1a according to 
l1a = 0 
n = 2xl06 c cles 

O"SliP = 0,45auk 

in Table 9.1 

l1a according to l1ac given in Table 9.1 
l1a = 0 10 milli radians 

(0 0,7 degrees) 

n = 2x 106 cycles 

(4) If the tension component is to be subjected to fatigue loading and the fatigue resistance is verified 
according to 9.2(2) at least one test for each diameter of the component should be undertaken. It should be 
checked that in an axial test with aslip = 0,45 auk and 110" 1 l1ac (see Table 9.1) the number of broken 

wires after 2.106 cycles is less than 2% of the total. No failure should occur in the anchorage material or in 
any component of the anchorage during the fatigue tests. No failure is acceptable for bars. 

(5) If the round-out radius at the entrance of the cable in the socket is less than 30d (see Figure 6.1) the 

tests as described in (2) and (3) should be undertaken with l1abeing governed by the round-out radius. 

(6) After fatigue loading, the test specimen should be loaded to fracture and should develop a minimum 
tensile force equal to 92% of the actual tensile strength of the cable or 95% of the minimum ultimate tensile 
strength of the cable, whichever is greater. The strain under this load should not be less than 1,5%. 

(7) Fatigue tests in accordance with EN 10138 should be carried out on single strands, wires or bars taken 
from samples of each manufactured length of tension components. 
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(1) Wires coated in zinc or zinc alloy should be tested in an approved testing machine. 

A.4.2.2 Strands 

(1) Tests should be carried out for tensile strength, 0,] % proof strength and elongation according to 
EN 10138. 

A.4.2.3 Bars 

(1) Tests should be carried out for tensile strength, 0,1% proof strength and elongation according to 
EN 10]38. 

A.4.3 Strands and complete cables 

(1) If different sizes of one type of strand or ropes are used at least 3 representative tests should be carried 
out. Cables should be tested with all load-bearing components attached to them and the test load should be 
applied in the same way as in the structure. 

A.4.4 Coefficient of friction 

(1) If the coefficient of friction between the strands and saddles, clamps etc. is determined by the 
following should be taken into account: 

the effects of axial loads on the diameter of the strands; 

the creep due to transverse preloading (on filler material and zinc coating). 

(2) In the evaluation of the test results account should be taken of the fact, that friction can be either 
beneficial or adverse depending on the effect being considered. 

A.4.S Corrosion protection 

A.4.S.1 Waterproofil1g 

(1) The durability of the cable system should be verified using "accelerated ageing" in which the cycles of 
axial loads and bending and temperatures can be simulated. The test should be carried out for a 
representative section of the complete lower end of the cable including anchoring devices, stay pipe etc. 

NOTE: Details for tests may be given in the National Annex. 

A.4.S.2 Corrosion protection barriers 

NOTE: Details for tests, c.g. salt fog tests, may be given in the National Annex. 
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Annex B [informative] - Transport, storage, handling 

(1) Spiral strands and fully locked coil cables are supplied in either coils or on reels. 

To keep the out cover wires in lay the minimum diameter of the reel should not be less than 30 times 
the rope diameter of fully locked coil ropes, 24 times the rope diameter of spiral strand ropes and 16 times 
the diameter of strand ropes. 

NOTE: The minimum diameter depends on the protection system, storage time and temperature. Caution 
should be taken when unreeling at temperatures below 5°C. 

(3) If cables are stored in coils each coil should be properly ventilated (no direct ground contact) to 
prevent any formation of white blister whkh may be caused by condensation or moisture. 

(4) Cables should be handled with utmost care during installation. Coils require a turntable for horizontal 
unreeling. 

(5) Cables should not: 

have their serving removed before they have been installed; 

be bent through a radius smaller than 30 x cable diameter; 

be pulled across sharp edges; 

be neither twisted or untwisted (observe cable marking line). 

(6) Tension components should be monitored and inspected during working life for deviations to design 
conditions, corrosion and damage. 

NOTE: The National Annex may give further guidance on monitoring and inspections. 
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Annex C [informative] - Glossary 

NOTE: See EN 12385, Part 2. 

C.1 Products Group A 

Tension rod systenl 

C.2 Products Group B 

Spiral strand rope 

d, d;; --
Construction ] x 19 1 x 37 
Diameter d, [mm] 3 to 14 6 to 36 
Strand 1 I 
Wire per strand 19 37 
Outer wire per strand 12 18 
Nominal metallic area factor C 0,6 0,59 
Breaking force factor K 0,525 0,52 

--:--::tP;11 , •.. '·'P 

--~ ..... ,I _ .· 

I 
i 

Construction 6 x 19 - CF 6 x 19 - CWS 
Diameter d, [mm] 6 to 40 6 to 40 
Strand 6 6 
Wire per strand 18 18 
Outer wire per strand ]2 12 
Nominal metall ic area factor C 0,357 0,414 
Breakin a force factor K 0,307 0,332 

ds 

I x 61 
20 to 40 

61 
24 

0,58 
0,51 

BS EN 1993-1-11: 2006 
EN 1993-1-11: 2006 (E) 

I x 91 
30 to 52 

91 
30 

0,58 
0,51 

6 x 36WS - CF 6 x 36 ws- CWR 
6 to 40 6 to 40 

6 6 
36 36 
14 14 

0,393 0,455 
0,329 0,355 
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Construction 1 layer Z-wires ~ 3 layer Z-wires 
Diameter ds '-111m I 20 to 40 40 to 180 
Tolerance for d, +5% +5% +5% 
Nominal metallic area factor C 0,636 0,660 0,700 
Breaking force factor K 0,585 0,607 0,643 
NOTE: Nominal melallic area factor and breaking force factor acc. EN 12385-2. 

C.3 Wire rope end connectors 

Wire rope end connectors - lVletal or resin socketing acc. EN 13411-4 

Open spelter socket =~:__ ~ 

~-~--- ~ Cylindrical socket ... 

Conical socket with 
internal thread and 

tension rod 

Cy1indrical socket 
with external thread 

and nut 

Cylindrical socket 
with i nterna] and 

external thread and 
nut 

Cyli ndrical socket 
with internal thread 

and tension rod 
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Wire ro e end connectors swaged 

Open swaged 
socket 

Closed swaged 
socket 

Swaged fitting 
with thread 

Thimble with 
swaged aluminium 

ferrule acc. 
EN 13411-3 

U-bolt grip acc. 
EN 13411-5 

~==*--------{-- $~j 

C.4 Product Group C 

Bare strands, PE- or e ox -coated strands 
Live end anchorage Live end anchorage 

Anchorage with wedges and postgrouted bond socket - bare strands, PE- or epoxy-coated strands 

- - - - .. ::-~~~~ 
Anchorage with wedges and sealing plates - PE-coated strands 

I - r~i::~,~'F"~~~~====r==; ~~~~.~ ..... ~ir=~:' -T=-=~-- -11-1 . ~co" .. .. --~_p 

Anchorage with wedges and wax filled transition pipe - PE-coated strands 
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Wires 
Live end anchorage I Li ve end anchorage 

Anchorage with wires and compound filled socket 
~"~I 

!'1; 
';,;,,:,~::-

Anchorage with wires and button heads fi11ed with epoxy resin 
-r=1-1 

1L5 1 I :1 

Bars 
Li ve end anchorage I Live end anchorage 

Anchorage with sing1e bar 
~~:I 

;_.J 
Anchorage with multiple bars and steel sheathing, grouted 

~ill 

~IJ 
Ii 

'0 '0 il! - i I II ! o 000 ~L 
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This European Standard EN 1993-1-12, "Eurocode 3: Design of steel structures: Part 1-12: Additional 
rules for the extension of EN 1993 up to steel grades S 700", has been prepared by Technical Committee 
CEN/TC250 « Structural Eurocodes », the Secretariat of which is held by BSI. CEN/TC250 is responsible 
for all Structural Eurocodes. 

European Standard shall be given the status of a National Standard, either by publication of an 
identical text or by endorsement, at the latest by August 2007, and conflicting National Standards shall be 
withdrawn at latest by March 2010. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement this European Standard: Austria, Belgium, Bulgaria, Cyprus, 
Czech Republic, Denmark, Estonia, Finland, France, Gernlany, Greece, Hungary, Iceland, Ireland, Italy, 
Latvia, Lithuania, Luxembourg, Malta, Netherlands, NOlway, Poland, P0l1ugal, Romania, Slovakia, 
Slovenia, Spain, Sweden, Switzerland and United Kingdom. 

National annex for EN 1993-1-12 

This standard gives altc1l1ativc procedures, values and reconul1endations with notes indicating where 
national choices may have to be made. Therefore the National Standard implementing EN 1993-1-12 
should have a National annex containing all Nationally Determined Parameters to be used for the design 
of steel structures to be constructed in the relevant country. 

National choice is allowed in EN 1993-1 12 through: 

2.1 (3.1(2)) 

2.1 (3.2.2(1)) 

2.1 (5.4.3(1)) 

2.1 (6.2.3(2)) 

2.8 (4.2(2)) 

3 (1) 

1 General 

1.1 Scope 

(1) EN 1993-1-12 gives rules that can be used in conjunction with parts 

EN1993-1-1 

EN 1993-1-2 

EN 1993-1-3 

EN 1993-1-4 

EN 1993-1-5 

EN 1993-1-6 

EN 1993-1-7 

EN 1993-1-8 
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EN 1993-1-9 

EN \993-1-10 

EN 1993-1-11 

EN 1993-2 

EN 1993-3-.1 

EN ] 993-3-2 

EN 1993-4-J 

EN 1993-4-2 

EN ] 993-4-3 

EN 1993-5 

EN 1993-6 

to enablc stcel structures to be designed with steel of grades greater than S460 up to S700. 

(2) Where it is necessary to alter a rule in other P31ts to enable up to S700 to be used, it is stated what 
necds to be done, either by noting that a rule is not to be used with steel grades greater than S460, then 
giving the one that is required, or by giving an additional rule or rules. 

1.2 Normative references 

(I) This European Standard incorporates, by dated or undated reference, prOVISIOns from other 
publications. These normative references are cited at the appropriate places in the text and the 
publications are listed hereafter. For dated refcrences, subsequent amendillents to or revisions of any of 
these publications apply to this European Standard only when incorporated in it by amendment or 
revision. For undated referenccs the latest edition of the publication referred to applies. 

EN 499 Utelding conslIInables - Covered electrodes for manual rnetal arc tvelding of non alloy and fine 
grain steels Class [fication 

EN 10025-6 Hot rolled products of structural steels - Part 6: Technical delivelY conditions for flat 
products ofhigh yield strength structural steels in the quenched and tempered condition 

E1\ 10149-1 Hot-rolled flat products made of high yield strength steels 
General delivery conditions 

cold forming Part 1: 

EN 10149-2 Hot-rolled flat prodlfcts made of high yield strength steels for cold forming - Part 2: 
DelivelY conditions for thermomechanically rolled steels 

EN 12534 IIVelding conslfInables IVire electrodes, }vires, rods and deposits for gas shielded metal arc 
J,velding o.lhigh strength steels Classification 

EN 12535 lYe/ding cOl1sumables Tubular cored electrodes for gas shielded metal arc welding 0.[ high 
strength steels Class(flcatio/J 

1.3 Symbols 

(I) Symbols used in this standard are defined in the standards refened to. 
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2 Additional ru les to EN 1993-1-1 to EN 1993-1-11 

2.1 Additional rules to EN 1993-1-1 

3.1(2) Additional note: 

NOTE Thc National Annex may specify steel grades greater than S460 up to S700 for general lise or for 
use in specific applications. The in Tables) and 2 and the nominal values that may be used for their 
yield strengths and ~ ultimate tensile strength @J] are recommcnded for usc, provided that the rules in this 
Part 1.12 are follovved. 

Table 1 Nominal values of yield strength,h, and ultimate tensile strengthj;1 for hot rolled 
structural steel 

ENI0025-6 Nominal thickness of the element t 111111 
Steel grade and t~50 mm 50 m111<t~100 mm 1 00 mm<t~ t 50 ml11 

qualities f~ [N/mm2] .1:1 [N/mm2] f~ [N/mm2] III [N/mm2] .I~ [N/mm2] .1:1 [N/mm~] 
S 500QIQL/QLl 500 590 480 590 440 540 

S550Q/QLI~ 550 640 530 640 490 590 
S 620QIQL/Q 620 700 580 700 560 650 
S 690QIQL/QLl 690 770 650 760 630 710 

Table 2 Nominal values of yield strength fy and ultimate tensile strength J~I for hot rolled 
flat products. 

EN 10149-2a) 1,5 111m t 8mm 8111m t 16 mm I 

h, III .I~I 
• [N/mm"'] [N/1111112] [N/mnl] [N/mm2] 

S 500MC 500 550 500 550 
S 550MC 550 600 550 600 
S 600MC Roo 650 600 650 
S 650MC 650 700 630 700 
S 700MC 700 750 680 750 
a) Verification of the impact energy in accordance with EN 

10149-1 Clause 11, Option 5 should be specified. 

3.2.2(1) Additional note: 

NOTE The limiting values of the ratio 
greater than S460 up to S700 may be defined 

the elongation at failure and the ultimate strain ell for steels 
the National Annex. The following values are recommended: 

- ///;,?:. ] ,05; 

- elongation at failure not less than 10 %; 

Cu 15//E. 

3.2.2(2) Additional notes: 

NOTE 1 Steels with grades greater than S460 up to S700 conforming to one of the steel 
Tables 1 and 2 should be accepted as satisfying these requirements. 

listed in 

NOTE 2 The ability of a steel structure to absorb deformation is related to both the elongation and the 
toughness properties of its constituent steel products. The global performance required depends on the 
anticipated deformations. The local performance required depends on the details used. Due to higher stress 
levels, structures of steels according to Tables 1 and 2 require special care in both the control of deformations 
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and in detailing to avoid notches and other stress concentrations. The global analysis should consider 
imposcd deformations where relevant. 

5.4.1 (3) Additional rule: 

Not applicable to steels with grades greater than S460 up to S700. 

5.4.1 (4)B Additional rule: 

Not applicable to steels with grades greater than S460 up to S700. 

5.4.3(1) Additionallule: 

For steels of grades greater than S460 up to S700, the global analysis using non-linear plastic analysis 
considering p311ial plastification of members in plastic zones only, applies. 

NOTE: The National Annex may specify additional rules for steels according to Tables 1 and 2. Rules for 
design with FEM are given in Informative Annex C of EN 1993-1-5. 

6.2.3(2) Additional I1Jle: 

For steels with grades greater than S460 up to S700 the design resistance of a net section should be taken 
as 

N f,Rd 

O,9Anef.fl 

rMI2 

(6.7a) 

where 1M 12 is the partial factor for net section resistance for steels with grades greater than 
S460 up to S700. 

NOTE: The National Annex may specify the value of )i112. The value {5.,112 Ji12 1,25 is recommended. 

6.2.3(3) Additional rules: 

Steels with grades greater than S460 up to S700 should not be used for applications where capacity design 
is required. 

Table 6.2 Additional rule: 

The rules for S 460 also apply for steels with grades greater than S460 up to S700. 

2.2 Additional rules to EN 1993-1-2 

The standard is applicable to steels with grades greater than S460 up to S700 without further additional 
lules. 

2.3 Additional rules to EN 1993-1-3 

The standard is applicable to steels with grades greater than S460 up to S700 without fmiher additional 
rules. 

2.4 Additional rules to EN 1993-1-4 

EN 1993-1-4 is not applicable. 
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The standard is applicable to steels with grades greater than S460 up to S700 without further additional 
rules. 

2.6 Additional rules to EN 1993-1-6 

Annex B is not applicable to stcels with grades greater than S460 up to S700. 

2.7 Additional rules to EN 1993-1-7 

The standard is applicable to steels with grades greater than S460 up to S700 without further additional 
rules. 

2.8 Additional rules to EN 1993-1-8 

1.1(1) Additional rules: 

EN 1993-1-8 Inay be applied also to steels with grades greater than S460 up to S700 if the following 
additional rules are applied. 

3.6.1(1) For steels with grades greater than S460 up to S700 and bolts loaded in shear in oversize and 
slotted holes should only be used for category C connections. 

3.10.3(2) Not applicable to steels with grades greater than S460 up to S700. 

3.10.4 Not applicable to steels with grades greater than S460 up to S700. 

3.12(2) This clause also applies to connections in stecls with grades greater than S460 up to S700. 

4.2(2) Additional rule: 

For steels with grades greater than S460 up to S700 the filler metal n1ay have lower strength than the base 
Inaterial. 

NOTE The National Annex may gi ve restrictions for the lise of such undermatched electrodes. 

4.5.3.2(6) Additional rule: 

For under matched electrodes that are used for steels with grades greater than S460 up to S700 ~ Iu 
should be substituted with the ultimate strength of the filler metal feu according to Table 3 for electrodes 
according to EN 499, EN 12534 and EN 12535. J3w @il should be taken as 1,0. 

Table 3 UItinlate strength.l~u of electrodes 

Strength class 
Ultimate strength feu N/l111112 

4.7.1(1) Additional rule: 

The resistance of welded connections with undennatched electrodes with steel grades greater than S460 
up to S700 should be based on the strength of the filler metal. 
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4.1 t Additional rule: 

For steel grades greater than S460 up to S700 longitudinal fillet welds in lap joints with steel grades 
than S460 up to S700 should not be longer than 500 unless the non-unifonn stress distribution is 

taken into account in the design. 

5.1.3 Not applicable to steels with grades greater than S460 up to S700. 

5.1.4 Not applicable to steels with grades greater than S460 up to S700. 

5.2.2.4 Not applicable to steels with grades greater than S460 up to S700. 

6 Additional rules: 

The rules for semi-rigid joints are not applicable for steels with grades greater than S460 up to S700. If 
non-linear plastic global analysis considering the partial plastification of members in plastic zones is used, 
connections between members [§) should only be on the basis of full-strength joints. If elastic global 
analysis is used, connection with partial-strength joints may be used, provided that the resistance of 
joints exceeds the design values of the internal forces and moments @j] in the connected elements. In 
both cases the resistance of joints should be detennined based on elastic distribution of forces over the 
components of a joint. 

6.2.6.9 to 6.2.6.12 Additional rules: 

The rules for column bases may only be used for steel grades greater than S460 up to S700, provided that 
the bolt failure mode is decisive for verification of base plates in bending on the tension side of 
connections and an elastic distribution of forces in anchor bolts is used. 

7.1. 1(4) Additional rule: 

For steels with grades greater than S460 up to S700 the reduction factor is 0,8. 

2.9 Additional rules to EN 1993-1-9 

8(1) Additional rule: 

For hybrid girders made of steel with flange greater than S460 up to S700 the limitation 

~(j:::; l,~f~r should be applied, where j~f is the yield strength of the flange. @l] 

2.10 Additional rules to EN 1993-1-10 

2.3.2(1) Additional rule: 

Table 4 may also be used to detenl1ine the maximum permissible element thickness for steel grades 
greater than S460 up to S700. 

8 

NOTE 1 Linear interpolation can be used in applying Table 4. Most applications require (JEd values between 

(JEd = 0, 75f~, (t) and (JEd = 0, 50f~ (t) . (JEd 0, 25f~ (t) is given for interpolation purposes. 

Extrapolations beyond the extreme values are not valid. 

NOTE 2 For ordering products made of steels according to Table 4 the TJ values should be specified. 

NOTE 3 [§) Table 4 @l] has been derived for the guaranteed Charpy energy values CVN in the direction of the 
rolling of the product. 
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Table 4 - Maximum permissible values of element thickness t in nlnl 

Steel 
Subgrade 

Charpy 
grade 

Oi::d 

EN 10025-6 
S500 Q 0 40 55 20 IS 15 55 

Q -20 30 20 15 65 
QL -20 40 30 20 80 
QL -40 30 35 

QLl -40 40 200 200 195 170 145 125 105 
QLl -60 30 70 205 200 200 195 170 145 125 

S550 Q 0 40 50 35 30 25 140 120 10 60 50 
Q -20 30 60 50 40 45 3S 30 160 140 120 85 75 60 

-20 40 60 50 25 55 45 35 185 160 140120 100 85 75 
-40 30 30 65 55 45 200 185 160.140 120 100 85 

QLl -40 40 II 90 75 60 50 40 65 
QLI -60 30 13 110 90 75 60 50 80 

S620 Q 0 40 45 35 25 ] 5 25 45 
Q -20 30 55 45 35 55 

QL -20 40 65 55 45 65 
QL -40 30 80 65 55 80 

QLl -40 40 100 80 65 
QLl -60 30 120 100 80 

S690 Q 0 40 40 
Q -20 30 50 

QL -20 40 60 75 
QL -40 30 75 25 

QLI -40 40 90 30 
QLl -60 30 40 

E~ 10149-2 
S500 Me -20 80 65 55 45 35 30 20 125 105 90 80 
S550 Me -20 75 60 50 40 30 25 20 75 
S600 Me -20 70 55 45 35 30 20 15 80 70 
S650 Me -20 65 50 40 30 25 20 15 75 65 
S700 Me -20 60 45 35 30 25 20 15 70 60 

2.11 Additional ru les to EN 1993-1-11 

The standard is applicable to steels with greater than S460 up to S700 without further additional 
rules. 

3 Additional rules to application parts EN 1993-2 to EN 1993-6 

(l) The design rules in the application pm1s EN 1993-2 to EN 1993-6 can also be appl ied to steels with 
grades greater than S460 up to S700. 

NOTE The National Annex to this Part may limit the range of applicable 
EN1993-6. 

of steel for EN 1993-2 to 
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Foreword 

This European Standard EN 1993-3-1, Eurocode 3: Design of steel structures: Part 3.1: Towers, masts and 
chimneys Towers and masts, has been prepared by Technical Committee CEN/TC250 «Structural 
Eurocodes », the Secretariat of which is held by BSl. CEN/TC2S0 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by April 2007 and conflicting National Standards shall be withdrawn 
at latest by March 20 I O. 

This Eurocode supersedes ENV 1993-3-1. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement this European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia. Slovenia, Spain, 
Sweden, Switzerland and United Kingdom. 

Background of the Eurocode programme 

In 1975, the Commission of the European Community decided on an action programme III the field of 
construction, based on article 9S of the Treaty. The objective of the programme was the elimination of 
technical obstacles to trade and the harmonisation of technical specifications. 

Within this action programme, the Commission took the initiative to establish a set of harmonised technical 
rules for the design of construction works which, in a first stage, would serve as an alternative to the national 
rules in force in the Member States and, ultimately, would replace them. 

For fifteen years, the Commission, with the help of a Steering Committee with Representatives of Member 
States, conducted the development of the Eurocodes programme, which led to the first generation of 
European codes in the 1980s. 

In 1989, the Commission and the Member States of the EU and EFTA decided, on the basis of an agreement I 
between the Commission and CEN, to transfer the preparation and the publication of the Eurocodes to the 
CEN through a series of Mandates, in order to provide them with a future status of European Standard (EN). 
This 1inks de facto the Eurocodes with the provisions of all the Council's Directives and/or Commission's 
Decisions dealing with European standards (e.g. the Council Directive 89/1 06/EEC on construction products 
- CPD - and Council Directives 93/37/EEC, 921S0lEEC and 89/440/EEC on public works and services and 
equivalent EFTA Directives initiated in pursuit of setting up the internal market). 

The Structural Eurocode programme comprises the following standards generally consisting of a number of 
Parts: 

EN 1990 Eurocode 0: 

EN 1991 Ellrocode 1: 

EN ]992 Eurocode 2: 

EN 1993 Eurocode 3: 

EN 1994 Eurocode 4: 

EN 1995 Eurocode 5: 

EN 1996 Eurocode 6: 

EN ]997 Eurocode 7: 

Basis of structural design 

Actions on structures 

Design of concrete structures 

Design of steel structures 

Design of composite steel and concrete structures 

Design of timber structures 

Design of masonry structures 

Geotechnical design 

J Agreement between the Commission of the European Communities and the European Committee for Standardisation 
(CEN) concerning the work on EUROCODES for the design of building and civil engineering works 
(BCICEN/03/89). 
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EN 1998 Eurocode 8: Design of structures for ealthquake resistance 

EN 1999 Eurocode 9: Design of aluminium structures 

Eurocode standards recognise the responsibility of regulatory authorities in each Member State and have 
safeguarded their right to determine values related to regulatory safety matters at national level where these 
continue to vary from State to State. 

Status and field of application of Eurocodes 

The Member States of the EU and EFTA recognise that Eurocodes serve as reference documents for the 
following purposes: 

as a means to prove compliance of building and civil engineering works with the essential requirements 
of Council Directive 891106/EEC, particularly Essential Requirement N°l - Mechanical resistance and 
stability and Essential Requirement N°2 Safety in case of fire; 

as a basis for specifying contracts for construction works and related engineering services; 

as a framework for drawing up harmonised technical specifications for construction products (ENs and 
ETAs) 

The Eurocodes, as far as they concern the construction works themselves, have a direct relationship with the 
Interpretative Documents2 referred to in Article 12 of the CPD, although they are of a different nature from 
harmonised product standard3

. Therefore, technical aspects arising from the Eurocodes work need to be 
adequately considered by CEN Technical Committees and/or EOTA Working Groups working on product 
standards with a view to achieving a full compatibility of these technical specifications with the Eurocodes. 

The Eurocode standards provide common structural design rules for everyday use for the design of whole 
structures and component products of both a traditional and an innovative nature. Unusual forms of 
construction or design conditions are not specifically covered and additional expert consideration will be 
required by the designer in such cases. 

National Standards implementing Eurocodes 

The National Standards implementing Eurocodes will comprise the full text of the Eurocode (including any 
annexes), as published by CEN, which may be preceded by a National title page and National foreword, and 
may be fo11owed by a National annex (informative). 

The National Annex (informative) may only contain information on those parameters which are left open in 
the Eurocode for national choice, known as Nationally Determined Parameters, to be used for the design of 
buildings and civil engineering works to be constructed in the country concerned, i.e. : 

values for partial factors andlor classes where alternatives are given in the Eurocode, 

values to be used where a symbol only is given in the Eurocode, 

geographical and climatic data specific to the Member State, e.g. snow map, 

the procedure to be used where alternative procedures are given in the Eurocode, 

references to non-contradictory complementary information to assist the user to apply the Eurocode. 

According to Art. 3.3 of the CPD, the essential requirements (ERs) should be given concrete form in interpretative 
documents for the creation of the necessary links between the essential requirements and the mandates for hENs and 
ETAGs/ETAs. 
According to Art. 12 of the CPD the interpretative documents should: 
a) give concrete form to the essential requirements by harmonising the terminology and the technical bases and 

indicating classes or levels for each requirement where necessary; 
b) indicate methods of correlating these classes or levels of requirement with the technical specifications, e.g. 

methods or calculation and of proof, technical rules for project design, etc. ; 
c) serve as a reference for the establishment of harmonised standards and guidelines for European technical 

approvals. 
The EUJ"Ocodes, de facto, playa similar role in the field of the ER I and a part of ER 2. 
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Links between Eurocodes and product harmonized technical specifications (ENs 
and ETAs) 

There is a need for consistency between the harmonised technical specifications for construction products 
and the technical rules for works4

. Furthermore, all the information accompanying the CE Marking of the 
construction products which refer to Eurocodes should clearly mention which Nationally Determined 
Parameters have been taken into account. 

Additional information specific to EN 1993 .. 3 .. 1 and EN 1993-3-2 

EN 1993-3 is the third part of six parts of EN 1993 - Design of Steel Structures - and describes the principles 
and application rules for the safety and serviceability and durability of steel structures for towers and masts 
and chimneys. Towers and masts are dealt with in Part 3-1 ; chimneys are treated in Part 3-2. 

EN 1993-3 gives design rules in supplement to the CTPl'1prllf' rules in EN ] 993-] . 

EN 1993-3 is intended to be used with Eurocodes EN 1990 - Basis of design, EN 1991 - Actions on 
structures and the parts I of EN 1992 to EN 1998 when steel structures or steel components for towers and 
masts and chimneys are referred to. 

Matters that are already covered in those documents are not repeated. 

EN 1993-3 is intended for use by 

committees drafting design related product, testing and execution standards; 

clients (e.g. for the formulation of their specific requirements); 

designers and constructors; 

relevant authorities. 

Numerical values for partial factors and other reliability parameters in EN 1993-3 are recommended as basic 
values that provide an acceptable level of reliability. They have been selected assuming that an appropriate 
level of workmanship and quality management applies. 

Annex B of EN 1993-3-] has been prepared to supplement the provisions of EN 1991-1-4 in respect of wind 
actions on lattice towers and guyed masts or guyed chimneys. 

As far as overhead line towers are concerned a11 matters related to wind and ice loading, loading 
combinations, safety matters and special requirements (such as for conductors, insulators, clearance, etc.) are 
covered by the CENELEC Code EN 50341, that can be referred to for the design of such structures. 

The strength requirements for steel members given in this Part may be considered as 'deemed to satisfy" 
rules to meet the requirements of EN 50341 for overhead line towers, and may be used as alternative criteria 
to the rules in that Standard. 
Part has been prepared in collaboration with Technical Committee CENtrC standing 
chimneys. 

Provisions have been included to allow for the possible use of a different partial factor for resistance in the 
case of those structures or elements the design of which has been the subject of an agreed type testing 
programme. 

See Art.3.3 and Art. I 2 of the CPD, as well as clauses 4.2, 4.3.1, 4.3.2 and 5.2 of ID I. 
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This standard gives alternative procedures, values and recommendations for classes with notes indicating 
where national choices may have to be made. Therefore the National Standard implementing EN 1993-3-1 
should have a National Annex containing all Nationally Determined Parameters to be used for the design of 
buildings and civil engineering works to be constructed in the relevant country. 

National choice is allowed in EN 1993-3-1 through paragraphs: 

2.1.1 (3)P 

2.3. J (1) 

2.3.2(1 ) 

2.3.6(2) 

2.3.7(1) 

2.3.7(4) 

I) 

2.6( I) 

4.1 (I) 

4.2(1 ) 

5.1 (6) 

S.2.4( I) 

6.1 (1) 

6.3.1(1) 

6.4.1(1) 

6.4.2(2) 

6.5.1 (I) 

7.] (J) 

9.5(1 ) 

A.I(I) 

A.2( I)P (2 places) 

B.l.I(I) 

B.2.I.] (5) 

B.2.3( I) 

~ Text deleted 

B.3.2.2.6(4) 

B.3.3(l) 

B.3.3(2) 

B.4.3.2.2(2) 

B.4.3.2.3( I) 

B.4.3.2.8.1 (4) 

C.2(I) 

C.6.( I) 

~ D.l.1 (2) @j] 

D.I.2(2) 

D.3(6) (2 places) 
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- DA.I(I) 

- DA.2(3) 

- DA.3( 1) 

DAA( 1) 

FA.2.1 (1) 

FA.2.2(2) 

G.I(3) 

- H.2(5) 

- H.2(7) 
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1 General 

1.1 Scope 

1.1.1 Scope of Eurocode 3 

See l.l.1 of EN 1993-1 1. 

1.1.2 Scope of Part 3.1 of Eurocode 3 

(]) Thi s Part 3.1 of EN 1993 appl ies to the structural design of lattice towers and guyed masts and to the 
structural design of this type of structures supporting prismatic, cylindrical or other bluff elements. 
(gj) Provisions for self-supporting and guyed cylindrical and conical towers and chimneys are given 
in Part 3.2 of EN 1993. Provisions for the guys of guyed structures, including guyed chimneys, are given 
in EN ] 993-] ] 1 and supplemented in this Part. 

(2) The provisions in this Pal1 of EN 1993 supplement those given in Part L 

(3) Where the applicability of a provision is limited, for practical reasons or due to simplifications, its 
use is explained and the limits of applicability are stated. 

(4) This Part does not cover the design of polygonal and circular lighting columns, which is covered in 
EN 40. Lattice polygonal towers are not covered in this Part. Polygonal plated columns (monopoles) may 
be designed using this Part for their loading. Information on the strength of such columns may be obtained 
from EN 40. 

(5) This Part does not cover special provisions for seismic design, which are given in EN 1998-3. 

(6) Special measures that might be necessary to limit the consequences of accidents are not covered in 
this Part. For resistance to fire, reference should be made to EN 1993-1-2. 

(7) For the execution of steel towers and masts, reference should be made to EN 1090. 

NOTE: Execution is covered to the extent that is necessary to indicate the quality of the construction 
materials and products that should be lIsed and the standard of workmanship on site needed to comply with the 
assumplions of the design rules. 

1.2 Normative references 

The following normative documents contain provlslOns which, through reference in this text, constitute 
provisions of this European Standard. For dated references, subsequent amendments to, or revisions of, any 
of these publications do not apply. However, parties to agreements based on this European Standard are 
encouraged to investigate the possibility of applying the most recent editions of the normative documents 
indicated below. For undated references, the latest edition of the normative document referred to applies. 

EN 40 

EN 365 

EN 795 

EN 1090 

EN ISO 146] 

Lighting columns 

Personal protective eqllipment against falls from a height. General requirements for 
instructions for use, maintenance, periodic examination, repair, marking and packaging 

Protection againstfallsfrom a height. Anchor devices. Requirements and testing 

Ex:ecutioll «{steel structures CInd alllminium structllres 

Hot dip galvaniz.ed coatings Oil fahricated iron and steel articles. Spec(fications and test 
methods 

EN ISO 147 J 3 Protection againsl corrosion iroll and ,"deel ill strllctures. Zinc and aluminium coatings. 
Guidelines 

ISO 12494 Atlllospheric icing of strllctures 

EN ISO 12944 Corrosion protection (d'steel strllctures by protective paint systenL)'. 
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1.3 Assumptions 

(1) See 1.3 of EN 1993-1-1. 

1.4 Distinction between principles and application rules 

(1) See 1.4 of EN 1993-1-1. 

1.5 Terms and definitions 

(1) The terms and definitions that are defined in EN 1990 clause 1.5 for common use in the Structural 
Eurocodes apply to this Part 3.1 of EN 1993. 

(2) Supplementary to Part 1 of EN 1993, for the purposes of this Part 3.1, the fol1owing definition apply: 

1.5.1 
global analysis 
the determination of a consistent set of internal forces and moments in a structure, that are in equilibrium 
with a particular set of actions on the structure. 

1.5.2 
tower 
a self-supporting cantilevered steel lattice structure of triangular, square or rectangular plan form, or circular 
and polygonal monopoles. 

1.5.3 
guyed mast 
a steel lattice structure of triangular, square or rectangular plan form, or a cylindrical steel structure, 
stabilized at discrete intervals in its height by guys that are anchored to the ground or to a permanent 
structure. 

1.5.4 
shaft 
the vertical steel structure of a mast. 

1.5.5 
leg members 
steel members forming the main load-bearing components of the structure. 

1.5.6 
primary bracing melnbers 
members other than legs, carrying forces due to the loads imposed on the structure. 

1.5.7 
secondary bracing members 
members used to reduce the buckling lengths of other members. 

1.5.8 
schifflerized angles 
modified 90° equal-leg hot rolled angles, each leg of which has been bent to incorporate a 15° bend such that 
there is an angle of 30° between the outer pmt of each leg and the axis of symmetry (see Figure I. J). 

1.5.9 
wind drag 
the resistance to the flow of wind offered by the elements of a tower or guyed mast and any ancillary items 
that it supports, given by the product of the drag coefficient and a reference projected area, including ice 
where relevant. 
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I.S.10 
linear ancillary itenl 
any non-structural components that extend over several panels, such as waveguides, feeders, ladders and 
pipework. 

1.S.11 
discrete ancillary item 
any non-structural component that is concentrated within a few panels, such as dish reflectors, aerials, 
lighting, platforms, handrails, insulators and other items. 

1.S.12 
projected area 
the shadow area of the element considered, when projected on to an area parallel to the face of the structure 
normal to the wind direction considered, including ice where relevant. For wind blowing other than normal 
to one face of the structure, a reference face is used for the projected area. ~(See Annex B.) @il 

1.S.13 
panel (of a tower or mast) 
any convenient portion of a tower or mast that is subdivided vertically for the purpose of determining 
projected areas and wind drag. Panels are typically, but not necessarily, taken between intersections of legs 
and primary bracings. 

1.S.14 
section (of a tower or mast) 
any convenient portion of a tower or mast comprising several panels that are nearly or exactly similar, used 
for the purpose of determining wind drag. 

1.5.15 
guy 
a tension-only member, connected at each end to terminations to form a guy assembly that provides 
horizontal support to the mast at discrete levels. The lower end of the guy assembly is anchored to the 
ground or on a structure and generally incorporates a means of adjusting the tension in the guy. 

NOTE 1: Although the terms "stay" and "guy" are generally interchangeable, the word "guy" has been used 
throughoUl this document. 

NOTE 2: Specific definitions of guys, their make-up and fiuings, are provided in Annex D. 

1.5.16 
damper 
a device that increases the structural damping and thus limits the response of a structure or of a guy. 

1.6 Symbols 

(1) In addition to those given in EN 1993-1-1, the following main symbols are used: 

Latin upper case letters 
Db diameter of the circle through the centre of the bolt hole 
Di diameter of the leg member 
G gust response factor 
}\II bending moment 
N tension force, number of cycles 
Ni number of cyc1es 
Nb axial force 
T design life of the structure in years 
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Latin lOlver case letters 
b width of a of an angle 

ce (z) exposure factor 

structural factor 

e eccentricities 
h width of a leg of an angle 
kp prying effect factor 
ka buckling coefficient 
m slope of the S-N curve 
11. number of bolts 
r] radius of the convex part of the bearing 
r2 radius of the concave part of the bearing 

thickness 

Greek upper case letters 
¢ is the inclination of the mast axis at its base 

~(TE stress range 

Greek luwer case letters 
fJA factor for effective area 
1M partial factor 
Js logarithmic decrement of structural damping 

c coefficient depending onj~ 

JL non-dimensional slenderness parameter, equivalence factor 

.It p non-dimensional slenderness for plate buckling 

non-dimensional slenderness parameter for plate buckling of 

non-dimensional slenderness parameter for plate buckling of 

p reduction factor 

(2) Further symbols are defined where they first occur. 

1.7 Convention for cross section axes 

I of angle 

2 of angle 

(1) The convention for axes of angle sections adopted in this Part of EN 1993 is as shown in Figure 1.1. 

(2) 

12 
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schifflerized angle 

l 
I 

~J,---------, 
NOTE: h is taken as the longest length of the 
individual angle, if unequal angles are used. 

Figure 1.1 Dimensions and axes of sections 

2 Basis of design 

2.1 Requirements 

2.1.1 Basic requirelnents 

(I)P The design of steel towers and guyed masts shall be in accordance with the general rules given in EN 
1990. 

(2) The provisions for steel structures given in EN 1993-1-1 should also be applied. 

(3)P In addition, guyed masts of high reliability (as defined in 2.1.2) shall be designed to withstand the 
rupture of one guy without collapsing. 

NOTE: The National Annex may give information on guy rupture. It is recommended to use the guidance 
in Annex E. 

2.1.2 Reliability I11anagement 

(I) Different levels of reliability may be adopted for the ultimate limit state verifications of towers and 
masts, depending on the possible economic and social consequences of their collapse. 

NOTE: For the definition of different levels of reliability see Annex A. 
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2.2 Principles of limit state design 

(I) See 2.2 of EN 1993-1-1. 

2.3 Actions and environmental influences 

2.3.1 Wind actions 

(I) Wind actions should be taken from EN 1991-1-4. 

NOTE: The National Annex may give information on how EN 1991-1-4 could be supplemenled for masts and 
towers. The use of the additional rules given in Annex B is recommended. 

2.3.2 Ice loads 

(I) Actions from ice should be considered both by their gravity effects and their effect on wind actions. 

NOTE: The National Annex may information on ice loading, the appropriate ice thicknesses, densities 
and distributions and appropriate combinations, and combination factors ~for wind and ice on towers and 

The usc of Annex C is recommended. 

2.3.3 Thermal actions 

(I) Thermal actions should be determined from EN 1991-1-5 for environmental temperatures. 

2.3.4 Selfweight 

(I) Selfweight should be determined in accordance with EN ] 991-1-1. 

(2) Selfweight of guys should be determined in accordance with EN 1993-1-11. 

2.3.5 Initial guy tensions 

(1) The initial guy tensions should be considered as permanent forces, existing 111 the guys in the 
absence of meteorological actions, see EN 1993-] -II. 

(2) Adjustment for initial guy tensions should be provided. If not, due allowance should be taken ill 
design for the range of initial tensions that might see EN 1 993-1-1 ] . 

2.3.6 Imposed loads 

(1) Members that are within [30°] to the horizontal should be designed to carry the weight of a workman 
which for this purpose may be taken as a concentrated vertical load of 1 kN. 

(2) Imposed loads on platforms and railing should be taken into account. 

NOTE 1: The National Annex may give information on imposed loads on platforms and railings. 
following characteristic imposed loads are recommended: 

The 

Imposed loads on platforms: 2,0 kN/m2 

Horizontal loads on railings: 0,5 kN/m 

NOTE 2: These loads may be assumed to act in the absence of other climatic loads. 
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2.3.7 Other actions 

(1) For accidental and collision actions see EN 1991-1-7. 
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NOTE: The National Annex may give information on the choice of accidental actions. 

(2) Actions during execution should be considered taking due account of the construction scheme. The 
appropriate load combinations and reduction factors may be obtained from EN 1991-1-6. 

NOTE: The limited time for transient design situations may be considered. 

Where considered necessary, actions from settlement of foundations should be assessed. Special 
considerations may be required for lattice towers founded on individual leg foundations and for differential 
settlement between the mast base and any guy foundations. 

(4) Actions arising from the fitting and anchoring of safety access equipment may be determined with 
reference to EN 795. Where the proposed method of working requires the use of Work Positioning 
Systems or mobile fall arrest systems points of attachment should be adequate, see EN 365. 

NOTE: The National Annex may further information. 

2.3.8 Distribution of actions 

(I) The loads along the member length including wind or dead loading on other members framing into 
the member should be considered. 

2.4 Ultimate limit state verifications 

(1) For design values of actions and combination factors see EN 1990. 

NOTE: For partial factors for actions in the ultimate limit state see Annex A. 

(2) The partial factors for gravity loads and initial tensions in guys should be taken as specified in EN 
1993-1-11. 

2.5 Design assisted by testing 

(I) The general requirements specified in EN 1990 should be satisfied, in association with the specific 
requirements given in Section 8 of this Part 3.1 of EN 1993. 

NOTE: The National Annex may give further information for structures or clements that arc subject to an 
agreed full-scale testing programme, see 6.1. 

2.6 Durability 

(I) Durability should be satisfied by complying with the fatigue assessment (see section 9) and 
appropriate corrosion protection section 4). 

NOTE: The National Annex may give information on the design service hfe of the structure. A service life of 
30 years is recommended. 
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3 Materials 

3.1 Structural steel 

(1) For requirements and properties for structural steel, see EN 1993-1 1 and EN 1993-1-3. 

(2) For toughness requirements see EN 1993-1-10. 

3.2 Connections 

(l) For requirements and propel1ies for bolts and welding consumables, see EN 1993-1-8. 

3.3 Guys and fittings 

(1) For requirements and properties of ropes, strands, wires and fittings see EN 1993-1-1 I. 

NOTE: See also Annex D 

4 Durability 

4.1 Allowance for corrosion 

(l) Suitable cOlTosion protection, appropriate to the location of the structure, its design life and 
maintenance regime, should be provided. 

NOTE 1: The National Annex may give further information. 

NOTE 2: See also: 

EN ISO 1461 for galvanising, 

EN ISO 14713 for metal spraying and 

EN ISO] 2944 for cOl1'osion protection by painting. 

4.2 Guys 

( 1) For guidance 011 the corrosion protection of guys see EN 1993-1-1 I. 
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NOTE: The National Annex may give further information. The following measures are recommended: 

Dependent on the environmental conditions guy ropes made from galvanized steel wires should be given a 
further layer of protection, such as grease or paint. Care should be taken to ensure that this protective layer is 
compatible with the lubricant used in the manufacture of the guy ropes. 

As an alternate means of protection galvanised steel ropes of diameter up to 20111111 may be protected by 
polypropylene impregnation in which case they do not need further protection unless the sheath is damaged 
during erection and usc. Care needs to be taken in designing the terminations to ensure adequate corrosion 
protection. Non-impregnated sheathed ropes should not be used because of the risk of corrosion taking place 
undetected. 

Lightning may locally damage the polypropylene coating. 



5 Structural analysis 

5.1 Modelling for determining action effects 
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(1) The internal forces and moments should be determined using elastic global analysis. 

(2) For elastic global analysis see EN 1993-1-1. 

(3) Gross cross-sectional properties may be used in the analysis. 

(4) Account should be taken of the deformation characteristics of the foundations in the design of the 
structure. 

(5) If deformations have a significant effect (for example towers with head-loads) second order 
theory should be lIsed, see EN ] 993-1-1. 

NOTE 1: Lauice lowers may initially be analysed using the initial geometry (first order theory). 

NOTE 2: Masts and guyed chimneys should be analysed 
equi libriulll conditions (second order theory). 

into account the effect of deformations on the 

NOTE 3: F:or the overall buckling of symmetric masts see B.4.3.2.6. 

(6) The global analysis of a mast or chimneys should take into account the non-linear behaviour 
of the guys, see EN 1993-1 I]. 

NOTE: The National Annex may further information. 

5.2 Modelling of connections 

5.2.1 Basis 

(I) The behaviour of the connections should be considered in the global and local analysis of the 
structure. 

NOTE: The procedure for the analysis of connections is given in EN 1993-1-8. 

5.2.2 Fully triangulated structures (Simple franling) 

(1) In simple framing the connections between the members may be assumed not to develop moments. 
In the global analysis, members may be assumed to be effectively pin connected. 

(2) The connections should satisfy the requirements for nominally pinned connections, either: 

as in 5.2.2.2 of EN 1993-1-8; or 

as in 5.2.3.2 of EN 1993-1-8. 

5.2.3 Non-triangulated structures (Continuous franling) 

(1) Elastic analysis should be based on the assumption of full continuity, with rigid connections which 
satisfy the requirements given in 5.2.2.3 of EN 1993-1-8. 

5.2.4 Triangu1ated structures where continuity is taken into account (continuous or semi-continuous 
framing) 

(1) Elastic analysis should be based on reliably predicted design moment-rotation or force-displacement 
characteristics for the connections used. 

NOTE: The National Annex may give further information. 
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6 Ultimate limit states 

6.1 General 

(1) The following partial factors )i1 apply: 

resistance of member to yielding: )ill 0 

resistance of member buckling: )i11 

resistance of net section at bolt holes: )in 

resistance of connections: See Section 6.4 

resistance of guys and their terminations: see EN 1993-1 11 

resistance of insulating material: 

NOTE 1: The National Annex may 
recommended: 

/MO = 1,00 

)i'll = 1,00 

1M2 1,25 

2,00 

)icli 2,50 

information on partial factors 1\1, The following values are 

NOTE 2: The factor applies to the guy and its socket other termination). The associated steel pins, 
linkages and plates are for compatibility with the guy and its socket and may require an enhanced 
value of For details see EN 1993-1-1 L 

NOTE 3: For structures or clements that are to be type tested, or where similar configurations have previously 

been type tested the partial factors, ~J, may be reduced, subject to the outcome of the testing programme. 

6.2 Resistance of cross sections 

6.2.1 Classification of cross sections 

(1) For towers and masts, classification of cross-sections as given in 5.5.2 of EN 1993-1 I should be 
used. 

NOTE: The maximum width to thickness ratio cit for defined in table 5.2 of EN 1993-1 1 may be 
determined with the ratio instead of hit. 

6.2.2 Members in lattice towers and masts 

(1) For connected by one leg, special provisions are ~ given in EN 1993-1-8 clauses 3.10.3 (if 
bolted) or 4.13 (if welded). @l] 

6.2.3 Guys and fittings 

(1) For the strength of guys and fittings see EN 1993-1-11 and Annex D. 

6.3 Resistance of members 

6.3.1 Compression merrlbers 

(1) Compression members in lattice towers and masts should be designed using one of the following two 
procedures: 
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a) the method according to the provisions of Annex G and Annex H. 

b) the method given in EN 1993-1-1 taking account of eccentricities. 

NOTE 1: The method given in EN J993-1-1, Annex B. B.1.2(2)B may 
buckling resistance of members in lattice towers and masts. 

conservati ve results for the 

NOTE 2: The choice of the procedure may be made in the National Annex. 

(2) The effective cross section properties of members should be calculated according to 4.3 of 
EN 1993-1-5. 

NOTE 1: For angles the reduction factor p may be determined with the slenderness Ap taking into account 

the appropriate width b of the compression leg as follows: 

a) for equal 

A,) = bit 
28,4£ 

(h - 2t)lt 

28,4 £..jk'; 

b) for unequal leg angles: 

-
bit 

=----== 
28,4 £..jk'; 

(h-2t)lt 
-----== and 
28,4 £..jk'; 

(b - 2t)1 t 

28,4 £..jk'; 

NOTE 2: In the case of angles connected by one leg, the reduction factor, p, only applies to the connected 

NOTE 3: For kG see EN ] 993-1-5. For a leg of an angle in compression, kG 0,43. 

(3) The torsional and/or flexural-torsional mode should also be checked as follows: 

a) Torsional buckling of equal legged angles is covered by the plate buckling verification, see (2). 

b) For unequal legged angles and all other cross sections, see 6.3.1.4 of EN 1993-1-1 and EN 1993-1-3. 

(4) For cold formed thin gauge members see EN 1993-1-3. 
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6.4 Connections 

6.4.1 General 

(1) For connections see EN 1993-1-8. 

NOTE: The partial factors for connections in masts and to\vers may be given in the National Annex. The 
numerical values given in Table 2.1 of EN 1993-1-8 are recommended. 

(2) All bolts should be secured against loosening. 

6.4.2 Tension bolts in end plates (flanged connections) 

(1) Where there is a possibility of tension across the flange connection preloaded bolts should be used. 

(2) The minimum bolt diameter should be 12111m. 
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NOTE: The National Annex may further information on flange connections of circular hollow sections 
and cylindrical shells. ~ Text deleted 

In determining the flange thickness the following is relevant: 

a) the shear resistance of the flange along the of the connected circular leg seclion; 

b) the resistance to combined bending and shear of the tlange along the circle through the bolt holes. The 
bending moment (M) may be taken as: 

where: N is the tension force in the leg member 

Db is the diameter of the circle through the centre of the bolt holes 

D j is the diameter of the leg member 

IE@ Db 

Figure 6.1 Bolted 'flanged connections 

In detennini ng the forces in the bolts, the axial force Nb 

Nk 
Nb= -_P 

11 

where: 11 is the number of bolls 

kp is a prying effect factor taken as 

kp 1,2 for pre-loaded bolts 

1,8 for non-preloaded bolts 

All bolts should be preloaded for fatigue, see EN 1993-1-8 



6.4.3 Anchor bolts 
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(1) Where fatigue needs to be considered anchor bolts should be preloaded. In such cases appropriate 
steel materiaJs should be used, see EN 1993-1-8. 

NOTE: For the choice of the preload see also rules for prying force eccentricity, stress levels etc. in EN 1993-
1-8. 

6.4.4 Welded connections 

( I ) See EN 1993-1-8. 

NOTE: For execution see EN 1090. 

6.5 Special connections for masts 

6.5.1 lVIast base joint 

(1) The design bearing stress on the spheIicaJ pinned connection should be based on the design rules for 
rocker bearings, see EN 1337-6. 

NOTE: The National Annex may give information on eccentricities and limit values for the Hertz pressure. 

To verify that the area of the compression zone is within the boundaries of the bearing parts taking due account 
of the true rotation angIe of the mast base section (see Figure 6.2) and to determine the bending moments 
caused by the resulting eccentricities for designing the bearing and the bottom section of the mast the 
follO\ving rules for determining eccentricities are recommended: 

If the mast base rests on a spherical bearing the point of contact should be assumed to move in the direction of 
any inclination of the mast axis by rolling over the bearing surface. 

The eccentricities ell and eo (see Figure 6.2) should be determined as follows: 

r1 (sin IjII - sin ¢) 

where: 1'1 is the radius of the convex part of the bearing; 

/'1 is the radius of the concave part of the bearing; 

and r2> 1"[ 

¢ is the inclination of the mast axis at its hase. 

with: 

If/I-¢ 

If 1'2 is infinite, that is a 11at surface, then eo should be taken as eo = r[ ¢ COs~? 

... (6.12a) 

... (6.12b) 

... (6.13a) 

... (6.13b) 
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eu 
J mast axis 

2 area (~f compression ::,one 

Figure 6.2 Eccentricities due to the inclination of the mast base 

(2) The system for suppressing twisting of a pinned mast base joint should be designed to permit 
rotation of the mast base section around the horizontal axes. 

(3) For a fixed mast base possible settlements of the shaft foundation and of the guy foundations should 
be considered in the mast design. 

6.5.2 Guy connections 

(1) All connections of the guys to the mast or to guy foundations should allow the guy to rotate freely in 
both vertical and horizontal directions~ see EN 1993-1-11. 

Account should be taken in the design and detailing connections of the tendency for guy constructions to 
twist under tensile loading. 

NOTE: Generally for connections with pins the freedom for horizontal rotations can be obtained by a 
"spherical" form of the hole in the centre plate for the pin. Spherical bearings may be lIsed in exceptional 
c irClIl1lstances. 

(2) An pins should be adequately secured against lateral movement by the use, for example, of a nut 
combined with a split pin. 

(3) The guy attachment plate in the mast and the steel anchor plate projecting from the guy foundation 
should both be designed for the lateral force from the guy due to the wind loading component normal to the 
plane of the guy. 

(4) Wherever practicable welded connections should be detailed to enable visual and non-destructive 
inspections to be undel1aken in service. 
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7 Serviceability limit states 

7.1 Basis 

(1) The following serviceability limit states may be relevant for design: 
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deflections or rotations that adversely affect the effective use of the structure, including the proper 
functioning of aerials or services; 

vibration, oscillation or sway that causes loss of transmitted signals; 

deformations, dellectiol1s, vibration, oscillation or sway that causes damage to non-structural elements. 

NOTE: The National Annex may give information on limits and associated I\'I-values. The value )i,,1 = 1,0 is 
recommended. 

7.2 Deflections and rotations 

7.2.1 Requirements 

(]) The maximum deflections and rotations should be determined using the combination of 
characteristic actions on the structure and its ancil1aries. 

(2) The deflections and rotations for masts and guyed chimneys should be calculated making due 
allowance for any second order effects, see EN 1 1- ] , and any dynamic effects. 

7.2.2 Definition of linliting values 

(I) Limiting val ues should be specified together with the load case considered. 

NOTE: For guyed masts see Annex B. 

(2) For broadcasting and floodlighting structures, the limiting values to be considered should be taken as 
those for horizontal displacement and rotation at the top of the structure. For directional antennae the 
limiting values should be taken at the point of the attachment of the directional antenna. 

7.3 Vibrations 

(l) Towers and masts should be examined for: 

gust induced vibrations (causing vibrations in the direction of the wind); 

vortex induced vibrations for towers or masts containing prismatic cylindrical or bluff elements or 
shrouds (causing vibrations perpendicular to the direction of the wind); 

gal10ping instability (causing vibrations of the guys); 

rain-wind induced vibrations. 

NOTE 1: For dynamic effects see EN 1991 1-4 and Annex B and also Annex B of EN 1993-3-2. 

NOTE 2: Vibrations can cause rapid development of fatigue see section 9. 

(2) If lattice towers and masts or guyed chimneys are predicted to be subject to wind vibrations, unless 
other measures are taken to reduce these in the provisions should be made for the installation of 
damping devices if found necessary in the light of experience. 

NOTE: See Annex B of EN 1993-3-2. 
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8 Design assisted by testing 

(1) The provisions for design assisted by testing given in EN 1990 should be followed. 

(2) Where the values of the logarithmic decrement of structural damping, (), given in EN 1991-] -4 are 
considered inappropriate for lattice towers and masts consisting of, supporting or contai ning cylindrical 
elements, testing may be undertaken to determine these values. 

NOTE: Guidance for the dctermination of (Js is ~givcn in Annex D to EN 1993-3-2.@i] 

(3) Higher modes than the fundamental might be significant, pat1icularly for guyed masts, so due 
account of this should be taken in determining the appropriate logarithmic decrement of structural damping. 

(4) Account should be taken of the fact that the frequencies of vibration vary according to the loading 
condition considered for instance in still air, under wind, or under ice loading. 

9 Fatigue 

9.1 General 

(l) For fatigue verifications the provisions of EN 1993-1-9 should be applied. 

(2) Consideration should be given to the effects on fatigue resistance of the possible existence of 
secondary moments in lattice towers and masts that are not already allowed for. 

9.2 Fatigue loading 

9.2.1 In-line vibrations 

) Fatigue loading of lattice towers due to in-line vibrations (without cross-wind vibrations) 
induced by gusty wind need not be determined. 

NOTE: For guycd masts provided that the detail category of the structural details are greater than 71 
Nfmm , the fatigue Iifc of these structures subject to in-line vibrations only (without cross-wind 
vibrations) induced by gusty wind may be assumed to be greater than 50 years. (gJ] 

(2) In all other cases due account should be taken of the details adopted, and fatigue verification 
undertaken. 
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NOTE: For the fatigue verification due to in-line vibrations see EN 1991 1-4. The follmving simplificd 
method may be used: 

a) The fatigue stress history due to wind gusts is evaluated by determining the annual durations of different 
mean wind speeds fro\11 different directions from meteorological records for the SilC. The /luclUations 
about the mean values may then be assumed to have a statistically normal distribution with a standard 
deviation in stress corresponding to Cf4 times the stress due to the mean wind speed. The appropriate gust 
response factor C is defined as 

where 

is the exposure factor, sce EN 1991-4 

is thc structural factor, see EN 1991-4 

derived in accordance with Annex B. 
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b) The sll"ess range, L1()Si, may be assumed to be 1,1 times the difference between the stress arising from that 
incorporating the gust response factor G and that due to the ten minute mean wind speed. An equivalent 
number of cycles N j may then be obtained from: 

]05 T/50 ... (9.1) 

where: T is the design life of the structure in years. 

9.2.2 Cross-wind vortex vibrations 

(I) The fatigue loading of towers and guyed masts consisting of, supporting or containing prismatic, 
cylindrical or other bluff elements should be determined from the maximum amplitude for the relevant 
vibration mode and the number of stress cycles N. 

NOTE: For the actions see EN 1991-1-4, Annex E. 

9.2.3 Individual melnber response 

(I) Slender individual members of structures should be assessed for cross-wind excitation. 

NOTE: For the fatigue actions see EN 199] -) Annex E. The limitations on slenderness given in Annex H 
H.2( I) and H.3.1 (3) will generally be sufficient to prevent such excitation. An increase of damping (friction, 
additional dampers) is a practical means of suppressing such vibrations if they occur in practice. 

9.3 Fatigue resistance 

(I) Reference should be made to EN 1993-1-9 which includes resistances of details typical for towers, 
chimneys and guyed masts. 

9.4 Safety assessment 

(I) The safety assessment for fatigue should be calTied out in accordance with 8(2) of EN 1993-1-9, 
uSll1g: 

... (9.2) 

where: 

is the equivalence factor to transfer to Nc = 2 x 106 cycles; 

~Oi~ is the stress range associated to N cycles (see 9.2) allowing for stress concentration factors 
where appropriate. 

(2) The equivalence factor A may be determined from: 

... (9.3) 

where: m is the slope of the S-N curve. 

9.5 Partial factors for fatigue 

(I) The partial factors for fatigue should be taken as specified in 3(6) and (7) and 6.2( I) of EN 1993-1-9. 

NOTE: The National Annex may numerical values for IFr and ]i,lf' For /f~f the value /fcr 1,00 is 
recommended. For /1-'lf values see Table 3.1 in EN 1993- I -9. 

9.6 Fatigue of guys 

(1) The fatigue performance of guys should be verified using the procedures given in EN 1993-1 11. 
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Annex A [normative] - Reliability differentiation and partial factors for 
actions 

NOTE: As this Annex deals with reliability dilTerentiation and partial factors for actions ror masts and towers, 
it is expected that it will be transferred to Annex A to EN 1990 in a later stage. 

A.1 Reliability differentiation for masts and towers 

(1) Reliability differentiation may be applied to masts and towers by the application of reliability 
classes. 

NOTE: The National Annex may give relevant reliability classes related to the consequences 0[' structural 
failure. The classes in Table A.I are recommended. 

T bl A 1 R r bTt d'ff a e ela I Ity I r r eren la Ion f t or owers an d t mas s 
Reliability Class 

3 towers and masts erected in urban locations, or where their failure is likely to caLIse 
injury or loss of life; towers and masts used for vital telecommunication facilities; other 
major structures where the consequences of failure would be likely to be very high 

2 all towers and masts that cannot be defined as class I or 3 
1 towers and masts built on unmanned sites in open countryside; towers and masts, the 

failure of which would not be likely to caLise injury to people 

A.2 Partial factors for actions 

(I)P Partial factors for actions shall be dependant on the reliability class of the tower or mast. 
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NOTE 1: In the choice of partial factors for permanent actions Xi and ror variahle actions Yo the dominance of 
wind actions for the may be taken into account. 

NOTE 2: The National Annex may numerical values of Xi and Yo. \Vhere the reliability classes 
recommended in A.I are used the numerical values in Table A.2 for }t. and Yo are recommended. 

Table A.2 Partial factors for permanent and variable actions 

Type of Effect 
Reliability Class, see NOTE 

Permanent Actions Variable Actions (Qs) 
to 2.1.2 

3 
unfavourable 2 

I 
favourable All Classes 

Accidental situations 

NOTE 3: The Naljonal Annex may also 
actions, see Annex B. 

1,2 ],6 

1,1 1.4 
1,0 1.2 
1.0 0,0 
1,0 1,0 

information on the lise of dynamic response for wind 
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Annex B [informative] - Modelling of meteorological actions 

NOTE: As this Annex deals with supplementary rules for wind actions on lattice towers, guyed masts and 
guyed chimneys, and on their response, it is expected that it will be transferred to EN 1991-1-4 in a later stage. 

B.1 General 

B.I.I Scope of this Annex 

(I) This Annex contains supplementary information about wind actions on towers and guyed masts as 
follows: 

wind force, see B.2; 

response of lattice towers, see B.3; and 

response of guyed masts, see BA. 

NOTE: This Annex rerers to ISO 12494 for ice loading. The National Annex may give further information. 

B.1.2 Synlbols 

(]) In addition to those given in EN 1993-1-1 and EN ] 991 1-4, the following main symbols have been 
llsed in this Annex: 

K 
L 
N 
Q 
s 
T 
a 
f3 

17 
(} 

(2) 

A 

c 

F 

G 

H 

L 

M 

III 

PL 

s 

patch load pattern 
factor 
projected length, chord length 
number 
parameter 
load effect in a member (e.g. force, shear or bending moment) 
torque 
slope of guy to horizontal 
parameter 
shielding factor 
angle of wind incidence to the normal in plane; slope 

constant 
angle of wind incidence to the longitudinal axis 

spacing ratio 
scaling factor 

In addition to those given in EN 1993-1-1 the following subscripts have been used in this Annex: 

ancillary item 
cantilever 
circular-section members 
effective 
face 
nat-sided members 
guy 
mast height 
length 
base mast or mast only 
mast; mean 
singJe frame 
patch load 
patch 
shear 
structure 
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sup 

T 

W 

w 

z 

e 

B.2 

B.2.1 

super-critical 
tower, total 
in the direction of the wind 
with wind 
in the crosswind direction 
in the vertical direction 
height z above ground level 
angle of wind incidence 

Wind force 

General 

B.2.1.1 Outline 

(1) For the purposes of calculating the wind force, the structure should be divided into a series of 
sections, where a section comprises severalldentical or nearly identical panels, see Figure B.2.1. Projections 
of bracing members in faces parallel to the wind direction, and in plan and hip bracing, should be omitted in 
the determination of the projected area of the structure. 

(2) The structure should generally be divided i I1to a sufficient number of sections to enable the wind 
loading to be adequately modelled for the global analysis. 

(3) The wind force acting on a section or component should be determined according to 5.3 (2) of EN 
199] -1-4. 

(4) In determining the wind force under iced conditions, the projected areas of structural elements and 
ancillades should be increased to take due account of the thickness of ice as relevant. 

(5) In applying the method given in this Annex, the maximum force within an angle of 30° to the 
nominal wind direction should be used to obtain the maximum loading in the wind direction. 

NOTE: The N:.nlonal Annex lllay information of wind tunnel tests. 

B.2.1.2 Method 

(1) The method given in B.2.l.3 should be used to determine the wind force on square or equilateral 
triangular lattice structures. 
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NOTE 1: The procedure in B.2.7 only applies for either: 

a) as guidance for structures of rectangular cross section; or 

b) the assessment of existing structures for which the disposition of ancillaries and aerials is accurately 
known. 

NOTE 2: The procedure given in B.2.7 may provide lower values of drag than the method given in B.2.1.3 
when KA is taken as 1,0 in B.2.3 and B.2.4. 



B.2.1.3 Total wind force coefficient 
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( 1) The total wind force coefficient ~ in the direction of the wind over a section of the 
structure should be taken as: 

Ie, ... (B.l) 

where: CLS is the wind force coefficient of the bare structure section, determined in accordance with 
B.2.2 using the solidity ratio, ({J, appropriate to the bare structure; and 

is the wind force coefficient of the ancillaries, determined in accordance with B.2.3 and 
B.2A, as appropriate. 

(2) Where the projected areas of ancillaries on each face are within 10% of each other, then they may be 
treated as appropriate structural members and the total wind drag calculated in accordance with B.2.2. 

6 

b 

\ 
\ 

9 

8 11 
NOTE: Face 1 should be taken as NOTE: Face 1 should be taken as 
windward such that -45° ::; e ::; 45° windward such that -60° ::; e ::; 60°, 

External ladder should be treated as 
individual item. 

(a) Plan on square structure (b) Plan on triangular structure 

13,-

12 

5 

14 

(c) Mast section (d) Structural panel 

2 
3 
4 
5 

Face 1 
Face 2 
Face 3 
Face 4 
Wind 

6 Ancillw)' components 
projected normal to face 
1 

7 Leg projected normal to 

8 Ancillary components in 
this area a llocated to 
face 2 

9 Ancillary components 
projected normal 
(inclllsive of ladder 
rllngs, hoops etc.) 

10 Leg prqjected rlOrmal to 
face 

11 Ancillary components in 
this a rea a lloca ted to 

2 
12 Mast section 
13 Ancillary components (~f 

projected area AA 
14 Structural components of 

pn~iected area As 
15 Panel height (/1) 

Figure 8.2.1 Projected panel area used to calculate solidity ratio, qJ 
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B.2.2 Wind force coefficient of structural components 

B.2.2.1 General 

(1) For a lattice structure of square or equilateral triangular plan form, having equal areas on each face, 
the total wind force coefficient (0cr @J] of a section in the direction of the wind: 

A 
(0 = Ke' cr.s.o· IA @J] ... (B.2) 

where: Cr,s.o is the overall normal drag (pressure) coefficient of a section j without end-effects, 
determined in accordance with B.2.2.2; 

is the wind incidence factor. 

is the total area projected normal to the face of the structural components, including those 
ancillaries treated as structural elements, of the considered face within one section height 
at the level concerned (see Figure B.2.l) and including icing where appropriate; 

is taken as Ard in 5.3(2) of EN 1991 1-4 and can be taken as any notional value (say unity) 
as long as is taken as the same value. 

The wind incidence factor Ke may be obtained from: 

= 1,0 + KI K2 sin1 28for square structures ... (B.3a) 

Ke 1,58) for triangular structures ... (B.3b) 

with: KJ 
O,55Ar O,8(Ac + ) ---":- + -------'-

As As 
... (B.3c) 

= 0,2 for ° ~ <p ~ 0,2 and 0,8 ~ <p :::; 1,0 

<p for 0,2 < <p :::; 0,5 

= 1 - (jJ for 0,5 < (jJ < 0,8 

... (B.3d) 

... (B.3e) 

... (B.3t) 

in which: B is the angle of incidence of the wind to the normal of 1, in plan 
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<p is the solidity ratio see 7.11 (2) of EN 1991-1-4. 

Ar is the total projected area when viewed norma] to the face of the flat-sided section members in 
the face 

Ac is the total projected area when viewed normal to the face of the circular-section members in 
the face in sub critical regimes 

Ac.sup is the total projected area when viewed norma] to the face, of the circular-section members in 
the face in supercritical regimes 

h is the section height under consideration 

b is the overall section width, as shown in Figure B.2.1 

NOTE: As = AI' + Ac + Aoup 
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(3) Values of Ke for commonly used values of Bmay be obtained from Figure B.2.2. 

(4) Circular-section members should be assumed to be in a sub critical regime when the effective 
Reynold's number Re ~ 4 x 105

, and may be assumed to be in a supercritical regime for higher values of Re 
only when they are ice free. 

(5) The value of Re should be obtained from 7.9.1 (1) of EN 1991-1-4. 

(6) Where supercritical tlow is assumed for any or all members, it should be checked that greater 
loading does not result under a reduced wind speed corresponding to Re < 4 x 105

. 

2 

1,2+----4----~----+---~----~--==4_--~~_+_+----~----~--~ 

11+----4----~----+---~~--_+----4_----~--_+----~----~----

3 

~</1 
fL.,. +---4----j-----+-----,,....----- '~"J +---4----j-----+---~~---, 

Key: For symbols see B.2.2.1 

Figure 8.2.2 Wind incidence factor Ke 
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B.2.2.2 Overall normal force coefficients 

(1) Values of overall normal force coefficients Cfsa that are applicable to the structural framework of a 
square or equilateral triangular section j composed of both flat-sided and circular-section members, should be 
taken as: 

er.s,a.) 
AI A 

C .-' +C. -{'+c. r.a., A .f .o.c A .I .a.(.'.,up 
s s 

where: cu),!, Cr.O.c and cr.o.oup are the force coefficients for sections composed of flat-sided, 
circular and supercritical circular-section members, respectively, given by: 

Cr.a.t' = 1,76 [1 cp+cp2] 

CLa.c = C1 (1 cp) + (C1 + 0,875) cp '2 

with: C 1 equal to: 

C2 equal to: 

1,9 - ~{(l-qJ)(2,8-1,14Cl +qJ)} 

2,25 for square structures. 

1,9 for triangular structures. 

1,5 for square structures; 

1,4 for triangular structures. 

are defined in B.2.2.! 

. .. (B.4) 

su b critical 

... (8.5a) 

... (B.Sb) 

... (B.5c) 

(2) For force calculations circular section members 1\1 supercritical may conservatively be 
assumed to be in sub critical 

(3) Approximate values of these force coefficients may be obtained from B.2.3. 
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J Flat-sided 

2 Circlllar (sub critical) 

3 Circular (supercritical) 

NOTE: For structures with r.p > 0,6 consideralion should be to the possibility of cross-wind response due to 
vortex excitation, see EN ] 991-1-4. 

Figure B.2.3 Overall normal force coefficients Cf,S,Q for square and triangular structures 
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B.2.3 Wind force coefficients of linear ancillaries 

(1) The wind force coefficient etA in the direction of the wind of any linear anci11ary part (including 
waveguides, feeders, etc.) within a panel height should be taken as: 

K 
. 2 AA 

C r.A = A' AO ·sm ljI' IA @il ... (B.6) 

where: eLA.ois the overall normal drag coefficient appropriate to the item and its effective Reynold's number, 
values of which are given in table B.2.} for common isolated individual members and may be 
determined in accordance with B.2.7.2 for parts composed of single frames; 

KA is a reduction factor to take account of the shielding of the component by the structure itself and 
may only be taken into account when at least one face of the structure is effectively shielding the 
component (or vice versa); KA is given in table B.2.2 except for circular sections in supercritical 
flow and for ancil1aries not complying with the constraints of B.2.3 (2) in which case KA 1.0; 

NOTE: Where AA is greater than 
such cases: 

the reduction factor should be applied to Cr.s.O rather than CI.A' Thus in 

'I' is the angle of wind incidence to the longitudinal axis of any linear member. 

~AA is the area of the part visible when viewed in the wind direction including icing when appropriate. 
For cylinders with stI'akes, the value of A,,,, should be based on the overall width including twice 
the strake depth; 

LA as defined in B.2.2.1 (J). @il 

(2) KA should be taken as 1,0 for ancillary items that do not conform to any of the following restraints: 

a) the total projected area of those ancillary parts adjacent to the face under consideration is less than the 
projected area of the structural members in that face (see Figure B.2.1); 

b) the total projected area normal to any face on the structure of any single internal or external ancillary is 
less than half the gross area of the face of the panel (see ~ Figure B.2.1 @il)~ 

c) any ancillary does not extend more than 10% beyond the total face width of the structure at that level. 
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Table B.2.1 Typical force coefficients, Cf A 0 and Cf G, for individual components 

I 
Effective Reynold's number Re I Drag (pressure) coefficient 

Member type (see EN 1991 1-4) \ CfAO or [§)Cr.C1,O (§] 
(see NOTE 1) Ice-free Iced 

(a) Flat-sided sections and plates I An values 2,0 I 2,0 
(b) Circular sections and smooth I ~ 2 x 105 1,2 1,2 

wire 4 x lOS 0,6 I 1,0 
> 10 x 105 0,7 1,0 

(c) Fine stranded cable, e.g. steel Ice free: 
core aluminium round ~ 6 x 104- 1,2 
conductor, locked coil ropes, I ~ 105 0.9 
spiral steel strand with more Iced: 
than seven wires ~ I x 105 I 

~ 2 x 105 La 
(d) Thick stranded cable, e.g. Ice free: 

small wire ropes, round ~ 4 x 104 1,3 
strand ropes, spiral steel > 4 x 104 1,1 
strand with seven wires only Iced: 
(1 x 7) ~ I x 105 ],25 

~ 2 x lOS 1,0 
(e) Cylinders with helical strakes 

of depth up to 0.12D (see All values 
I 

1,2 1,2 
NOTE 2) 

NOTE 1: For intermediate values of Re, CIAO should be obtained by linear interpolation. 
NOTE 2: These values are based on the overall width, including twice the strake depth. 
NOTE 3: The values for iced components are relevant for glazed ice; care should be exercised if they are 
used for rime ice (see ISO] 2494). 
NOTE 4: These values may be changed in the National Annex. 

(3) Where relevant, the corresponding torsional force TAW should be calculated using the appropriate 
coefficient obtained from wind tunnel tests with the relevant moment arm for such torsion. 

Table B.2.2 Reduction factor, KA, for ancillary items 
Reduction factor, Ki\ 

Position of ancillaries Square or rectangular 
TIianguiar plan form 

plan form 
Internal to the section 0,8 0,8 
External to the section 0,8 0,8 
NOTE: These values may be changed in the National Annex. 

B.2.4 \Vind force coefficients of discrete ancillaries 

(I) For any discrete ancillary item such as a dish reflector, the total wind force coefficient CLA in the 
direction of the wind, should be taken as: 

... (B.7) 

where: CCldJ is the force coefficient for the item appropriate to the wind direction and wind speed and should 
be obtained from wind tunnel tests generally provided by the manufacturer; 

K" is as defined in B.2.3. 

(2) The corresponding crosswind force coefficients CL,A,x and lift coefficient CIAl should be calculated as 
for CLA taking the reference direction in plan as norma] to the mean wind direction, and C1.A,O as the 
appropriate coefficient for crosswind and lift. 

(3) The corresponding torsional force coefficient should be calculated using the appropriate 
coefficient, obtained from wind tunnel tests in association with the relevant moment arm for such torsion. 
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B.2.S \Vind force coefficients of guys 

(I) The wind force coefficient Cf.G norma] to the guys in the plane containing the guy and the wind 
should be taken as: 

... (B.8) 

where: IB5)cr.G,O (§] is the overall normal drag coefficient appropriate to the effective Reynold's number, 
the values of which are given in table B.2.l for both ice-free and iced conditions; 

1jI is the angle of wind incidence to the chord. 

NOTE: The wind force on guy insulators, where relevant should be accounted for, either by using their 
appropriate wind force coefficients as individual elements along the guy, or by smearing lheir elTecl into CLG. 

B.2.6 \Vind force coefficients under iced conditions 

(1) In determining the wind resistance of a structure and ancillaries under iced conditions, each element 
of the structure, ancillary parts and guys should be taken as coated on all sides by ice, with a thickness equal 
to that given in Annex C. 

(2) Where the gap between components when not iced, is less than 75 mm, this should be assumed to be 
completely filled by ice under icing conditions. 

(3) Force coefficients of individual members should be obtained from table B.2.]. 

(4) Consideration should be given to asymmetric ice in which some guys are iced and some are ice-free 
(see Annex 

B.2.7 Guidance for special cases 

B.2.7.1 Total wind force coefficient 

(1) The total wind force coefficient Cr in the direction of the wind over a panel height of a square or 
triangular structure or of a structure of rectangular unequal sided cross-section may be determined from (2) 
below. 

NOTE: For the design of square or equilateral triangular structures the method given in B.2.1.3 should be 
used. 

(2) The total wind force coefficient, Cf, in the direction of the wind over a panel height may be 
determined as fo]]ows: 

for square and rectangular structures: 

Cr = Cle cos2 01 + C2e sin2 OJ 

for triangular structures: 

2l/ 3B
I ) . • 2l( 3B] ) 

Cf = Cle cos 4 + C2e S111 4 

where: Cle is an effective wind force coefficient given by the following: 

for square and rectangular structures: 
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C11: is an effective wind force coefficient given by the following: 

for square and rectangular structures: 

C1e = (D:! + 'h C4) K81 

for triangular structures: 

c" = + 2 (C, +cJ}Km 

c] to C4 are wind force coefficients given by: 

As] to 

CI CCSJ ASJ/EA + Cf.Al AAI/IA; 

C1 C1.S2 AS2/EA + C1.A2 A/\2/IA; 

(;3 CrS3 AS3/EA + C[/\3 A/\iEA; 

Cr.S4 AS41LA + Cf./\4 A/\4I.IA; 

are the areas projected normal to faces I, 2, 3 and 4, respectively, of the components 
treated as structural members within the same pane] height of faces 1, 2, 3 and 4 
including icing, where appropriate (see Figure B.2.1); 

are the areas projected normal to the faces 1, 2, 3 and 4 respectively of the ancillary 
items within the same panel of faces 1, 2, 3, 4 including icing where 
appropriate (see Figure B.2.1). 

Cr.SI to C1.S4 are the force coefficients appropriate to faces I to 4, respectively, of the components 
treated as structural members which may be determined in accordance with B.2.7.2; 

CCAI to CLM 

77r 

are the wind force coefficients appropriate to faces I to 4, respectively, for the 
ancillary items not treated as structural members, determined in accordance with 
B.2.3 or B.2A, as appropriate but taking KA = 1,0 in all cases; 

is to be taken as Aref as in clause 5.3(2) of EN 1991 1-4 and can be taken as any 
notional value (say unity) as long as Arcf is taken as the same value. @il 

are the effective shielding factors for faces I and 2, respectively, including both 
structural and ancillary components. 

for square structures TJI and should be taken as: TJe 

for triangular structures TJI and TJ2 should be taken as: 0,67 77c 

for rectangular structures TJI and 7h should be taken as: TJe + 0,1 5( (0-1)( <p-O,1) 

but not greater than 1,0 

= TJr (AI' + 0,83 Ac + 2, Ac.,up + A/\)/(As + AA) but not than] ,0; 

is given by: TJF = (1- and is plotted in Figure B.2A 

where: AI', Ac, Ac.sup are as defined in B.2.2.1 applicable to faces I or 2, as appropliate; 

As = AI' + Ac + B.2.2.1 (2)) 

is the projected area normal to the face of the ancillary items not treated as structural 
members applicab1e to faces I to 4, as appropriate; 

is the solidity ratio appropriate to face 1 or 2, as defined in Figure B.2.2, but 
including both structural and ancillary components 
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Thus rp 

KeJ and Ke1 

is the spacing ratio for rectangular structures, equal to the distance between the face 
considered and that parallel to it divided by the width of the face considered at the 
level of the centroid of the panel area but not to be taken as less than 1,0; 

are to be obtained from B.2.2.1, applicable to faces I or 2, as appropriate, using 
+ AA) Ar and rp as defined in this subclause; 

is the plan angle of incidence of wind to the normal to face I. 

(3) For structures with rp> 0.6 consideration should be given to the possibility of cross-wind response 
due to vol1ex excitation, see EN 1991-1-4. 
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(4) The total crosswind force coefficients over a panel Cfx should be determined as in (2), but taking the 
reference direction as norma] in plan to the mean wind direction. 

(5) The total wind force coefficient, c,., in the direction of the wind over a panel height of polygonal 
shaped structures (with greater than fOllr faces) should be determined from properly scaled wind tunnel tests 
in accordance with 1.5 of EN 1991-1-4. 
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Figure 8.2.4 Shielding factor 17f for single frames composed of flat-sided members 

B.2.7.2 Wind force coefficients for single frames 

(I) Values of normal force coefficients C1' for single frames composed of both flat-sided and circular-
section members should be taken as: 

AI A, Ac.slIP 
C=C·,-' +C. -(+C, , --

J ~ J.J A J.c A J .c ,;,up A 
s s s 

... (B. 1 1) 

where: Cf,r, Cec and cr,c.sup are the normal force coefficients for flat-sided, subcritical circular- and supercritical 
circular-section members, respectively, given by: 

CLf is the force coefficient for single frames equal to: 

1,58 + 1,05 (0.6 - rp)1.8 for q; :::; 0,6; 

] ,58 + 2,625 (rp 0,6)2 for rp > 0,6; 

AI, Ac, Ac.sup, As and rp are as defined in B.2.7.1. 

Cf.e = (0,6 +0,4 q; 2) Cf',f 

= (0,33 + 0,62 q; Cr,r 

(2) Approximate values of these drag coefficients are given in Figure B.2.5. 
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Figure 8.2.5 Normal force coefficient Cf for single frames 

B.3 Response of lattice towers 

B.3.1 Criteria for static methods 

(I) The equivalent static method, see B.3.2, should usually be used if the criteria in B.3.1 (3) are met. If 
not, more complex methods such as the spectral analysis method, see B.3.3, should be used. Specialist 
advice is necessary. 

(2) The equivalent static method includes an allowance for the dynamic amplification of response that is 
typical of the majority of towers likely to be constructed in accordance with this standard. The check for 
applicabi1ity of the static procedure according to equation B.12 should be considered for guidance only. 
Dynamic augmentation generally increases in successively higher panels of any tower, particularly when 
snpPOliing large concentrations of ancillary items or when using a concave outline profi1e (Eiffelization). In 
such cases caution should be exercised in applying the static procedure to to\vers where these effects are 
considerably more than those typically encountered. 

(3) The equivalent static procedures may be used if: 

5 hr J2 - <1 @il 
6 h 

... (B.]2) 

where: Cf,TATis the sum of the panel wind forces (including ancillaries), commencing from the top of the 
tower, snch that cc[A T is just less than one-third of the overall summation cjAr for the whole 
tower (in m2); 

Ps is the density of the material of the tower structure (in kg/m-'\ 

I11T is the total mass of the panels making up en (in kg); 

h is the height of the tower (in m); 

is the total height of the panels making up Ct.T but not greater than 1113 (in m); 

70 is a volume/resistance constant taken as 0,00 I m; 
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dB is the depth in the direction of the wind, equal to: 

base d for rectangular towers (in 111); 

0,75 x base width for triangular towers (in m). 

B.3.2 Equivalent static method 

B.3.2.1 General 

BS EN 1993-3-1 :2006 
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(1) For symmetrical towers constructed of leg members with triangulated bracings, with or without 
ancillaries for which the ~ wind force has been calculated by B.2,@l] maximum member forces should be 
derived in accordance with B.3.2.2.1 to B.3.2.2.5. For unsymmetric towers constructed of leg members with 
triangulated bracings and containing ancillaries, or for towers for which the ~wind force@l]has been 
calculated by B.2.7 the maximum member forces should be determined in accordance with B.3.2.2.6. 

NOTE: For symmetric triangular and square towers the wind loads in the cross-wind direction will nol govern 
design and may thus be ignored. For unsymmetric to\vers these loads are taken into consideration. 

B.3.2.2 Wind loading 

B.3.2.2.1 General 

(1) The wind force in the direction of the wind on the tower should be determined with (5.3) of 
EN 1991-1-4, but lIsing the wind force coefficients given in B.2 of this Annex. 

(2) The mean wind load in the direction of the wind on the tower F Ill .w should be taken as: 

(BI4a) 

(3) The equivalent gust wind load in the direction of the wind on the tower FT,w(z) should be determined 
from: 

... (B14b) 

where: Iv is the turbulence intensity according to EN 1991-1-4 

C,Cd is the structural factor from section 6.3 of EN 1991-1-4 

ZIl1 is the height above the base at which the load effect is required 

h is the overall tower height 

IEJ)c(I (ZII/)@l] is the orography factor according to EN 1991-1-4 

B.3.2.2.2 Loading for calculating melnber forces or foundation forces 

(1) The maximum member force Smax, or forces on foundations should be determined from Fm.w and 
increased by a factor: 

SIl1<1X = (see also (B 14b)) ... (B 15) 

where: ~SIll,W@l] is the member force or foundation force determined from the mean wind load Fm.w. 

) is defined in B.3.2.2.1 (3). @] 
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B.3.2.2.3 Loading for calculating shear forces 

(1) The loading to be used to calcu1ate bracing member forces should be based on the configuration of 
the tower. 

NOTE: Shear forces on foundations are determined from B.3.2.2.2. 

(2) For towers in which the leg slopes are such that, when projected, they intersect above the top of the 
tower (see Figure B.3.] (a)) the maximum bracing force, or shear above a given level should be determined 
from B.3.2.2.2. 

NOTE: Forces in bracing rnembers at leg slope changes may have components from the 
shear. 

force and from the 

(3) For towers in which the legs in the panel being considered are inclined such that, when projected, 
they intersect below the height of the tower (see Figure B.3.l (b)), two 'patch' loading analyses should be 
undertaken with: 

a) the mean wind loading, Fm,w(z), considered below the intersection and an equivalent 'gust' wind load 
FT.W(z) above the intersection. 

b) the mean wind loading, Fm.w(z), considered above the intersection and an equivalent 'gust' wind load 
FT.W(z) below the intersection. 

(4) For more than one such intersection, two patch loading cases should be analysed for each panel, see 
Figure B.3.1(c). 

NOTE: For hracing members above the highest intersection point the procedure of B.3.2.2.3(2) may be used. 
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(1) The maximum wind loading on cables and guys in the direction of wind should be taken as: 

where: 

... (B.16) 

is the peak wind pressure at the effective height of the cable, z metres above site ground 
level determined in accordance with EN 1991-1-4; 

is the total wind force coefficient on the guy/cable in the direction of the wind, determined in 
accordance with B.2; 
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B.3.2.2.S Loading for calculating deflections and rotations 

(J) Deflections and rotations are normally only important to satisfy serviceability requirements. The 
serviceability criteria should be defined by the client in the project specification (see 

B.3.2.2.6 \Vind loading for unsymlnetrical towers or towers with cmnplex attact]]l1ents 

(I) For unsymmetrical towers or towers that contain unsymmetrically placed ancillaries and/or 
cables imposing significant torsional and crosswind loads, the total forces due to the effect of wind load 
should allow for the combined action of wind on individual parts, both along wind and crosswind, when 
appropriate. 

(2) The fluctuating load effects caused by cross wind turbulence should be considered in conjunction 
with along wind load effects. 

(3) To determine the total load effects in such cases the mean along wind load effect should be separated 
from the fluctuating wind load effect. Thus the tower should be analysed under the mean wind load in the 
direction of the wind (FIll.w(z)) as determined from B.3.2.2.1 (1). 

NOTE: If cables are present the mean load on the cables Fm.cw(z.) should be used 

(4) The individual load effects should then be calculated as: 

a) the mean wind load Srrl.T\V, determined from the mean wind load FIll.'lw(z). 

b) the fluctuating in line wind effect, 51:1\v, determined from: 

... (8.17) 

c) Turbulence in the crosswind direction causes fluctuating crosswind load effects (SIIX) which, in the 
absence of other information should be taken as: 

(LC J 
S,,7X K xl LC~ SI,JW 

... (B.18) 

where: Kx is a factor to allow for crosswind intensity of turbu lence. 

Lex is the crosswind lift coefficient of the structure (and any ancillaries if present) over the panel 
height concerned. 

I.Ri) Let according to B.2.!.3 (l). @lI 

NOTE 1: The value of Kx may be given in the National Annex. The value Kx 1,0 is recommended. 

NOTE 2: Crosswind turbulence will cause fluctuating crosswind loads even in symmetric lowers; however 
such loads will not normally affect the critically loaded elements except for fatigue. 

(5) 'fhe total load effect LST in any member due to wind should then be taken as: 

... (B.20) 

where: SIII,eli" is the mean load effect on the cables derived from the load component in (B.16); 

SCilh/I:'S is the fluctuating load effect on the cables derived from the fluctuating component in 
(B.16). 

B.3.3 Spectral analysis Inethod 

(I) When response to along wind forces is calculated by a spectral analysis, the meteorological 
conditions to be assumed should be those defined in EN 1991-1 and the wind force coefficients taken as 
those in B.2. In addition, the parameters defined in Annex B of EN 1991-] -4 should be adopted in the 
absence of more accurate information. 

NOTE: The National Annex may give further information. 
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(2) Cross wind turbulence will cause fluctuating load effects which need to be considered in conjunction 
with in-line wind loads. Appropriate parameters, consistent with those adopted for downwind effects should 
be adopted. 

NOTE: The National Annex may further information. 

B.3.4 Crosswind vortex vibrations 

(I) If towers support large prismatlc, cylindrical or bluff bodies or may be expected to become heavily 
blocked by icing, their susceptibility to vortex-excited vibrations and/or galloping should be determined, in 
accordance with EN 1991-1-4. 

8.4 Response of guyed masts 

B.4.1 General 

(]) The maximum forces to be used in the design of mast components and foundations should be 
calculated with due allowance for the response to wind turbulence. 

(2) Such forces should represent the resultant effect of an equivalent static loadlng due to wind of speed 
equal to the appropriate 10 minute mean value, acting only in the wind direction, and fluctuating loading 
both downwind and, where relevant, crosswind due to gustiness. 

B.4.2 Criteria for static methods 

(I) Generally static analysis procedures can be used to determine the maximum forces in the members 
of a mast BA.3). Only for masts which may be prone to significant dynamic response is it necessary to 
undeliake dynamic response methods (see BAA). 

(2) The design of major masts whose economic consequences of fallure or potential hazards resulting 
from failure are high (see 2.3) should be checked by dynamic response procedures if required by the project 
specification. 

(3) The fol1owing criteria should be satisfied for the static analytical procedures to be used: 

a) any cantilever has a total length above the top guy level of less than half the spacing between the 
penultimate and top guys; 

b) the parameter 13, is less than I, where: 

with: 

where: 

(E I ~ 
41~! 

/3, = C ~, L; j ) 
N ~K(jiHCi 

<1 

KOj 

N 

AOj 

LGj 

N 1 

HGj 

Q{ii 

Em 

7 

O,SNAGiEGicos-Q{]/ LGj ••• 

the number of guy levels; 

the cross sectional area of guy at level i; 

the elastic axial modulus for guy at level i; 

the length of guy at level i; 

the no. of guys attached at level i; 

the height above the mast base of the ith guy level; 

the slope of the guy chord at level i to the horizontal; 

the elastic modul us for the mast; 

... (B.2 I a) 

(B.21b) 
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1m the average mast bending inertia; 

L~ the average span between guy levels. 

c) The parameter Q is less than 1, where: 

Q 3~VH;'H ~ ~~ 
the average mass per unit length of the mast column including ancillaries (kg/m); 

the average face width of the mast (m); 

the mean wind speed Ve at top of mast (m/sec); 

... (B.21c) 

the average total of the product of the force coefficient Cr times the reference area LA as 
defined in B.2.2.1 (1) 

H the height of mast, including cantilever if present (m), 

(4) If any of the criteria in (3) are not satisfied, then the spectral analysis method (see B.4.4) should be 
followed. 

B.4.3 Equivalent static methods 

B.4.3.t General 

(1) To allow for the dynamic response of masts to wind loading the mast should be analysed for a series 
of static 'patch' loading patterns based on the mean loading augmented by wind load 'patches'. This 
procedure requires several static wind analyses for each wind direction considered, the results being 
combined to provide the maximum response. 

(2) For masts of symmetrical structural cross section with triangulated bracing, either without ancillaries 
or with ancillaries symmetric in the wind direction being considered, and are not likely to be dynamic 
sensitive B.4.7), the maximum forces should be derived in accordance with B.4.3.2. 

(3) For masts containing ancillaries which are unsymmetric in the wind direction being considered, the 
additional forces due to cross wind effects should be determined in accordance with B.4.3.2.8. 

B.4.3.2 Load cases to be considered 

B.4.3.2.t lVlean wind loading 

(I) The wind load in the direction of the wind on the mast column Fm.w due to the mean wind should be 
taken as: 

where: 

... (B.22) 

is the wind force coefficient of the structure (and any ancillaries if present) in the direction of 
the wind over the mast section concerned, at a height z metres above the site ground level, 
determined in accordance with I.§) B.2.].3 @i) 

(2) The loads should be taken as acting at the level of the centre of areas of faces (including ancillaries if 
present) within the section height. 

(3) The wind loading on the guys, FGw(z)@i), normal to the guys in the plane containing the guy and 
the wind, due to the mean wind should be taken as: 

... (B.23) 

where: I.§)cr:dz)@i) is the wind force coefficient of the guy under consideration determined in accordance 
with 
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(4) If a uniform loading is used then qp(::") ~ should be based on (§] the wind speed at 213 the height of 
the relevant guy attachment to the mast. 

(5) The load effects Sm due to the mean wind should be determined for each component of the mast by a 
geometric non-linear static analysis under the mean loading Fm.w and FGw. 

B.4.3.2.2 Patch loads 

(I) In addition to the mean loading derived from Bo4.3.2.1 successive patch loads should be applied as 
follows: 

on each span of the mast column between adjacent guy levels (and the span between the mast base and 
the first stay level); 

over the cantilever if relevant; 

from midpoint to mid point of adjacent 'spans'; 

from the base to the mid height of the first guy level; 

from the mid height of the span between the penultimate and top guy if no cantilever is present, but to 
include the cantilever if relevant. 

These are shown ill Figure Bo4.1. The 'patch' load should be taken as: 

Lew (z)Are/@lI 
(z) 

... (B.24) 

where: cw(z) is as defined in Bo4.3.2.1; 

~k, is a scaling factor which defines the probability of occurrence;@lI 

IvC::..) is the turbulence intensity as given in 404 of EN 1991-1-4, depending on the site terrain and 
the orography. 

co(::") is the orography factor determined from EN 1991-1-4. 

NOTE 1: The scaling factor k., accounts for the mull i-modal response of guyed masts. 

NOTE 2: The value of k, may be given in the National Annex. The value ks = 3,5 is recommended. 

NOTE 3: For simplicity uniform patch loads may be llsed taking z. as the height at the top of the patch for 
and 

Mean wind 
loading 

z 

i = J 2 3 4 

Patch loads 

Figure 8.4.1 Application of patch loads 

5 6 
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(3) These patch loads should be applied to the mast, under mean wind loading determined from 
BA.3.2.1. 

(4) For masts up to 50m height only one case needs to be considered, with the mean and patch load 
enveloping the mast. 

NOTE 1: Tn such cases the shear bracing in each span should be designed for the lT1aximUIll shear (and 
associated torsion) in that span. 

NOTE 2: [n such cases the 
minimum) leg load in that span. 

and their connections in each span should be designed 1'01' the maximum (and 

NOTE 3: In such cases if the mast supports a cantilever, then (i) mean plus patch loading 011 the cantilever and 
mean load on the mast and Oi) mean load on the cantilever and mean plus patch loading on the mast should 
also be considered. 

B.4.3.2.3 Loading on guys 

(l) For each patch loading case on the mast column, as given in BA.3.2.2 patch wind loads, ~ h'(j(z)@iI, 

should be applied within the same boundaries, see Figure BA.2. These patch loads should be applied normal 
to each guy in the plane containing the guy and the wind, and taken as: 

... (B.25) 

where: ks is a scaling factor; 

IEJ) cr:a(z)@iI is the wind force coefficient normal to the guy in the plane containing the guy and the 
wind determined in accordance with B.2. 

NOTE 1: The scaling factor k, accounts for the Illulti-modal response of guyed Illasts. 

NOTE 2: The value or k, may be given in the National Annex. The value k; 3,5 is recommended. 

(2) For simplification the patch loading may be 'smeared' over the whole height of the guys in question 
by multiplying the above wind load by the ratio zp/zG: 

where: is the "height" of the patch on the actual guy; and 
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ZG is the height to the attachment of the guy to the mast. 

Patch loading on mast 
column (typical) 

Patch load on 
guy (3) (may be 
smeared, see 
BA.3.2.3(2))) 

Mean load 
on guy (3) 

Figure 8.4.2 Patch loading on guys 
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(I) The load effect in each element of the mast column and guys derived from each patch load applied 
slIccessively, SPLi, should be calculated. 

(2) This should be done by calculating the difference between the load effect from the patch load 
combined with the mean load and the load effect of the mean load alone. 

(3) These load effects should then be combined as the root sum of squares, or: 

N 

S" = .LS~Li ... (B.26) 
i=1 

where: SPLi is the load effect (response) from the ith load pattern; 

N is the total number of load patterns required; 

Sp is the total effective load effect of the patch loads. 

B.4.3.2.S Total load effects 

(I) The total load effects for each component of the mast column, STM, should be determined from: 

SrM = SM ± Sp ... (B.27) 

where: SM is the mean load effect determined from BA.3.2.1 ; 

Sp is the fluctuating load effect determined from BA.3.2A using the sign to produce the most 
severe effect. 

Tn the calculation of the total force in the shear bracing in each span of the mast column in 
accordance with (]) above, the minimum value within that span should be taken as the highest calculated at a 
distance of one quarter of the span from either adjacent guy attachment levels (or the mast base if relevant), 
In this context 'span' refers to the distance between adjacent guy levels or between the base and the lowest 
guy level. (See BA.3.) 

3 

I Minimum value to be 
used in this span 

2 See NOTE 

3 Force il1 shear bracing 

NOTE: Envelope of forces in bracing members arising from patch loading (absolute values shown) 
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Figure 8.4.3 Minimum forces in shear bracing in mast column 

B.4.3.2.6 Wind directions to be considered 

(I) For each member of the mast, the wind direction giving the most severe total load effect should be 
considered. This in practice means that several wind directions should be investigated. 

(2) If the mast is nearly symmetrical in geometry and loading, at least three wind directions should be 
analysed for a triangular mast guyed in three directions, i.e. 90°, 30° to a face and 60° to a face. For a mast 
with square cross section and guyed in four directions, at least two wind directions should be analysed, 
normal to a face and 45° to a face. Examples are shown in Figure BAA. 

NOTE: To account for overall buckling of symmetric masts (see 5.1 (5)) introduction of a lateral effec t (such 
as a cross-wind force of 2% of the along wind force or a wind direction of 2° off the notional wind direction) 
should be provided in undertaking the second order analysis . 

... 

t t 

/' /' t 
(4 stayed circular mast similar) 

Figure 8.4.4 Typical wind directions to be considered 

B.4.3.2.7 Loading for calculating deflections and rotations 

(1) Deflections and rotations are normally only important to satisfy serviceability requirements. The 
serviceability criteria should be defined by the client in the project specification (see 7.2.2) 

B.4.3.2.8 Wind loading for unsymmetricallnasts or masts with conlplex attachnlents 

B.4.3.2.8.1 General 
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(1) For unsymmetrical masts or masts that contain unsymmetrically placed large ancillaries andlor 
cables imposing torsional and cross wind loads, the total forces due to the effects of wind load should al10w 
for the combined action of wind on individual parts, both along wind and crosswind, when appropriate. 

(2) Cross wind turbulence will cause fluctuating load effects. This may need to be considered in 
conjunction with along wind loads. 

(3) The procedure for separating the mean along wind loads from the fluctuating loads needs to be 
carried out, as set out for towers in B.3.2.2.1. For guyed masts, however this will necessitate a series of 
transverse patch wind loads to be applied in a similar manner to those for along wind as set out in B.4.3.2.2. 

(4) The total load effects should then be determined from: 

S7~AvJ SM ±~S;'w + K,~S~x ... (B.28) 

where: is the load effect from the in-line patch loads; 

Spx is the load effect from the cross-wind patch loads; 

Kx is a factor to allow for cross wind intensity of turbulence 

51 



BS EN 1993-3-1 :2006 
EN 1993-3-1 :2006 (E) 

NOTE 1: The value of Kx may be given in the National Annex. The val ue Kx = 1,0 is recol11mcnded. 

NOTE 2: Cross wind turbulence will cause fluctuating cross wind loads even in symmctric masts: however 
such loads will not affect the critically loaded elements. 

(5) Alternatively, for simplification the cross wind turbulence effects need not be calculated explicitly as 
in BA.3.2.8.1 (4) above but the in-line peak load effects, STiV!, from BA.3.2.5( 1) should be increased by 10% 
to allow for cross wind effects. 

B.4.4 Spectral analysis method 

(1) When response is calculated by spectral analysis this should be used for the resonance contribution 
to the response only. 

(2) The non-resonant response may be determined using the general static procedure ~(see BA.3.2). 
The value of ks should be taken as ks=2,95. @J] 

(3) The meteorological conditions to be assumed should be those defined in EN 1991-1-4, and the wind 
resistance taken as that given in B.2. In addition, the parameters defined in Annex B of EN 1991-1-4 should 
be adopted In the absence of more accurate information. 

(4) Cross wind turbulence will cause fluctuating load effects which need to be considered in conjunction 
with along wind loads. Appropriate parameters, consistent with those adopted for along wind effects should 
be adopted. 

(5) Response should be calculated for al1 modes of vibration having natural frequencies less than 2 Hz. 

B.4.S Vortex-excited vibrations 

(1) When masts support large bluff bodies or are likely to become heavily blocked by icing, then 
susceptibility to vortex-excited vibrations, should be taken into account in accordance with EN 1991-1-4. 

B.4.6 Guy vibrations 

(1) The mast guys should be checked for high frequency vortex-excited vibrations and guy galloping, 
particularly when the guys are iced, as follows: 

a) Vortex excitation 

Guys may be subject to low amplitUde resonant type vibrations at low wind speeds caused by vortex 
excitation at high frequency. 

As excitation can occur in high modes general rules cannot be set down. However as a guide, experience 
shows that such vibrations are likely to occur if the still air tensions in the guys are in excess of ten per 
cent of their breaking load. 

b) Galloping (including rain induced vibrations) 

Guys may be subject to galloping excitation when coated with ice or thick grease. The accretion of ice or 
grease can form aerodynamic shapes which provide lift and drag instabilities. These result in low 
frequency high amplitude vibrations. Similar vibrations are also known to occur under conditions of rain. 

Again general rules cannot be provided as the occurrence of galloping is critically dependent on the 
formation of ice, or profile of grease. It will generally only occur on large diameter guys and is relatively 
insensitive to initial stay tensions. See EN 1993-1-11 (Clause 8.3) 

(2) If guy vibrations are observed, dampers or spoilers should be provided as required to limit the 
resulting stresses, see D.2. 

(3) Fatigue checks of the anchorages should be made if such vibrations are known to have occurred and 
no remedial action has been taken. In such cases specialist advice should be sought. 
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Annex C [informative] - Ice loading and combinations of ice with wind 

NOTE: As this Annex deals with ice loading and combinations of ice with wind for masts and towers it is 
expected that it will be transferred to EN 1991 Actions on structures. 

C.1 General 

(I) Atmospheric ice loading on masts and towers can, for exposed sites, grow to considerable 
thicknesses, and combined with wind the increased wind drag due to iced members might in some instances 
govern the design. 

(2) The magnitude of ice deposit on structures, as well as the density, the placing and the shape of the 
ice on masts and towers heavi Iy depends on the local meteorological conditions and the topography and the 
shape of the structure itself. 

(3) Atmospheric icing is traditionally classified according to two different formation processes: 

in-cloud icing; 

precipitation icing. 

(4) These may result in various types of ice as soft rime, hard rime, wet snow and glaze, having different 
physical properties concerning density, adhesion, cohesion, colour and shape. For instance the density varies 
typically from approximately 200 kg/m3 to 900 kg/m3

, and from a concentric deposit (glaze and wet snow) to 
an eccentric deposit on one face pointing windward for soft and hard rime. 

(5) For engineering design purposes it is traditionally assumed that aI1 members of a mast or a tower are 
covered with a certain ice thickness, which together with a density may be used for calculation of the weight 
of the ice as well as the wind drag. Such methods may be justified in areas where glaze or wet snow form 
the design ice load, but in the case of rime the physical reality does not coincide with a uniform ice thickness 
011 all members of towers and masts. However in areas where the ice deposit from in-cloud rime is relatively 
small, the method of ca1culating ice weight and wind drag with ice assuming a uniform ice cover can be 
practical and reasonable if conservative values are used. 

(6) On the other hand there are areas in Europe that are very exposed to heavy atmospheric icing and for 
such areas the ice load should be estimated by experts in atmospheric icing. This should include the weight, 
the location, the shape, etc. of the ice load on the actual structure, as well as the appropriate combination of 
ice with wind which should be specified in detail. 

(7) The following clauses provide a general description of how to treat ice load and ice in combination 
with wind on towers and masts. 

C.2 Ice loading 

(I) The principles for characteristic ice loading inclusive of the density and other design parameters is 
given in ISO 12494. In ISO 12494 the ice load is based on Ice Classes for rime and glaze, but the actual Ice 
Class for the location is not given, nor is the density of the ice. 

NOTE: The National Annex may further information. 

(2) As the ice may deposit asymmetrically on towers and masts, such situations should be taken into 
account. Asymmetrical icing is of particular interest for masts where icing on the different guys may vary 
considerably causing bending effects in the mast column. Asymmetrical ice on the guys may partly be 
caused by asymmetrical ice accretion depending on wind direction and partly caused by unequal shedding of 
ice from the guys. 
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C.3 Ice weight 

(1) When estimating the weight of the ice on a lattice tower or mast column, it may normally be 
assumed that all structural members, components of ladders, ancillaries, etc. are covered with ice having the 
same thickness over the whole surface of the member, see Figure C.l. 

Figure C.1 Ice thickness on structural members 

C.4 Wind and ice 

(1) In areas where atmospheric icing occurs, combinations with wind can often govern the design of 
masts and towers. The increased wind drag caused by the ice deposit on the individual members might thus 
result in critical loading, even though the associated wind speeds are less than the maximum characteristic 
values. 

(2) The wind drag of an iced tower or mast may for glaze ice be estimated using the same basic 
procedure as given in Annex B, taking into account the increased width of members and component due to 
the ice thickness. If the gaps between elements are small (say less than 7Smm) they may be assumed to be 
closed by ice. For rime ice estimation of the wind drag is far more compl icated, and for flllly iced mast or 
mast faces special attention should be taken. Guidelines are given in ISO 12494. 

(3) When combining ice and wind load, the characteristic wind pressure in periods where atmospheric 
icing can occur is less than the characteristic wind pressure in all situations. This may be taken into account 
by multiplying the characteristic wind pressures in EN 1991-1-4 by a factor k. The factor k is given in ISO 
12494 dependent of the Ice Class. 

C.S Asymmetric ice load 

(l) Asymmetric icing on a mast should be taken into consideration by applying the appropriate ice to the 
mast shaft: and to all guys apart from: 

~ - the guy or guys in one lane of the top guy level; 

the guy or guys in two lanes of the top guy level.@l1 
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(]) Two combinations of wind and ice should be taken into consideration for both symmetrical icing and 
asymmetrical icing. The design values of the loads are as given in 2.3 and the following combinations 
should be used: 

for dominant ice and accompanying wind: 

}6 Gk + /fcc Qk.ice + Xv k lfI\v Qk.w ... (C.l) 

for dominant wind and accompanying ice: 

Gk +'}\v k Qk.w + /fcc lj/icc Qk,ice ... (C.2) 

where k is defined in CA(3). 

NOTE: The National Annex may give information on combination factors. The following combination 
factors are recommended: 

/ficc 

0,5 

0,5 

1®(2)@il For partial factors on dead load ice load /fce and wind load I\v see Annex A. 

... (C.3a) 

... (C.3b) 
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Annex D [normative] - Guys, dampers, insulators, ancillaries and other 
items 

0.1 Guys 

D.l.I lVletallic guys and tension eleillents 

(1) For metallic guys and tension elements see EN 1993-1-11. 

(2) Filling material in antennas should be metallic 

NOTE: The National Annex may give further information. 

D.l.2 Non nletallic guys 

(1) Materials other than steel may be used provided that they have an acceptable modulus of elasticity 
and provided that appropriate measures are taken to prevent vibrations in higher frequencies. 

NOTE: In the selection of Synthetic materials the low modulus of elasticity of some products m':ly require a 
higher initial tension to compensate for their lower sli rrness, which can lead to possible high frequency 
vibrations. The ends of such ropes are sealed to prevent entrance of moisture whieh might Olherwise lead to the 
discharge of lightning. Partial ['actors for non metallic guys may need to be than for steel guys. 

(2) Non metallic guys should comply with the relevant technical specification. 

NOTE: The National Annex may give further information. 

0.2 Dampers 

D.2.1 Structure dampers 

(l) The possible structural vibrations that can occur in a tower or mast under wind should be reduced, if 
necessary, by the use of the damping devices. 

NOTE: See Annex B and Annex A of EN 1993-3-2. 

D.2.2 Guy dampers 

D.2.2.1 General 

(1) To suppress the possible vibrations that can occur in guys under wind one of the following 
procedures should be followed: 

a) Dampers should be mounted on guys in all cases where the initial tension is greater than 10% of the rated 
breaking strength of the guy. 

b) Where guy dampers are not fitted the guys should be carefully observed during the first years of service 
to ensure that excessive frequency and/or amplitude of oscillations are not occurring. Otherwise dampers 
as described in (a) should be fitted. 

NOTE: For vibrations see Annex B. 

D.2.2.2 Dampers to reduce vortex excitation 

(1) Appropriate dampers should be installed in all cases where unacceptable vortex-excited vibrations 
are predicted or have been observed. Dampers should conform to appropriate technical specifications. A 
frequency band of vibration should be specified. 

D.2.2.3 Danlpers to prevent galloping (including rain/wind induced vibrations) 
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(J) Partial control of galloping and rain/wind induced vibrations may be obtained by the attachment of a 
rope from guy to guy, connecting the points of maximum amplitude of two or more guys. The effect of this 
under high wind conditions should be taken into account in the of the connections to the guy. 

NOTE: Hanging chains may also be used to provide partial control of galloping, if the chains will operate 
over the relevant frequency range. 

0.3 Insulators 

(1) fnsulators should be selected dependent on electrical and mechanical requirements. 

The minimum ultimate strength should be taken from relevant technical specifications. 

(3) Each guy insulator fitting should be designed sllch that even if an insulator suffers electrical failure 
the stabil ity of the mast is still ensured. This may be achieved, for example by the use of fail safe insulators 
or insulators in parallel. 

(4) Arcing arrangements should be made such that arcing will not occur along the surface of the 
insulating materials adjacent to the steel fitting. 

(5) Where insulators are used at the base of the mast, jacking facilities should be provided to enable 
replacement of units. 

(6) Mechanical loading and unloading for ceramic insulating material (during mechanical tests and/or 
during construction) should be carried out in accordance with the relevant technical specifications. 

NOTE 1: The National Annex may give further information. In the absence of other data loading and 
unloading should be undertaken at a rate of approximately 5% of the expected load in steps of approximately 1 
minute, sllch lhat any loading or unloading will take not less than 20 minutes. 

NOTE 2: For electrical properties see Nationul Annex. 

0.4 Ancillaries and other items 

D.4.1 Ladders, platfornls, etc. 

(I) Ladders, platforms, safety rails and other ancil1mies should comply with the relevant specifications. 

NOTE: The National Annex may give further information. 

DA.2 Lightning protection 

(1) Towers, masts and guys should be effectively earthed for protection against lightning. This may be 
achieved by a metallic tape ring around the base connected to metallic plates and rods embedded in the soil. 
Guy anchors should be similarly protected. 

(2) The earthing system should be completed before erection of the steelwork, and connections should 
be made to the stay earthing system as erection work proceeds. 

(3) Provided that all the structural joints are electrically continuous, no further bonding need be 
incorporated. 

NOTE: The National Annex may give further information. 

DA.3 Aircraft warning 
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(1) Structures that constitute a hazard to aerial navigation should be marked. 

NOTE: The National Annex may further information. 

D.4.4 Protection against vandalisnl 

(]) Suitable protective measures should be instal1ed to restlict access by unauthorized persons. 

NOTE: The National Annex may give further information. 
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E.1 Introduction 

(I) Guy rupture is an accidental action. For paItial factors see Annex A. 
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(2) The precise analysis of a guyed mast for the dynamic actions caused by a sudden rupture of a guy is 
very complicated, because several of the different factors influencing the behaviour of the mast immediately 
after failure are uncertain; for instance the character of the rupture, the damping of the guys and the mast, the 
vibration of the guys and the mast, etc. Accordingly, the simplified analytical model given in E.2 may be 
adopted. A conservative procedure is given in E.3. 

E.2 Simpli"fied analytical model 

(1) For the simplified analysis of a guyed mast due to the rupture of a guy, the dynamic forces should be 
assumed to be equivalent to a static force acting on the mast at the level of the set of guys where rupture has 
assumed to have occurred. 

(2) For the calculation of this static equivalent force Fh.dyn.ScI described below, it is assumed that: 

the rupture is a simple cut through the guy; 

the elastic energy stored in guy I Figure E.]) before the rupture occurs is neglected; 

da.mping is not taken into account; 

the wind loading when calculating the equivalent force is neglected. 

2 

1 4 .. 
J Guy J 

3 
2 GllY 2 

3 Guy 3 

4 Deflection 
Elevation Section at top level 

Figure E.1 Guy rupture 

(3) For a given deflection 1I guys 2 and 3 act on the mast shaft with a force Fh.scl • The relation is shown 
in Figure E.2 as curve]. It will be seen that F h•ScI decreases with increasing deflection owing to slackening of 
the guys. 

(4) For the mast system, except for the set of guys at the considered level, the relation between an 
external horizontal force and the deflection of the node can be shown as well. In Figure E.2 this relation is 
shown in curve 2. Where the two curves 1 and 2 intersect, the two forces are equal, i.e. there is static 
equilibrium. The force acting on the joint is Fh.slaI.Sd' 

(5) At the moment that rupture occurs, energy is stored in guys 2 and 3. When the mast starts detlecting, 
this energy will partially be transformed into kinetic energy. 
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(6) At the maximum deflection, the kinetic energy wi]] be zero, because the energy lost 1n guys 2 and 3 
has been transferred to the mast as elastic strain energy in the shaft and the guys. Damping has not been 
taken into consideration. 

(7) The energy lost in guys 2 and 3 should be assumed to be equal to the area A2 below curve 111 

Figure E.2. 

(8) The deflection resulting in the two areas A I and A2 being equal, should be taken as the dynamic 
deflection Udyn. 

(9) The dynamic force corresponds to this dynamic deflection. The impact factor <P may be 
determined using: 

F 

Fh, stat, Sd 

u 
Ustat 

Figure E.2 Force-deflection diagram 

1 Curve 1: GllY 2 and 3 

2 Curve 2: lvlast excluding 
guy I, 2 cmd 3 

ITTITTITnm -
Area A I ullder 
curve 2 

Area A2 under 
CllITe J 

1) 

(10) The above procedure for the analysis of a mast just after a possible guy rupture has occurred applies 
to a mast guyed in 3 directions. For masts guyed in 4 (or more) directions similar procedures based on the 
same principles should be adopted. 

(11) If agreed between the designer, the client and the competent authority the above dynamic force 
arising from the rupture should not be combined with climatic 10ads. 

E.3 Conservative procedure 

(1) The dynamic forces in the mast column and the guys caused by a cable rupture can be conservatively 
estimated using the following static calculations. 

(2) The horizontal component of the guy force acting in the gny before the rupture should be used as an 
additional force acting on the mast without the broken guy. 

NOTE: In the absence of other climatic loads this corresponds to the initial tension. 

(3) The resulting guy forces shou1d be increased by the factor 1.3 in the case of masts with 2 stay levels 
or if the rupture of a top guy is considered. 
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(I) In addition to the procedures set out in E.2 or E.3 above, immediately after the rupture of a guy the 
mast should be able to withstand wind loads for a short period until temporary guying can be ananged. 

(2) If no other requirements are given, the mast without the ruptured guy should be able to withstand a 
reduced wind load, acting as a static load, and without patch wind loading. The reduced wind loading should 
be taken as 50% of the characteristic mean wind loading, acting in the most adverse wind direction. 
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Annex F [informative] - Execution 

F.1 General 

(1) Towers and masts should be fabricated and erected according to EN 1090-2. 

F.2 Bolted connections 

(1) All bolt assemblies on towers and masts should be provided with suitable measures to avoid any 
loosening of nuts in service. 

(2) Bolt holes in members should be drilled, where fatigue effects cannot be ignored. 

(3) Fitted or friction grip bolts, or closer tolerances on bo1t holes than those given in ~EN ] 090-2@il 
may be used where displacements are critical ~(see FA.2).@il 

F.3 Welded connections 

(1) The quality of welds assumed in selecting the appropriate fatigue class of a structural detail, see 9.3, 
should be specified on the drawings for the fabrication of the structure. 

F.4 Tolerances 

F .4.1 General 

(1) The tolerances given in EN 1090, Part 2 should be satisfied in fabrication. 

(2) Tighter tolerances should be used where tolerances from EN 1090-2 do not satisfy the requirements 
for the function of the structure. 

F .4.2 Erection tolerances 

F .4.2.1 Lattice towers 

(1) The maximum displacement of the tower top should be specified. 

NOTE: The National Annex may give funher information. A maxlrnum displacement of the tower top not 
more than 1/500 of the heighl of the tower is recommended. 

(2) Final plumbing should be done in calm conditions taking due account of any temperature effects. 

F.4.2.2 Guyed Inasts 

(1) The sensitivity to the structure to varying wind speeds for final plumbing and guy tensioning should 
be determined in design. 
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(2) Final plumbing and tensioning of guys should normally proceed from the lowest guy level upward. 

NOTE: The National Annex may limits for the tolerances. The following values are recommended: 

a) The final position of the centre line of the mast should all lie within a vertical cone with its apex at the 
mast base and with a radius of of the height above the mast base. This does not apply to halyards or 
aerial array wires. 

h) The resultant horizontal component of the initial guy tensions of all the guys at a given level should not 
exceed 5<k: of the average horizontal component or the initial guy tension for that level. The initial tension 
in any individual guy at a level should in no case vary more than 10(/c! from the design value, see 
EN 1993-1-11. 

c) Maximum initial de/lection of the mast column bet\veen two guy levels, where L is the distance between 
the guy levels in question, should be Lit 000. 

d) After erection the tolerance on the alignment of 3 consecutive guy connections on the shaft is limited to 

(L I + L 2)12000, where L1 and L2 are the lengths of the two consecutive spans of the shaft. 

F.4.3 Tensioning constraints 

(1) After erection, the guys should be tensioned in accordance with the calculations, taking due 
account of the actual temperature 011 the site, see EN 1993-1 11. 

(2) In order to minimise the possibility of guy vibrations still air tensions should be selected such that 
for each guy the tension is less than 10% of its breaking load. 

NOTE 1: For small masts this figure may be exceeded. 

NOTE 2: Low still air tensions can rise to galloping of guys. 

F.5 Prestretching of guys 

(I) In order to ensure that the rope is in a truly elastic condition guys should be prestretched preferably 
prior to terminating. This may be done at the supplier's works or, if suitable facilities exist, at the erection 
site. see EN ] I I I . 

NOTE: The need for prestretching is dependent on the planned programme for rctensioning, the type and size 
of the rope used and the sensitivity to deflections. 

(2) Prestretching should be carried out by loading the guy cyclically between 10% and 50% of its 
breaking load. The number of cycles should not be less than ten. This process should not be carried out by 
passing the loaded guy around a sheave whee1. 
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Annex G [informative] - Buckling of components of masts and towers 

G.1 Buckling resistance of compression members 

(I) The design buckling resistance of a compression member III a lattice tower or mast should be 
determined according to EN 1993-1-1 as: 

'AI' 
N/J.Nd = ~ for class 1,2 and 3 cross section 

rAt I 
... (G.la) 

14. f' 
N Z elf· i t' 1 4 . 

!l.Ud . or c ass cross sectIons 
YHI 

." (G.lb) 

where X is the reduction factor for the relevant buckling mode defined in 6.3.1.2 of EN 1993-1-1. 

(2) For constant axial compression in members of constant cross section, the reduction factor X and the 
- -

factor <p to determine X should both be determined with the effective slenderness ratio Aea instead of A. The 

effective slenderness ratio is defined as: 

Aef.! = kA 
where 

k is the effective slenderness factor obtained from G.2 and 

A 

AI 

Al is defined in EN 1993-1-1 

A is the slenderness for the relevant buckling mode see Annex H. 

... (G.2) 

NOTE: The effective slenderness takes into account the support conditions of the compression member. 

(3) For single angle members which are not connected rigidly at both ends (at least with two bolts, if 

bolted), the design buckling resistance defined in G.I (I) should be reduced by a reduction factor 1]. 

NOTE: The reduction factor '7 may be defined in the National Annex. The following values are recollllllended: 

'7 D,8 for single angle members connected by one bolt at each end; 

'7 0,9 for single angle members connected by one boll at one end and continuous or rigidly connected at 
the other end. 

G.2 Effective slenderness factor k 

(1) In order to calculate the appropriate generalised slenderness of the member, the effective slenderness 
factor k may be determined according to the structural configurations. 

(a) Leg Inembers 

k should be obtained from table G.l. 

(b) Diagonal bracing members 

k should be determined taking account of both the bracing pattern H.1 ) and the connections 
of the bracing to the In the absence of more accurate information values of k should be obtained 
from table G.2. 

(c) Horizontal bracing members 
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In the case of horizontal members of K bracing without plan bracing (see H.3.1 0) that have compression 
in one half of their length and tension in the other, the effective slenderness factor k for buckling 
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transverse to the frame determined from table G.2, should be multiplied by the factor kJ given in table 
G.3 depending on the ratio of the tension load, Nt, to the compression load Nc. 
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Table G.1 Effective slenderness factor k for leg members 

Sec 
Axis 

L 

Case (a) 
Primary bracing 

at both ends 

asymmetric 

symmetric 

Case (b) 
Primary bracing 
at one end and 

secondary 
bracing at the 

other 

A 
.,L 
-. 

~-+--7~L 

Case (c) 
~Secondary 

bracing at both 
ends 

v v 

A 
08+-, 10 

but ~ 0,9 
and:::; 1,0 

A 
0,8+ 

c 10 
but 20,9 
and:::; 1,0 

08+~ 
~ 10 

but 20,9 
and:::; ] ~O 

y-y 

],0(1) 

1,0 (J) 

LO 

Section 
Axis 

discontinuous 
top end with 
horizontals 

Case (d) 
Primary 

bracing at both 
ends 

Ll 

Case (e) 
Primary 

bracing at both 
ends 

NOTE 1: A reduction factor may be justified by analysis. 
NOTE 2: Only critical if very unequal angle section is used. 
NOTE 3: The above values only apply to 900 angles. 

66 

Unsymmetrical bracing 
(3) 

v-v y-y 

[,{ 0,8+ A 
10 1,2 ( 0,8 + J~ J 

but ~ 1,08 but ~ 1,08 
and:::; ]2 and:::; 1,2 
on L}2) all LI 

A A 
0,8+ 08+-

10 ' 10 
but ~ 0,9 but ~ 0,9 
and:::; 1,0 and:::; 1,0 
on L

2
(2) on LI 

y -y 

1,0 
all LI (I) 

1,0 
on 
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Table G.2 Effective slenderness factor k for bracing members 
(a) Single and double bolted angles 

Ty e of restraint 

Discontinuous 
both end 

(i.e. single bolted 
at both ends of 

member) 

Continuous one 
end 

(i.e. single bolted 
at one end and 
either double 

bolted or 
continuous at other 

end of member) 

Continuous both 
ends 

(i .e. double bolted 
at both ends, 

doub1e bolted at 
one end and 

continuous at other 
end, or continuou s 
at both ends of the 

member) 

Examples 

/ 

Axis 

v-v 

y-y 

z-z 

v-v 

y-y 

z-z 

v-v 

y-y 

z-z 

k 

O 7 
0,58 

, +
A, 

O 7 
0,40 

, +-
A 

NOTE 1: Above details are shown for illustrative purposes only and may not reflect practical design aspects. 
NOTE 2: Details are shown for connections to angle legs. The factor K applies equally to connections to 
tubular or solid rOllnd legs through welded gusset plates. 
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Table G.2 Effective slenderness factor k for bracing members 
(b) Tubes and rods 

Type Axis 

in plane 

+~ out of plane 

single bolted tube 

in plane 

i" 

welded tubes with 
out of plane 

out of plane 

in plane 

out of plane 

in plane 

out of plane 

welded bent rods 
NOTE 1: Double preloaded bolts may qualify for this condition subject to analysis. 
NOTE 2: Reduction for actual length only, but not less than the distance between end bolts. 
NOTE 3: Where ends are not the same, an average~"k"@ilvalue should be used. 

0,95(2) 

0,85 

0,95(1) 

0,85 

0,70 

0,70 

0,85 

0,85 

NOTE 4: Above details are shown for illustrative purposes only and may not reflect practical design aspects. 
NOTE 5: Above values are for bracing members with the same connection type at each end. For members 
with intermediate secondary bracing~"k"@ilfactors may increase and upper values of 1,0 should be used 
unless justified by tests. 
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Table G.3 Modification factor (k1) for horizontal of K brace without plan bracing 

Ratio Modification factor~ kl 
Nc 

O~O 0~73 
0,2 0,67 
0,4 0,62 
0,6 0,57 
0,8 0,53 
1,0 0,50 

A value of 1,0 applies when the ratio ~ is negative 
Nc 

(i.e. when both members are in compression). 
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Annex H [informative] - Buckling length and slenderness of members 

H.1 General 

(1) This annex gives information about the determination of buckling length and slenderness or members in 
masts and towers. 

H.2 leg members 

(1) The slenderness for leg members should generally be not more than 120. 

(2) For single angles, tubular sections or solid rounds used for leg sections with axial compression 
braced symmetrically in two normal planes, or planes 60° apati in the case of triangular structures, the 
slenderness should be determined from the system length between nodes. 

(3) Where bracing is staggered in two normal planes or planes 60° apart in the case of triangular 
structures, the system length should be taken as the length between nodes. The slenderness for the case 
shown in table G.l, case (d) should be determined from equation (H.la) or (H.lb) as appropriate. The 
slenderness should be taken as: 

L
J 

Ll 
A = -. - or A = ~ for angles 

l yy In 

L
J A = - for tubes 

iyy 

... (B.la) 

... (H. 1 b) 

L2 
NOTE: The value A = may be conservative in relation to a more refined analysis taking account of 

i1'\' 
realistic end conditions. 

(4) Built-up members for legs may be formed with two angles in cruciform section or of two angles 
back to back. 

(5) Built-up members consisting of two angles back to back (forming a T) may be separated by a small 
distance and connected at intervals by spacers and stitch bolts. They should be checked for buckling about 
both rectangular axes according to 6.4.4 of EN 1993-1-1. For the maximum spacing of stitch bolts, see 
EN 1993-1-], 6.4.4. 

NOTE: The National Annex may give information on procedures where the maximum spacing or the stitch 
bolts is larger than that given in EN 1993-1-1,6.4.4. 

(6) Stitch bolts should not be assumed to provide full composite action where the gap between the 
angles exceeds 1,5 t, and the properties should be calculated assuming a gap equal to the true figure or 1,5 t, 
whichever is the lesser where t is the thickness of the angle. If batten plates are used in addition to stitch bolts 
the propeliies corresponding to the full gap should be taken. See 6.4.4 of EN 1993-] -] . 

(7) Battens should prevent relative sliding of the two angles; if bolted connections of categories A and B 
are used, see 3.4 of EN 1993-1-8, the bolt hole diameter should be reduced. 

NOTE 1: The rules (5) to (7) also apply to built-up members in bracings. 

NOTE 2: The National Annex may give further information. 
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(]) The following rules should be used for the typical primary bracing patterns shown in Figure H.I. 
Secondary bracings may be used to subdivide the primary bracing or main leg members as shown, for 
example, in Figures H.] (lA, TIA, IlIA, IV A) and H.2. 

(2) The slenderness A for bracing members should be taken as: 

Lr A = -. -[ I for angles ... (H.2a) 
liT 

L," A = -( I for tubes 
in 

... (H.2b) 

where Ldi is specified in Figure H.I 

NOTE: The value It = may be conservative in relation to a more refined analysis taking account of 
iI'\' 

realistic end conditions. 

(3) The slenderness A for primary bracing members should generally be not more than ] 80 and for 
secondary bracing not more than 250. For multiple lattice bracing (Figure H.J (V)) the overall slenderness 
should generally be not more than 350. 

NOTE: The use of high slenderness ratios can lead to the possibility of individual members vibrating and can 
make them vulnerable to damage due to bending from local loads. 

H.3.2 Single lattice 

(1) A single lattice may be used where the loads are light and the lengths relatively short, as for instance 
near the top of towers or in light masts (see Figure H.l (I)). 
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Typical primary spacing patterns 
parallel or taperi ng usually tapering usually parallel 

I II 

Si ngle lattice Cross brac; ng 

III 

K-bracing 

TV 
Di scontinuous 
bracing with 
continuoLls 
horizontal 

intersections 
Leli = Lei Ld?' Lel?' 

Tension member 

v VI 

Multiple lattice 
Tension bracing 

Typical secondary bracing patterns (see also Figure H.2) NOTE: The tension members in 
r-----~----------~------~------~------~L-----~--~ 

pattern VI are designed to carry the 
total shear in tension, e.g. 

or 

IA IIA lIlA IVA 
Cross bracing 

K-bracing with secondary 
members 

Leli = Lei I 

ffii) Cross bracing 
Single lattice 

@il 

Leli = Lei?' on = Lei I 

rectangular axis 

Figure H.1 Typical bracing patterns 

H.3.3 Cross bracing 

(I) Provided that the load is equally split into tension and compression, the members are connected 
where they cross, and provided also that both members are continuous (see Figure H.I (ll)), the centre of the 
cross may be considered as a point of restraint both transverse to and in the plane of the bracing and the 
critical system length becomes Lei?' on the minor axis. 

(2) Where the load is not equally split into tension and compression and provided that both members are 
continuous, the compression members should be checked in the same way for the largest compressive force. 
In addition, it should be checked that the sum of the buckling resistances of both members in compression is 
at least equal to the algebraic sum of the axial forces in the two members. For the calculation of the buckling 
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resistances, the system length should be taken as Ld and the radius of gyration as that abollt the rectangular 
axis parallel to the plane of the bracing. The slenderness may be taken as: 

/l = or 
in i __ 

for angles .. , (H.3a) 

for tubes or solid rounds ... (H.3b) 

NOTE: Where eilher member is not continuous, the centre of the connection may only be considered as a 
reslraint in the transverse direction if the detailing of the centre connection is such that the effective lateral 
stiffness of both members is maintained through the connection and the longitudinal axial stiffness is similar in 
both members. 

H.3.4 Tension bracing 

(I) Each diagonal member of a pair of tension bracing members and the horizontals should be capable of 
carrying the fun bracing shear load (see Figure H.I (VI». 

NOTE: Tension systems are very sensitive to methods of erection and to modifications or relative 
movements. Delailing to give an initial tension within the bracing and to provide mutual support at the central 
cross will be required to minimise deflection. 

H.3.S Cross bracing with secondary Inem bers 

(1) Where secondary members are inserted to stabilize the legs (see Figure H.] (IIA and TVA) and Figure 
H.2(a)), the buckling length on the minimum axis should be taken as Ldl . 

(2) Buckling should also be checked over length Ld2 on the rectangular axis for buckling transverse to 
the bracing and then over length Ld for the algebraic sLIm of the axial forces, see H.3.3. 

H.3.6 Discontinuous cross bracing with continuous horizontal at centre intersection 

(l) The horizontal member should be sufficiently stiff in the transverse direction to provide restraints for 
the load cases where the compression in one member exceeds the tension in the other or where both members 
are in compression, see Figure H.I (IV). 

(2) This criterion may be satisfied by ensuring that the horizontal member withstands (as a compression 
member over its ful11ength on the rectangular axis) the algebraic sum of the axial force in the two members 
of the cross-brace, resolved in the horizontal direction. 

NOTE: Additional allowance can be necessary for the bending stresses induced in the edge members by local 
loads transverse to the frame, such as wind. 

H.3.7 Cross bracing with diagonal corner members 

(1) In some patterns of cross bracing a corner member may be insetted to reduce the buckling length 
transverse to the plane of bracing (see Figure B.2(b»). A similar procedure to that used for H.3.3 may be 
used to determine whether this will provide a satisfactory restraint. 

(2) In this case five buckling checks should be can'jed Ollt as fonows: 

Buckling of member against the maximum load over length Ldl on the minimum axis; 

Buckling of member against the maximum load over length Ld'2 on the transverse rectangular axis; 

Buckling of two members in cross brace against the algebraic sum of loads in cross brace over the length 
Ld3 on the transverse axis; 

Buckling of two members (one in each of two adjacent faces) against the algebraic sum of the loads in 
the two members connected by the diagonal brace over length Ld4 on the transverse axis. 
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NOTE: For this case the lotal resistance should be calculated as the sum or the buckling resistances of both 
members in compression (see H.3.3(2)). 

Buck1ing of four members (each member of cross brace in two adjacent faces) against the algebraic sum 
of loads in all four members over length Ld on the transverse axis. 

H.3.8 Diagonal members of K bracing 

(1) In the absence of any secondary members (see Figure H.I (III)) the critical system length may be 
taken as on the minor axis. 

(2) Where secondary bracing in the faces is provided but no hip bracing Figure H.I (lIlA) the 
critical system length should be taken as Ld'J. on the appropriate rectangular axis. Thus the slenderness should 
be taken as: 

.4= or 
i'J i __ 

... (HA) 

(3) Where secondary bracing and triangulated hip bracing is provided (see Figure H.2(c)), then the 
appropriate system length between such hip members Ld4 should be used for checking buckling transverse to 
the face bracing on the appropriate rectangular axis. Thus the slenderness may be taken as: 

A= or 
i ry 

for al1 types of section ... (R.S) 

H.3.9 Horizontal face menlbers with horizontal plan bracing 

(1) Where the length of the horizontal face members becomes large, plan bracing may be introduced to 
provide trans verse stability. 

(2) The system length of the horizontal member for buckling should be taken as the distance between 
intersection points in the plan bracing for buckling transverse to the frame, and the distance between supports 
in plan for buckling in the plane of the frame. 

(3) Care should be taken in the choice of the vv or rectangular axes for single angle members. The vv 
axis should be used unless suitable restraint by bracing is provided at or about the mid-point of the system 
1ength. In this case buckling should be checked about the vv axis over the intermediate length and about the 
appropriate rectangular axis over the full length between restraints on that axis. 

NOTE: This procedure may be conservative in relation to a more refined analysis taking account of realistic 
end conditions. 

(4) Where the plan bracing is not fully triangulated, additional allowance should be made for the 
bending stresses induced in the edge members by loads, such as wind transverse to the frame, see Figure R.3. 

(5) To avoid buckling, where the plan bracing is not ful1y triangulated: 
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the horizontal p1an bracing should be designed to resist a concentrated horizontal force of p x H applied 
at the middle of the member where p is the percentage of the maximum axial compression force, H, in 
the members of the horizontal plan bracing (see HA); 

the deflection of horizontal plan bracing under this force should not exceed L/500. 



fully 
triangulated 
hip hracing 

(a) [IIB] 
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(b) [IIC] 
Cross bracing with diagonal corner 

members 

(c) [lIIB] 

1 corner stay (qf 
limited effect ~f 
both braces are 
in compression) 

2 hip hracings 

Figure H.2 Use of secondary bracing systems 

Trian ulated 

:1: If there are two diagonals, they may be 
designed as tension members. 

Not fully triangulated 
(not recommended for design, unless careful attention is given to bending effects) 

Figure H.3 Typical plan bracing 
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H.3.10 Horizontal members without plan bracing 

(I) For small widths of towers and for masts plan bracing may be omitted in appropriate cases with due 
justification. 

(2) The rectangular radius of gyration should be used for buckling transverse to the frame over length Lh 
(see Figure H.4(a)). However for single angle members, the radius of gyration about the vv axis should be 
used over length Lhl unless restraint by secondary bracing at intervals along the length is provided in which 
case the system length should be taken as Lhl , see Figure H.4(b). 

NOTE: This procedure may be conservative in relation to a more refined analysis taking account of realistic 
end conditions. 

(3) To avoid buckling of the horizontal member the criteria of H.3.9(S) should be satisfied. 

NOTE: Additional allowance may be necessary for the bending stresses induced in the edge members by 
local loads transverse to the frame, such as wind. 

A = Lhl / in< 
and (A = Lh / izz) 

A = Lh / iyy 

for angles 

for tubes 

A = Lhl / i\'\' 
and (A = Lh / iuJ 

A = Lh / iyy 

~I 

for angles 

for tubes 

Figure H.4 K bracing horizontals without plan bracing 

H.3.11 Cranked K bracing 

(1) For large tower widths, a crank or bend may be introduced into the main diagonals (see Figure 1-1.5), 
which has the effect of reducing the length and size of the redundant members. As this produces high 
stresses in the members meeting at the bend, transverse support should be provided at the joint. Diagonals 
and horizontals should be designed as for K bracing, system lengths of diagonals being related to the lengths 
to the knee joint. 

H.3.12 Portal frame 

(1) A horizontal member may be introduced at the bend to turn the panel into a portal frame, see Figure 
H.6. Because this leads to a lack of articulation in the K brace, special consideration should be given to the 
effects of foundation settlement or movement. 
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H.3.13 1Vlultiple lattice bracing 
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Figure H.6 Portal frame 

(l) In a multiple lattice configuration the bracing members that are continuous and connected at al1 
intersections should be designed as secondary members (see H.4) on a system length from leg to leg with the 
appropriate radius of gyration iyy or see Figure H.7. For the stability of the panel the overall slenderness 

L in 
. should be Jess than 350. For single angle members -:-" should be greater than 1,50 where iyy is the 
lyy il'V 

radius of gyration about the axis parallel to the plan of the lattice. 

(2) The stability of the member A-B shown in Figure H.7 should be checked under the applied force on 
the critical system length Lo for the slenderness: 

for angles 
i
lT 

L 
-() for tubes and solid rounds 
in 

... (H.6a) 

... (H.6b) 

NOTE: The value of A may be conservative in relation to a more refined analysis taking account of 

realistic end conditions. 
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A 

Figure H.7 Multiple lattice bracing 

H.4 Secondary bracing members 

(1) In order to allow for impeIi'ections in members, and for the design of secondary bracing 
members, a notional force should be introduced acting transverse to the leg member (or other chord if not a 

being stabilized at the node point of the attachment of the bracing member. Depending on the 
slenderness of the leg member being stabilized, the value of the notional force to be used for the design of 
any secondary member should be obtained from (2) and (3). 

(2) The force to be applied at each node in turn in the plane of bracing, expressed as a percentage, p, of 
the axial force in the leg for various values of the slenderness A of the leg may be taken as: 

P 1,41 when A < 30 ... (H.7a) 

(40+ A) 
when 30::; A::; 135 ... (H.7b) P 

50 

P 3,5 when A> 135 ... (H.7c) 

(3) When there is more than one intermediate node in a panel then the secondary bracing system should 
be checked separately for 2,5% of the axial force in the leg shared equal1y between all the intermediate node 
points. These notional forces should be assumed to act together and in the same direction, at right angles to 
the leg and in the plane of the bracing system. 

(4) In both cases (2) and (3) the distribution of forces within the triangulated secondary bracing panel 
should be determined by linear elastic analysis. 

(5) The effects of this notional force should generally be added to the primary force as calculated from 
the global analysis for the design of any primary member. Exceptionally for self-suppoliing lattice towers of 
conventional configuration the notional forces need not be added to the primary forces, provided that the 

78 



BS EN 1993-3-1 :2006 
EN 1993-3-1 :2006 (E) 

primary bracing is checked for the effects of the notional force, ~ when the primary force is smaller than the 
notional force.@]] For guyed.masts the effects of the notional force should always be added to the primary force. 

(6) Provided that it is designed for notional forces as described in (1) to (5) it may be assumed that the 
stiffness of the bracing system will be sufficient. 

(7) If the main member is eccentrically loaded or the angle between the main diagonal of a K brace and 
the leg is less than 25° then the above value of the notional force may be insufficient and a more refined 
value should be obtained by taking into account the eccentricity moment and secondary stresses arising from 
leg deformation. 

(8) Where the direction of buckling is not in the plane of the bracing, then the values given by equations 

H7 a), b) and c) should be divided by a factor of .J2 . 

H.5 Shell structures 

(I) For the strength and stability of shell structures see EN 1993-1-6. 

NOTE: See also EN 1993-3-2. 
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Foreword 

This European Standard EN 1993-3-2, Eurocode 3: Design of steel structures: Part 3-2 Towers, masts and 
chimneys ~ Chimneys, has been prepared by Technical Committee CEN/TC250 « Structural Eurocodes », 

the Secretariat of which is held by BSl. CEN/TC250 is responsible for all Structural Eurocodes. 

This European Standard shall be given the status of a National Standard, either by publication of an identical 

text or by endorsement, at the latest by April 2007 and conflicting National Standards shall be withdrawn 
at latest by March 2010. 

This Eurocode supersedes ENV 1993-3-2. 

According to the CEN-CENELEC Internal Regulations, the National Standard Organizations of the 
following countries are bound to implement this European Standard: Austria, Belgium, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, 
Sweden, Switzerland and United Kingdom. 

National Annex for EN 1993-3-2 

This standard gives alternative procedures, values and recommendations for classes with notes indicating 
where national choices may have to be made. Therefore the National Standard implementing EN 1993-3-2 
should have a National Annex containing a1l Nationally Determined Parameters to be used for the design of 
steel structures to be constructed in the relevant country. 

National choice is allowed in EN 1 993-3-2 through paragraphs: 

2.3.3.1(1) 
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1 General 

1.1 Scope 

(1) This Part 3.2 of EN 1993 applies to the structural design of veltical steel chimneys of circular or 
conical section. It covers chimneys that are cantilevered, supp01ted at intermediate levels or guyed. 

(2) The provisions in this Part supplement those given in Part 1.1 of EN 1993. 

(3) This PaIt 3.2 is concerned only with the requirement for resistance (strength, stability and fatigue) of 
steel chimneys. 

NOTE: In this context (i.e. resistance) the term chimney refers to: 

a) chimney structures 

b) the steel cylindrical elements of towers 

c) the steel cylindrical shafts of guyed masts 

(4) For provisions concerning aspects, such as chemical attack, thermo-dynamical performance or 
thermal insulation see EN 13084-1. For the design of Ii ners see EN 13084-6. 

(5) Foundations in reinforced concrete for steel chimneys are covered in EN 1992 and EN 1997. See 
also 4.7 and 5.4 of EN 13084-1. 

(6) Wind loads are specified in EN 1991-1-4. 

NOTE: Procedures for the wind response of guyed chimneys are given in annex B of EN 1993-3-1. 

(7) This Part does not cover special provisions for seismic design, which are given in EN 1998-6. See 
also 5.2.4.1 of EN 13084-1. 

(8) Provisions for the guys and their attachments are in EN 1993-3-1 and EN 1993-1 11. 

(9) For the execution of steel chimneys, reference should be made to EN 1090, Palt 2 and EN 13084-1. 

NOTE: Execution is covered to the extent that is necessary to indicate the quality of the construction 
materials and products that should be used and the standard of workmanship on site needed to comply with the 
assumptions of the design rules. 

(10) The following subjects are dealt with in EN 1993-3-2: 

Section 1: General 

Section 2: Basis of design 

Section 3: MateIials 

Section 4: Durability 

Section 5: Structural analysis 

Section 6: Ultimate limit states 

Section 7: Serviceability limit states 

Section 8: Design assisted by testing 

Section 9: Fatigue 
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1.2 Normative references 

(1) The following normative documents contain provisions which, through references in this text, 
constitute provisions of this European standard. For dated references, subsequent amendments to or 
revisions of any of these publications do not apply. However, parties to agreements based on this European 
standard are encouraged to investigate the possibility of applying the most recent editions of the normative 
documents indicated below. For undated references the latest edition of the normative document referred to 
applies. 

EN 1090 

EN 10025 

EN 10088 

EN ]3084-] 

EN ISO 5817 

Execution (~lsteel structures and alllminillm structures 

Hot rolled prodllcts 0/ non-alloy structllral steels. Technica/ delivel~v conditions 

Stain/e.)',)' steels 

Free standing industrial chimneys Part I : General Requirements 

Vvelding - Fllsion-welded joints in steel, nickel, titanillm alld their alloys (beam welding 
excluded) - Qllality levels/or impeJjections 

1.3 Assumptions 

(I) See 1.3 of EN ]993-1 1. 

1.4 Distinction between principles and application rules 

(I) See ].4 of EN 1993-]-1. 

1.5 Tern1s and definitions 

(]) The terms and definitions that are defined in EN 1990 for common use in the Structural Eurocodes 
apply to this Part 3.2 of EN 1993. 

(2) Supplementary to Paft I of EN 1993, for the purposes of this Part 3.2, the following definitions 
apply. Definitions used for chimney structures are shown in Figure 1.1. 

1.5.1 
chimney 
Vertical construction works or building components that conduct waste gases, or other flue gases, supply or 
exhaust air to the atmosphere. 

1.5.2 
self-supported chimney 
A chimney whose supporting shaft is not connected with any other construction above the base level. 

1.5.3 
guyed chinluey 
A chimney whose supporting shaft is held in place by guys at one or more height levels. 

1.5.4 
single-wan chimney 
A chimney whose structural shell also conducts the flue gases. It may be fitted by thermal insulation and/or 
i nternall ini ng. 

1.5.5 
double-wall chinlney 
A chimney consisting of an outer steel structural she1l and one inner liner which carries the flue gases. 
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1.5.6 
multi-flue chimney 
A group of two or more chimneys structurally interconnected or a group of two or more liners within a 
structural shell. 

1.5.7 
liner 
The structural element (membrane) of the lining system, contained within the structural shell. 

1.5.8 
lining system 
Total system, if any, which separates the flue gases from the structural shell. This comprises a liner and its 
sUPPOJ1S, the space between the liner and structural shell and insulation, where existing. 

1.5.9 
structural shell 
The main load-bearing steel structure of the chimney, excluding any flanges. 

1.5.10 
aerodynanlic device 
A device fitted to the chimney to reduce vOJ1ex excitation without increasing the structural damping. 

1.5.11 
damping device 
A device fitted to the chimney to reduce v0l1ex excited oscillations by increasing the structural damping. 

1.5.12 
spoiler 
A device attached to the surface of a chimney with the objective of reducing cross wind response. 

1.5.13 
helical strakes, shrouds or slats 
Devices fitted to the outer surface of the chimney to reduce cross wind response. 

1.5.14 
base plate 
A horizontal plate fixed to the base of a chimney. 

1.5.15 
anchor bolt 
A bolt for the connection of the chimney to the foundation. 

1.5.16 
stiffening rings 
Horizontal members to prevent ovalling and to hold the chimney shell round during fabrication and transport. 
Horizontal members to provide stiffeners at cut outs and openings or possibly at changes in slope of the 
structural shell. 
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Multiflue chimney 

8 

2 

20--<-- -+-----+ 

Single wall chimney Double wall chimney 

Figure 1.1 Definitions used for Chimneys 

1 Cravat 
2 Tundish 
3 Access door 
4 Drain pipe 
5 Base or 

bearing plate 
6 Cope hood 
7 Cap plate 
8 Cope angle 
9 Lateral 

supports 
10 Mineral wool 

insulation 
11 Liners 
12 Jointing 

flange 
13 Structural 

shell 
14 Inlet 
15 Liner base 
16 Base cone 
17 Compression 

ring 
18 Base stool 
19 Anchor bolts 
20 Possible 

stiffening ring 
21 Top cone 
22 Helical 

aerodynamic 
stabilizers 

23 Intennediate 
cone 

24 Jointing 
flange 

25 Splitter plate 
26 Damping 

device 
27 Liner 
28 Access hooks 
29 Base plate 



1.6 Symbols used in Part 3.2 of Eurocode 3 

BS EN 1993-3-2:2006 
EN 1993-3-2: 2006 (E) 

(l) In addition to those given in EN 1993-1-1 the following main symbols are used. 

c corrosion allowance 
N number of cycles 
b diameter 
d bolt diameter 

h height 
m slope 

time 
w wind pressure 

ref reference 
crit critical value 
ext external 
F load 

f fatigue 
int internal 
lat lateral (cross wi nd) 
top top 
R rupture 
Temp temperature 

;l equivalence factor 
1] factor to account for second order effects 

(2) Further symbols are defined where they first occur. 

2 Basis of design 

2.1 Requirements 

2.1.1 Basic Requirements 

(1) See EN 1993-]-1. 

(2)P A chimney shall be designed so that provided it is properly constructed and maintained it is capable 
of satisfying the fundamental requirements specified in EN 1990 and in EN 13084-1. 

(3) The structural design of guyed chimneys should be in accordance with the relevant clauses of 
EN 1993-3-1 as well as this Part. 

2.1.2 Reliability nlanagenlent 

(1) Different levels of reliability may be adopted for the ultimate limit states verifications for chimneys, 
depending on the possible economic and social consequences of their collapse. 

NOTE: For the definition of different levels of reliability see Annex A. 
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2.2 Principles of limit state design 

(I) See 2.2 of EN 1993-1-1. 

2.3 Actions and environmental influences 

2.3.1 General 

(I)P The general requirements of section 4 of EN 1990 shall be satisfied. 

(2) The strength and stability of chimneys should be verified for the actions described in 2.3.2 and 2.3.3. 

2.3.2 Pennanent actions 

(1) Tn calculating self-weight, the full thickness of steelwork should be considered, with no loss due to 
corrOSlon. 

(2) The permanent actions should include the esti mated weight of all permanent structures and other 
elements, including fittings, insulation, dust loads, clinging ash, coatings and other loads. The weight of the 
chimney and its lining should be determined according to EN 1991-1-1 taking account of long-term effects 
of fluids or moisture on the density of linings if relevant. 

2.3.3 Variable actions 

2.3.3.1 Imposed loads 

(1) Imposed loads should be applied on platforms and railings. 

NOTE 1: The National Annex may give information on imposed loads on platforms and railings. The 
following characteristic values of imposed loads are recommended: 

Imposed loads on platforms: 2,0 kN/m2 (see also EN 13084-1) 

Horizontal loads on railings: 0,5 kN/m 

NOTE 2: These loads may be assumed to act in the absence of other climatic loads. 

2.3.3.2 Wind actions 

(1) Wind action should be taken from EN 1991-1-4. 

... (2.1 a) 

... (2.1 b) 

(2) Wind loads should be applied on the external surfaces of a chimney as a whole and on accessory 
components, for example a ladder. Besides the drag forces due to the gusty wind acting in general in the 
wind direction, forces due to vortex shedding that cause cross wind vibrations of a chimney should be 
considered. 

NOTE: For guyed chimneys see also Annex B to EN ] 993-3-1. 

(3) Other wind actions, for instance due to uneven wind pressure distribution (ovalling) or interference 
effects, should be taken into account if the relevant criteria are exceeded, see 5.2.1. 

(4) Actions caused by interference galloping or classical galloping should be assessed according to 
EN 1991-1-4. 

(5) If chimneys are predicted to be subject to excessive wind vibrations, measures may be taken to 
reduce these in the design, or by installation of damping devices, see Annex B. 
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(1) If events are possible that may lead to abnormal under-pressure or to over-pressure, these cases 
should be treated as accidental loads. 

NOTE: The under-pressure may he determined, for from the gas flow velocilY, the gas density, the 
total resistance to now and the ambient conditions. see EN 13084-1, Annex A. 

2.3.3.4 Thennal actions 

(1) The thermal action may be composed of a temperature uniformly distributed over the structure and 
differential temperature action caused by meteorological and operational effects including those arising from 
an imperfect gas flow. 

(2) For meteorological thermal actions see EN 1991-1-5. 

(3) Temperatures from operational effects and due to imperfect gas flow, should also be taken into 
account, see EN 13084-1 and EN 13084-6. 

2.3.3.5 Ice loads 

(1) For chimneys that are likely to be subject to ice loading, the appropriate ice thicknesses, densities 
and distributions should be determined. 

NOTE 1: The National Annex may further information on ice loading. 

NOTE 2: See also 2.3.2 orEN 1993-3-1. 

2.3.3.6 Seismic actions 

(1) Seismic actions should be determined from EN 1998-6. See also EN 13084-1. 

2.3.3.7 Fire 

(1) The risk of a fire inside a chimney should be considered. 

NOTE: Chimney fires may be caused by ignition of: 

unburned fuel carried over the associated boiler or furnace; 

unburned hydrocarbon carryover following a furnace tube rupture; 

soot and sulphur deposits; and 

any deposits, for example from textile industry, grease or condensates. 

(2) The load bearing structure should not fail due to fire action, and any other parts near the chi mney 
should not be heated to their ignition temperature. If there is a risk of fire, appropriate fire proofing should 
be provided. See EN 13084-6 and EN 13084-7. 

2.3.3.8 Chemical actions 

(1) For chemical actions see EN 13084-1. 
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2.4 Ultimate limit state verifications 

(I) For design values of actions and combination of actions see EN 1990. 

(2) In addition to ultimate limit state and to fatigue assessment limiting amplitudes in the serviceability 
limit state (see Section 7) may be relevant for design. 

NOTE: For partial factors for ultimate limit states see Annex A. 

2.5 Geometrical data 

(I) The stiffnesses and strengths of the structural parts should be determined with nominal geometrical 
data taking account of both corrosion allowances or temperature effects if relevant, see sections 3 and 5. 

2.6 Durability 

(I) Durabil ity should be satisfied by compl yi ng with the fatigue assessment section 9) and 
appropriate choice of the calculated shell thickness 4) andlor by appropriate corrosion protection. See 
also section 4 of EN 1993-1-1. 

NOTE: The National Annex may give information on the design service life of the structure. A service life of 
30 years is recommended. 

3 Materials 

3.1 General 

(I) See EN 1993-1-], EN ]993-1-3 and EN 1993-1-4. 

3.2 Structural steels 

3.2.1 Material properties 

(1) Due account should be taken of the variation of mechanical properties of the steels due to ambient 
and operational temperatures, see 3.2.2( 1). 

(2) For temperatures exceeding 400°C the effects of temperature creep should be considered to avoid 
creep rupture. 

(3) For toughness requirements of structural steels see EN 1993-1-10. 

3.2.2 Mechanical properties for structural carbon steels 

(I) For the mechanical properties of structural carbon steels S S 275, S 355, S 420, S 460 and for 
weathering steel S 235, S 275, S 355 see EN 1993-1-1. For properties at higher temperatures see 
EN 13084-7. 

3.2.3 IVlechanical properties of stainless steels 

(I) For the mechanical properties related to stainless steels see EN 1993-1-4 valid for temperature up to 

400°C. For propel1ies at higher temperatures see EN 10088 and EN 13084-7. 

3.3 Connections 

(I) For connection material, welding consumables, etc., see EN 1993-1-8. 
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4 Durability 

4.1 Allowance for corrosion 

(1) When allowance for corrosion is made for exposed surfaces, the calculations for the resistance and 
fatigue should be based on the corroded thickness of the steel, unless the uncorroded thickness produces 
more unfavourable stress conditions. 

(2) Allowance for corrosion should be the sum of external (cext) and internal allowances (Cilll) as given 
below. Where relevant these allowances should be applied in all or part of each 10 year period. 

(3) This total allowance should be added to the thickness needed to satisfy the requirements for strength 
and stabil ity of the members. 

4.2 External corrosion allowance 

(I) External corrosion allowance should be appropriate to the environmental conditions. 

NOTE: The National Annex may give values for the external allowance eext. For normal environment lhe 
values in Table 4.1 are recommended. 

Table 4.1 External corrosion allowance (Cext) 

Exposure time 
Protection system 

Fi rst 10 years 
Each additional 
10 years period 

painted carbon steel (with no planned programme for repainting) 0 1 mm 
painted carbon steel (with a planned programme for repainting) 0 Omm 
painted carbon steel protected by insulation and waterproof cladding 0 1 mm 
unprotected carbon steel 1,5 mm 1 mm 
unprotected weathering steel (see (3)) 0,5 mm 0,3 mm 
unprotected stainless steel 0 0 
unprotected inner surface of the structural shell and unprotected outer 
surface of the liner in a double skin or multi-flue chimney (for carbon 0,2mm 0,1mm 
or weathering steel) 

(2) The external corrosion allowances only apply to the top 517 of the chimney, where 17 is the external 
diameter of the chimney. When a chimney is sited in an aggressive environment, caused by industrial 
pollution, nearby chimneys or close proximity to the sea, consideration should be given to increasing the 
allowances or taking protective measures. 

(3) The following measures should be taken: 

a) all connections should be designed to eliminate or minimise moisture retention. For example orientation 
of members, edge and pitch distance, etc., should be taken into consideration, or detai led protection of 
these connections should be provided; 

b) vegetation at the ground line should be maintained clear of the structure; and 

c) direct embedment or foundation attachments should be coated to minimize the potential for corrosion due 
to contact with soil and exposure to constant moisture. 

(4) If weathering steel is used the measures set out in (3) should be adopted. 

4.3 Internal corrosion allowance 

(1) Values of internal corrosion allowance (Cinl) for steel are given in EN ]3084-7. 
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5 Structural analysis 

5.1 Modelling of the chimney for determining action effects 

(I) Generally for ultimate limit state verifications of the chimney, possible composite action between the 
structural shel1 and the liner should be disregarded. Restraints of the ]iner that may adversely affect the 
safety of the shell should however be taken into account. 

NOTE: Damping effects from interaction of the structural shell and the liner may be taken inlo account. The 
National Annex may further information. 

(2) The strength and stability of the liner should then be assessed with due regard to the deformations 
imposed from the structural shell. 

(3) Due regard should be given to the temperature effects on the stiffness and strength of the steels used 
in the chimney structure. 

(4) In calculating the stiffness of the chimney the corroded thickness of the shell should be adopted 
unless the uncorroded thickness produces more onerous stress conditions. Due account of both the extemal 
and internal corrosion should be considered in accordance with 4.2 and 4.3. 

5.2 Calculation of internal stress resultants and stresses 

5.2.1 Analysis of the structural shell 

(1) For the calculation of stress resultants and stresses in the structural she]] see EN 1993-1-6. 

In general, linear shell analysis (LA), either by analytical tools or by finite elements, may be used. 

NOTE: Rules and formulae for LA analysis of cylindrical and conical shells are given in EN 1993-1-6. 

(3) For unstiffened vertical circular cylindrical shel1s the membrane stresses from external actions may 
be determined from membrane theory, treating the cylinder as a global beam, where sheJ] bending effects can 
be neglected, apart from the circumferential bending moments due to non-uniform wind pressure distribution 
around circumference: 

14 

NOTE: The criteria for neglecting shell effects may be given in the National Annex. The recommended 
criteria are as follows: 

where (J is the total height 

rill is the medium radius of the shell (i.e. in the middle of the plate) 

is the corroded plate thickness 

The circumferential bending moments per unit length may be approximately determined I'rom: 

... (5.]) 

... (5.2) 

where H'e is the wind pressure, acting on the external surface of a structure, determined from 5.] of EN 
1991 1-4 taking z. as the height of the chimney. 

Circumferential bending moments due to wind pressure (for basic wind velocities up to 25m/sec 
I -4) may be neglected in unstiffened cylindrical shells where: 

J~II / t ::;; 160 

EN 1991-

." (5.3) 

For ring-stiffencd cylindrical shells and for assernblies of ring-sliffened cylindrical and conical shells the 

membrane stresses may, independent of the e / rill - and rn/t-ratios, be determined from membrane theory 
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treating the structure as a global beam. Shell bending effects may be neglected, provided that the following 
conditions are ful filled: 

ring stiffeners provided to carry wind pressure should be designed for the circumferential bending 
moments 

stiffeners provided at the intersections between cylinders and cones should be designed for the 
equilibrium forces resulting from deviating the meridional membrane forces. 

The stress resultants and stresses resulting from the above calculations should he used for both the strength 
verification, see 6.2.1, and the shell buckling verification, see 6.2.2. 

5.2.2 Imperfections 

(]) Horizontal imperfections of se1f-supporting cantilevered chimneys should be allowed for by 
assuming a lateral deviation, tl in [m], from the vertical at the top of: 

6=~~1+ SO 
500 h 

... (5.4) 

where h is the total height of the chimney in [m]. 

(2) Local imperfections of the structural shell are included in the strength formulae for the buckling 
resistance given in EN ] 993-1-6 and need not be allowed for in the global analysis. 

NOTE: See also relevant geometrical tolerances in Annex E. 

(3) Member imperfections of other members of the chimney for members with axial compression should 
be considered in accordance with 5.3 of EN ] 993-1 I. 

5.2.3 Global analysis 

(1) When the structural shell is calculated as a beam, see 5.2.], it may be ca1culated using global first 
order beam theory, when: 

Nh 0,10 ... (5.5) 

where Nb is the design value of the total ve11ical load, at the foot of the shell 

Ncrit is the elastic critical value for failure, at the foot of the shell (see EN 1993-1-6) 

(2) When the structural shell is calculated as beam, see 5.2.1, and global second order theory has to be 

applied, the second order bending moments, M~ for the beam may be approximately determined from the 

first order moment, Mb, from: 

... (5.6) 

with .. , (5.7) 

where h is the total height of the shell 

El is the bending stiffness at the foot of the shell 

15 



BS EN 1993-3-2:2006 
EN 1993-3-2: 2006 (E) 

(3) This simplified method may only be applied when: 

77:::; 0,8; and 

N 
~ :::;0,10 
Nh 

where Ntop is the design value of the total ve11icalload at the top of the shell. 

6 Ultimate limit states 

6.1 General 

(I)P The partial factor 1M shall be taken as follows: 

resistance of structural elements or members related to the yield strength f~, 
when no global or local buckling occurs 

resistance of structural elements or members related to the yield strength fy, 
where global or local buckling is considered 

resistance of structural elements or members related to the ultimate tensile 
strengthfu 

resistance of connections and joints 

... (5.8a) 

... (5.8b) 

IMO 

see EN 1993-1-8 

NOTE: Partial factors for chimneys may be defined in the National Annex. The following numerical values 
are recommended: 

IMO = 1,00 

)MI = 1,10 

)M2 = 1,25 

(2)P Chimneys shall be checked for the fol1owing ultimate limit states: 

16 

static equilibrium; 

strength of its structural elements; 

overall stability; 

local buckling of its structural elements; 

fatigue (including low cycle fatigue if relevant) of its structural elements; and 

failure of connections. 
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6.2 Structural shells 

6.2.1 Strength verification 

(1) The strength of the structural shell and liner should be verified by checking it for the ultimate limit 
state of plastic collapse or tensile rupture. 

(2) When the structural shell or liner is designed for external actions as a global beam, see 5.2.1, it 
should be verified according to EN 1993-] -J or EN 1993-1 taking due account of the class of section. 

(3) In all other cases the structural shelI or liner should be verified according to the methods given in 
EN ] 993-1-6. 

(4) Weakening of cross-section components by cut-outs and openings (e.g. manholes, flue openings, 
etc.) should be compensated for by adequately sized reinforcement, taking into account local shell stability 
and fatigue as a result of which stiffeners may be required around the edges Figure 6. J). 

-----.----..J,i
l
,i'.--------------ll i'~---'---

v 

1---+---., 
~\t ____ _ 
-l ---
J __ _ 

2----t---~ 

r'\ / /~ .l 

I Possible st(ff'ening rings 

2 Lon g i t ltd i lla I 51" (fie 11 e,. 

3 Cut out 

Figure 6.1 Stiffening round cut-outs and openings 

(5) When longitudinal stiffeners are used, care should be taken to ensure that any circumferential 
bending stresses of the shell wa11s, occurring in the vicinity above and below the respective openings are 
included if load distribution of the meridional (longitudinal) stresses is considered. 

(6) The longitudinal stiffeners should be chosen long enough so as to be capable of distributing stresses 
into the main area of the shell. 

NOTE: The National Annex may define limils for lhe orening. The following limits are recommended: 
Local stress distribution may generally be deemed to be satisfied if the stiffeners above and below lhe 
opening at least 0,8 times the spacing of lhe stifrencrs or 0,8 times the height of the opening, whichever is the 
greatest and the maximum angle of the opening should be 120°. 

(7) Additional ring stiffeners attached at the hole's edge, and at the end of the longitudinal stiffeners, 

17 
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may be used for the absorption of the circumferential bending stresses. 

(8) Ring stiffeners should be checked according to annex C of EN 1993-1-6. 

6.2.2 Stability verification 

(I) The stability of the structural shell should be verified by checking it for the ultimate limit state of 
local shell buckling, using the methods given in section 8 of EN 1993-] -6. 

(2) When the structural shell is calculated for external actions as a global beam, see 5.2.1, the stress 
design concept in EN 1993-1-6 shou Id be applied. 

When global second order beam theory needs to be applied, see the shell buckling check 
should be carried out with meridional compressive membrane stresses which include second order effects. 

6.3 Safety assessment of other structural elements of the chimney 

(1) The strength and stability of bar type elements of the chimney should be verified as pal1 of the 
structural shell, see 6.2. 

(2) The strength and stability of liners of double-skin chimneys or multi-flue chimneys should be 
verified analogously to the structural shell, see 6.2. 

If relevant, the shell buckling check of a liner may be handled as a serviceability check, see section 
7. 

(4) If the load bearing system of the chimney is connected to other structural elements, the strength and 
stability of such elements and their connections should be verified in accordance with 6.2 and 6.4. 

6.4 Joints and connections 

6.4.] General 

(I) For joints and connections see EN 1993-1-8. 

NOTE: The partial factors for joints and connections in chimneys may be given in the National Annex. The 
numerical values in Table 2.1 of EN 1993-1-8 are recommended. 

6.4.2 Flange bolted connections 

(1) The stress in the bolts and in the should be calculated taking consideration of the eccentricity 
of the loading transmitted by the shell. 

NOTE: The National Annex may further information on the design of 1langc boiled conneetions. 

(2) Flanges should be continuously welded to the structural shell. Intermittent welding should not be 
used. 

PreJoaded high strength bolts should be used. 

(4) The maximum distance between centres of the bolts should be lad. When considering Jeakage 
effects, reference should be made to EN 13084 : Part 6 as the spacing may need to be reduced further 
(possibly to 5d) where d is the diameter of the bolt. 

(5) The minimum bolt diameter should be d = 12 mm. 

(6) If the bolts are 110t inspectabJe during the whole lifetime of the chimney, internal flanges should 
normally be avoided. 

18 
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(7) The flanges should be formed into a ring to accurately fit the structural shell. Any gap between the 
flange and the structural shell should be such as to allow the welding specification to be met. 

(8) The possibility of stress concentrations in the shell near the boIts, the bendi ng of the flange and of 
the shell and additional stresses due to possible deformations should be considered. 

(9) Due consideration should be given to temperature and variation of temperature of the flange joint in 
the joint design. 

6.4.3 Connection of chinlney to the foundation or supporting structure 

(1) The connection of the shell to the concrete foundation or to the supporting structure should 
resist the overturning moment, normal force and shear force developed at the shell base and transmitted to 
the foundation. 

(2) When the connection is made using a base plate and anchor bolts, the load in the bolts should be 
calculated taking into consideration the eccentricity of the loading transmitted by the shell. 

NOTE 1: The National Annex may give further information on the design or the connections to roundations. 

NOTE 2: For verification see section 9. 

NOTE 3: It may be posslble, for example, that non-preloaded bolts meet the fatigue requirements if 
oscillations are signi ficantly reduced by llsing aerodynamic or damping devices. 

(3) If other methods of connecting the steel shell to the foundations are used, for instance by extending 
and embedding the shell directly into the concrete foundation, it should be shown that the design model is 
structura11y reliable, and the particular constructional details associated with the adopted method, should be 
taken into account. 

6.5 Welded connections 

(1) For connections in steel chimneys made by welding see EN 1993-1-8, EN 1993-1-9 and 
EN 13084-1. 

7 Serviceability limit states 

7.1 Basis 

(1) The following serviceability limit states should be considered for steel chimneys: 

deformations or deflections in the along wind direction and/or in the cross-wind direction which 
adversely affect the appearance or effective use of the structure; 

vibrations, oscillations or sway which may cause alarm among bystanders; 

deformations, deflections, vibrations, oscillations or sway which cause damage to non-structural 
elements. 

(2) Where simplified compliance rules are given in the relevant clauses dealing with serviceability limit 
states, detailed calculations using combinations of actions need not be undertaken. 

NOTE: Partial factors are normally taken as 1,00 for all serviceability limit states. 

7.2 Deflections 

(1) The maximum value of deflection (~l1aJ as determined from EN 1991- I -4 in the along-wind 
direction at the top of a self-supporting chimney due to the characteristic value of along-wind loading should 

19 



BS EN 1993-3-2:2006 
EN 1993-3-2: 2006 (E) 

be limited. 

NOTE: The National Annex may give the limiting value. The following value is recommended: 

= hl50 

where h is the overall height of the chimney. 

... (7.1) 

(2) The maximum values for the vibration amplitudes at the top of a self-supporting chimney due to 
vortex shedding should be limited. 

NOTE 1: For determining the maximum values see Annex E of EN 1991-1-4. 

NOTE 2: The National Annex Illay limiting values for vibration amplitudes. Where the reliability classes 
according to Annex A of this Part are used the limiting values according to Table 7.1 are recommended. 

Table 7.1 Recommendations for maximum amplitudes of cross-wind vibration 
Reliability class Limits to cross-wind vibration amplitude 

I 

3 0,05 times the outer diameter 

2 0,10 times the outer diameter 

1 0,15 times the outer diameter 

8 Design assisted by testing 

(1) The provisions for design assisted by testing given in EN 1990 should be followed. 

(2) Values of logarithmic decrement different from EN 1991-1-4 should be proved by test. For guidance 
see annex D. 

9 Fatigue 

9.1 General 

(I) Consideration should be given to possible fatigue effects that arise from stress ranges induced by in-
line forces and by cross wind forces. 

NOTE: As fatigue frolll cross wind vortex vibrations normally governs design, the fatigue verification related 
to inline forces need normally not be undertaken. 

(2) For fatigue verification see EN 1993-1-9. 

(3) Where the geometrical stress method is used, such as at openings or by a particular shape of 
connection, stress concentration factors may be used according to EN 1993-] -6. 

NOTE: The National Annex may give further information on the modelling for stress analysis. 
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(4) For chimneys made of heat resistant alloy steels which are used for temperatures> 400°C the 
addition of the temperature induced damage with the fatigue damage should be duly accounted for. 

NOTE: The National Annex may give further information. 

(5) This Part does not cover corrosion fatigue. 

9.2 Fatigue loading 

9.2.1 Along-wind vibrations 

(1) In assessing fatigue loading due to along-wind vibrations, gust effects need to be taken into account. 

NOTE: POI' assessing fatigue loading from along-wind vibrations see 9.2.1 of EN 1993-3-1. 

9.2.2 Cross-wind vibrations 

(1) The fatigue loading for cross-wind vibrations may be determined from the maximum stress ranges. 

NOTE: For determining the stress ranges and the number of cycles see 2.4 and 1.5.2.6 or annex E of EN 
1991-1-4. 

(2) No fatigue verification need be undertaken for chimneys which are lower than 3m in height. 

(3) If the critical wind speed of the chimney for vortex excitation is greater than 20 m/sec the correlation 
]ength(s) below 16m above ground need not be taken into account, see EN 1991-1-4. 

(4) Higher modes should be considered where the critical wind speed for those modes is below the 
limiting value (see EN 1991-1-4). 

9.3 High cycle fatigue resistances 

(1) For tables of fatigue resistances for constructional details of welded shell structures of chimneys, see 
EN 1993-1-9. 

NOTE: Guidance on the use of EN 1993-1-9 and enhancement of fatigue rcsistances according to the quality 
of welds see Anncx C. 

(2) If there is a corrosion allowance for the plate thickness instead of a corrosion protection system, the 
details should be classified one detail category lower than that value given in the tables of the detail 
categories. (See Figure 7.1 of EN 1993-1-9.) 

9.4 Safety assessment 

(I) The safety assessment for fatigue should be pelformed according to 8(2) EN 1993-] -9, using: 

... (9.1) 

where A is the equivalence factor to transfer dO'E to Nc = 2 x 106 cycles 

dO'E is the stress range associated with N cycles (see 9.2) al10wing for stress concentration factors 
where appropriate 

(2) The equivalence factor A may be determined from: 

I 

J- --( 
N J-;;; 

- 2xl06 
... (9.2) 

where m is the slope of the S-N curve 
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9.5 Partial factors for fatigue 

(1) The partial factors for fatigue should be taken as specified in 3(6) and (7) and 6.2(1) of EN 1993-1 

22 

NOTE: The National Annex may give the numerical values for IFf and 1i1f' For IFf the value IFf = 1,00 is 
recommended. For /'\11 see Table 3.1 in EN 1993-1-9. 
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Annex A [normative] - Reliability differentiation and partial factors for 
actions 

A.1 Reliability differentiation for steel chimneys 

(1) Reliability differentiation may be applied to steel chimneys by the application of reliability classes. 

NOTE: The National Annex may relevant reliability classes related to the consequences or structural 
failure. The classes in Table A.I are recommended. 

Table A.1 Reliability differentiation for chimneys 
Reliability Class 

3 Chimneys erected m strategic locations, such as nuclear power plants or in densely 
populated urban locations. Major chimneys in manned industrial sites where the 
economic and social consequences of their failure would be very high. 

2 Al1 normal chimneys at industrial sites or other locations that cannot be defined as Class 
1 or Class 3. 

1 Chimneys built in open countryside whose failure would not cause injury. Chimneys 
less than 16m high in unmanned sites. 

A.2 Partial factors for actions 

(I) Partial factors for actions may be dependant on the reliability class of the chimney. 

NOTE 1: ]n the choice of partial j~tcrors for permanent actions Xi and for vmiable actions YQ the dominance of 
wind actions for the may be taken into (lccounl. 

NOTE 2: The National Annex may give numerical values of Xi and YQ. Where the reliability classes 
recommended in A.I are used the numerical values in Table A.2 for Xi and YQ are recommended. 

Table A.2 Partial factors for permanent and variable actions 

Type of Effect 
Reliability Class, see NOTE 

Permanent Actions Variable Actions 
to 2.1.2 

3 1,2 I ,6 
unfavourable 2 1,1 ],4 

1 1,0 1,2 
favourable All Classes 1,0 0,0 

Accidental situations 1,0 1.0 

NOTE 3: The National Annex may also give information on the use of dynamic response analysis for wind 
action, see also Annex B of EN 1993-3-1. 
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Annex B [informative] - Aerodynamic and damping measures 

B.1 General 

(1) Where justified by standard aerodynamic and vibration-engineering methods, vibrations may be 
effectively reduced by application of single or combined auxiliary measures such as by: 

aerodynamic 

vibration absorbers; 

such as helical strakes, 

cables with damping devices; and 

direct damping (at a fixed point). 

B.2 Aerodynamic measures 

or shrouds; 

(I) Aerodynamic measures, such as strakes, shrouds, or slats, which disturb the regular vortex shedding 
may be used to reduce the exciting force. Steel chimneys with helical strakes may be designed using the 
following criteria provided the Scruton number is than 8 (see Annex E to EN 199] -1-4). For other 
aerodynamic measures, independent proof as to the effectiveness of such measures should be provided, sllch 
as results from wind tunnel tests. 

(2) If helical strakes are arranged at the top of the chimney, the basic value of the lift coefficient, C];lb 

over the total chimney height may be multiplied by a factor a obtained from: 

( 
f)3 a=] ~h\ 

where f, is the length of the she]] fitted with strakes 

h is the total height of the chimney 

... (B.I) 

(3) Equation (B. 1 ) should only be used provided the geometry of such helical strakes is as follows: 

three stm1 strakes; 

pitch of the strakes h, = 4,5 b to 5,0 b; 

depth of the strakes f = 0,10 b to 0,12 b; and 

... (B.2a) 

... (B.2b) 

strakes extend over a length f, of at least 0,3 h, and normally between 0,3 hand 0,5 h. However, a top 
portion not exceeding 1,0 b with no strakes is permitted and may be included in the length f. in equation 
(B.l). 

where b is the diameter of the chi mney 

NOTE: 1n the above it is assumed that approach 1 of Annex E to EN 1991-1-4 is used. In the calculation of 
cross-wind amplitudes a correlation length factor K\\ of 1,0 is assumed (see E. 1.5.2.1 of EN 199 J 1-4). 

(4) For two or more similar chimneys located close to each other, the strakes may prove less effective 
than indkated in equation (B. I ). If the centre distance between chimneys is less than 5d, either a special 
investigation of the effects of strakes with respect to vortex shedding should be made, or else the strakes 
should be assumed to be ineffective. 

(5) The provision of strakes or shrouds will increase the drag factor of the chimney section on which 
they are mounted. For strakes whose height is up to 0,2 times the chimney diameter, the drag factor should 
be taken as ],2 on the overall diameter (i.e. including the height the strakes). 
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(1) A dynamic vibration absorber may be used to reduce vibrations, for example a resiliently supported 
vibratory auxiliary mass. The damper should be designed into account the mass, natural frequency, 
damping and other relevant parameters, in order to enhance the damping of the structure. 

(2) The required magnitude of the effective damping should be determined frolll the analysis of the cross 
wind vibration, including fatigue effects. 

(3) Tests to verify the capability of function, frequency adaption and damping of the system should be 
unde11aken. A certificate should be prepared, which, in the light of the tests, verifies that the achieved 
damping is in agreement with the furnished analysis. 

(4) If dampers are to be installed it should be stated by the manufacturers at what intervals an inspection 
and/or maintenance service of the damper should be undertaken. 

B.4 Cables with damping devices 

(I) Cables with a damping device may be used to provide additional damping. 

(2) The efficiency of such dissipation measures should be proven by appropriate tests conducted on the 
completed chimney. 

(3) If cable ends have been firmly fixed, a structural design assessment should also be furnished for the 
max i mum wind load being encountered, incorporating the cables. 

B.5 Direct danlping 

(1) If a fixed point near the stack at a sufficient height is available, direct damping may be provided by 
mounting a damping element between the stack and the fixed point, for the particular mode under 
consideration. 

NOTE: For coupled identical stacks with the same natural frequency no increase of structural damping 
because of the coupling may be allowed. 
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Annex C [informative] - Fatigue resistances and quality requirements 

C.1 General 

(I) In selecting the relevant detail category from table 8.1 to 8.5 of EN 1993-1-9 shel1 details may be 
treated as flats as indicated in Table C.I. 

(2) The minimum quality level for the welds of shells subjected to fatigue is quality level C according to 
EN ISO 5817. 

C.2 Enhancement of fatigue strength for special quality requirements 

(1) Where enhanced quality requirements are appJied and these quality requirements may result in an 
increase of fatigue strength, a detail category higher than that specified in EN 1993-1-9 may be used if this is 
verified by appropriate tests. 

NOTE: The National Annex may give information on detail classes concerned and the associated enhanced 
quality requirements. Enhancement of fatigue strength can be considered for the following details, if quality 
level 13 is applied: 

transverse splices in shell with butt welds carried out from both sides 

longitudinal splices in shell with continuous seam weld 

continuous longitudinal attachment with or without shear now 

cruciform joints with partial penetration welds 

Table C.1 Allocation of details to detail categories 
Reference 

EN 1993-1-9 
Table 8.3 

Detail 4 and 7 

EN 1993-1-9 
Table 8.3 
Detail 14 

Sketch of the detail Descri tion 

Transverse splices in shell. 

Butt weld carried out from both 
sides. 

Transverse splices in shell. 

Butt weld made from one side 
only. 

EN 1993-1-9 
Table 8.3 

Detail 16 « I 

Transverse splices in shell. 

Butt weld made on a permanent 
backing strip. 
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Reference 

Detail category 
50 

EN 1993-1-9 
Table 8.2 
Detail 10 

EN 1993-1-9 
Table 8.2 

Detail 1,2,3,5 and 
7 

EN 1993-1-9 
Table 8.5 
Detail 8 

EN 1993-1-9 
Table 8.4 

Detail 6 and 7 

EN 1993- J-9 
Table 8.4 

Detail 6 and 7 

EN 1993-1-9 
Table 8.5 

Detail 1, 2 and 3 

EN 1993-1-9 
Table 8.4 
Detail 9 

Sketch of the detail 

BS EN 1993-3-2:2006 
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Descri tion 

Transverse spl ices in shell. 

Butt \veld made from one side 
only. 

Longitudinal splice in shell. 

Continuous seam weld. 

Continuous longitudi nal 
attachment. 

Continuous longitudinal 
attachment with shear flow. 

(Transverse continuoLls 
attachments see <:11 so in this case) 

Continuous transverse attachment. 

Short transverse attachment. 

(Also for continuous transverse 
attachments with intermittent 

welds.) 

Cruciform joints with partial 
penetration welds. 

Effect of welded connection on 
base material. 
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Reference 

EN 1993-1-9 
Table 8.4 
Detail 2 

EN 1993-1-9 
Table 8.4 
Detail I 

EN 1993-1-9 
Table 8.2 
Detail 8 

EN 1993-1-9 
Table 8.5 

Detail 6 and 7 

EN 1993-1-9 
Table 8.5 

Detail 1,2 and 3 

28 

EN 1993-1-9 
Table 8.5 
Detail II 

EN 1993-1-9 
Table 8.5 
Detail 12 

Sketch of the detail 
t 

t 

L 
I 

Descri tion 

Longitudinal attachments. 

Short longitudinal attachments. 

Continuous longitudinal 
attachments with intermittent 

welds. 

Reinforcing plate (with or without 
other attachments). 

Footing with fillet/butt weld. 

Flange connection with butt weld. 

For the structural detailing of the 
bolts see EN 1993-1-8. 

connection with fillet weld. 

For the structural detailing of the 
bolts see EN 1993-1-8. 
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Annex D [informative] - Design assisted by testing 

0.1 General 

(1) When the values for the logarithmic decrement of damping given in EN 1991-1A are considered 
inappropriate or when after the installation of damping measures the effects of these dampers need to be 
verified, the following guidance should be used to determine the logarithmic damping decrement for 
chimneys from test. 

0.2 Definition of the logarithmic damping decrement 

(1) For the definition of the logarithmic damping decrement see Annex D of EN 1991 1-4. 

0.3 Procedure for measuring the logarithmic damping decrement 

(1) The signal of the measurement may be obtained from acceleration, ddlection, forces or strain of the 
chimney. 

(2) Different measurement methods may be used, such as decay curve method, auto-correlation method 
or half-band-width method. 

(3) It should be ensured that the measurement includes the total vibration energy, thus the measurement 
should be undertaken in two orthogonal directions simultaneously. 

(4) The dependency of vibration amplitudes should be taken into account in the analysis of the measured 
data. 

(5) The amplitude in the test should be in the range of the estimated amplitude of the chimney design 
due to vortex shedding or it should be ensured that the damping of this estimated amplitude is on the safe 
side. 

(6) The influence of the aerodynamic damping should be subtracted from the measured value if there is 
wind blowing during the test. For the definition of aerodynamic damping see Annex D of EN 1991-1A. 
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Annex E [informative] - Execution 

E.1 General 

(1) Chimneys should be fabricated and erected according to the execution standard EN 1090, Part 2. 
Specific requirements for chimneys provided in EN 13084-7 should be applied. 

(2) The execution tolerances in E.2 should be assumed in U"",)1;:;'.ll. 

NOTE: The strength and rules in EN 1993-3-2 are based on the assumption that the particular 
cxccution tolerances in E.2 are achieved. 

(3) When fitted ",","'E~""",'''' before bolting, any gap between the tlanges should not exceed 1,5 mm. 

(4) Flanges should be flat to a tolerance of 0,5 mm per 100 mIll width and the total tolerance across the 
circumference should not exceed] ,0 mm. 

(5) For chimneys fabricated with a base plate and anchor bolts, non-shrinking grout should be used 
between the plate and the foundation. 

E.2 Execution tolerances 

(I) The permitted horizontal deviation d from the vertical of the steel shel1 at any level h (in m) above 
the base of a self-supporting chimney should be: 

... (E. 1) 

(2) This tolerance should also apply to the centreline of the liner. 

E.3 Quality of welds and fatigue 

(I) The quality of welds that has been chosen in selecting the appropriate fatigue class of a structural 
detail, see 9.3, should be specified on the drawings for the execution of the chimney. 
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