EUROPEAN STANDARD
NORME EUROPEENNE
EUROPAISCHE NORM

pPreN 1993-1-5: 2004

11 June 2004

ubC

Descriptors:

English version

Eurocode 3 : Design of steel structures

Part 1.5:

Calcul des structures en acier

Partie 1.5 ;

Plagues planes

Plated structural elements

Bemessung und Konstruktion von Stahlbauten

Teil 1.5:

Aus Blechen zusammengesetzte Bauteile

Stage 49 draft

CEN

European Committee for Standardisation
Comité Européen de Normalisation
Europaisches Komitee fir Normung

Central Secretariat: rue de Stassart 36, B-1050 Brussels

© 2004 Copyright reserved to all CEN members

Ref. No. EN 1993-1.5: 2004. E



prEN 1993-1-5: 2004 (E)

Content

1 Introduction

11
12
13
14

Scope

Normative references
Terms and definitions
Symbols

2 Basisof design and modelling

21
2.2
2.3
24
25
2.6

Generad

Effective width models for global analysis
Plate buckling effects on uniform members
Reduced stress method

Non uniform members

Members with corrugated webs

3 Shear lag in member design

31
3.2

Genera
Effective’ width for elastic shear lag

3.2.1 Effectivewidth
3.2.2 Stressdistribution due to shear lag
3.2.3 In-planeload effects

3.3

Shear lag at the ultimate limit states

4 Plate buckling effects dueto direct stresses at the ultimate limit state

4.1
4.2
4.3
4.4
4.5

Generd

Resistance to direct stresses

Effective cross section

Plate elements without longitudinal stiffeners
Stiffened plate elements with longitudinal stiffeners

451 Genera

4.5.2 Plate type behaviour

45.3 Column type buckling behaviour

4.5.4 Interaction between plate and column buckling

4.6

Verification

5 Resistanceto shear

51
5.2
5.3
54
5.5

Basis

Design resistance
Contribution from the web
Contribution from flanges
Verification

6 Resistanceto transverseforces

6.1
6.2
6.3
6.4
6.5
6.6

Basis

Design resistance

Length of stiff bearing

Reduction factor k¢ for effective length for resistance
Effective loaded length

Verification

7 Interaction

7.1
7.2

Interaction between shear force, bending moment and axial force
Interaction between transverse force, bending moment and axia force

8 Flangeinduced buckling

)
[s})
«Q
@

O©OWOW © VOO NNN N oogroror O



prEN 1993-1-5: 2004 (E)

9 Stiffenersand detailing

9.1 Generd
9.2 Direct stresses
9.21 Minimum requirements for transverse stiffeners
9.2.2 Minimum requirements for longitudinal stiffeners
9.23 Welded plates
9.24 Cutoutsin gtiffeners
9.3 Shear
9.3.1 Rigidend post
9.3.2 Stiffenersacting as non-rigid end post
9.3.3 Intermediate transverse stiffeners
9.3.4 Longitudinal stiffeners
9.35 Welds
9.4 Transverseloads

10 Reduced stress method

Annex A [informative] — Calculation of critical stressesfor stiffened plates
A.1 Equivaent orthotropic plate

A.2 Ciritical plate buckling stress for plates with one or two stiffenersin the compression zone

A.2.1 Genera procedure
A.2.2 Simplified model using a column restrained by the plate
A.3 Shear buckling coefficients

Annex B [informative] — Non-uniform members

B.1 Generd
B.2 Interaction of plate buckling and lateral torsional buckling

Annex C [informative] — Finite Element M ethods of analysis (FEM)

C.1 Generd

C.2 Use

C.3 Moddling

C.4 Choice of software and documentation
C.5 Useof imperfections

C.6 Materia properties

C.7 Loads

C.8 Limit state criteria

C.9 Partial factors

Annex D [informative] — Plate girderswith corrugated webs

D.1 Genera
D.2 Ultimate limit state
D.2.1 Moment of resistance
D.2.2 Shear resistance
D.2.3 Requirementsfor end stiffeners

Annex E [normative] — Refined methods for determining effective cross sections

E.1 Effective areasfor stresslevels below theyield strength
E.2 Effective areasfor stiffness

30

30
30
30
32
32
33
34
34
34
34
35
35
35

36

38

38
40
40
41
42

43
43

45

45
45
45
46
46
48
49
49
49

50

50
50
50
51
52

53

53
53



prEN 1993-1-5: 2004 (E)
Foreword

This document (prEN 1993-1-5: 2004) has been prepared by Technical Committee CEN/TC 250 " Structural
Eurocodes', the secretariat of which is held be BSI.

This document is currently submitted to the Formal Vote.

This document will supersede ENV 1993-1-5.

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 choiceisallowed in EN 1993-1-5 through:
- 22(5
- 3301
- 4.3(6)
- 5102
- 642
- 802

- 9.21(8
- 10(2)

- 10(5)

- C2Q1)
- C5(2
- C8(1)
- CJ9(3
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1 Introduction
1.1 Scope

(1) EN 1993-1-5 gives design requirements of gtiffened 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 Therulesin this part complement the rulesfor class 1, 2, 3 and 4 sections, see EN 1993-1-1.

NOTE 2 For the design of slender plates which 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-
of-plane loading effects see EN 1993-2 and EN 1993-1-7.

NOTE 4 Single plate elements may be considered as flat where the curvature radius r satisfies:
2

r>=- (1.1)

where b isthe panel width
t isthe plate thickness

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 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 Eurocode 3: Design of steel structures:
Part 1.1: General rules and rulesfor buildings;

1.3 Terms and definitions

For the purpose of this standard, the following terms and definitions apply:

131

elastic critical stress

stress in a component at which the component becomes unstable when using small deflection elastic theory
of a perfect structure

132
membrane stress
stress at mid-plane of the plate

1.3.3
gr 0ss cr 0ss-section
the total cross-sectional area of amember but excluding discontinuous longitudinal stiffeners
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134

effective cross-section and effective width

the gross cross-section or width reduced for the effects of plate buckling or shear lag or both; to distinguish
between their effects the word “ effective” is clarified as follows:

“effective™ denotes effects of plate buckling

“effective™ denotes effects of shear lag

“effective” denotes effects of plate buckling and shear lag

135

plated structure

a structure built up from nominally flat plates which are joined together; the plates may be stiffened or
unstiffened

1.3.6
stiffener
aplate or section attached to a plate to resist buckling or to strengthen the plate; a stiffener is denoted:

- longitudinal if itsdirectionis parallel to the member;
- transverseif itsdirection is perpendicular to the member.
1.3.7

stiffened plate
plate with transverse or longitudinal stiffeners or both

1.3.8
subpanel
unstiffened plate portion 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

(1) Inaddition to those givenin EN 1990 and EN 1993-1-1, the following symbols are used:
Ag total area of al the longitudinal stiffeners of a stiffened plate;

Ag gross cross sectional area of one transverse stiffener;

A effective cross sectional area;

A« effective’ cross sectiona areg;

A et ioc effective’ cross sectiona areafor local buckling;

a length of a stiffened or unstiffened plate;

b width of astiffened or unstiffened plate;

b clear width between welds;

bt effective’ width for elastic shear lag;

Feq design transverse force;

hy clear web depth between flanges;

L st effective length for resistance to transverse forces, see 6;

Mtrq design plastic moment of resistance of a cross-section consisting of the flanges only;
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Murs design plastic moment of resistance of the cross-section (irrespective of cross-section class);
Mgg  design bending moment;

Neg design axial force;

t thickness of the plate;

Veg  design shear force including shear from torque;

Wy effective elastic section modulus;

B effective® width factor for elastic shear lag;

(2) Additiona symbols are defined where they first occur.

2 Basis of design and modelling
2.1 General

(1) The effects of shear lag and plate buckling should be taken into account at the ultimate, serviceability
or fatigue limit states.

NOTE Partial factors ywo and yw: 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

(1) The effects of shear lag and of plate buckling on the stiffness of members and joints should be taken
into account in the global analysis.

(2) The effects of shear lag of flanges in global analysis may be taken into account by the use of an
effective’® width. For simplicity this effective® width may be assumed to be uniform over the length of the

span.

(3) For each span of a beam the effective’ width of flanges should be taken as the lesser of the full width
and L/8 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 effective’ cross
sectional areas of the elementsin compression, see 4.3.

(5) For globa analysis the effect of plate buckling on the stiffness may be ignored when the effective’
cross-sectional area of an element in compression is larger than pim, times the gross cross-sectional area.

NOTE 1 The parameter pin may be given in the National Annex. The value p;m, = 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) Effective® 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:

- panelsarerectangular and flanges are parallel

- the diameter of any unstiffened open hole or cut out does not exceed 0,05b, where b is the width of the
panel



prEN 1993-1-5: 2004 (E)

NOTE The rules may apply to non rectangular panels provided the angle oyimi; (See Figure 2.1) is not
greater than 10 degrees. If oy exceeds 10, panels may be assessed assuming it to be a rectangular
panel based on the larger of b; and b, of the pandl.

| a |

7 7

Figure 2.1: Definition of angle a

(2) For the calculation of stresses at the serviceability and fatigue limit state the effective® area may be
used if the condition in 2.5(5) is fulfilled. For ultimate limit states the effective area according to 3.3 should
be used with 3 replaced by B

2.4 Reduced stress method
(1) Asan alternative to the use of the effective” 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 limits specified in section 10.
NOTE The reduced stress method is analogous to the effective’ width method (see 2.3) 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

(1) Non uniform members (e.g. haunched beams, non rectangular panels) or members with regular or
irregular large openings may be analysed using Finite Element (FE) 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 | oads.

NOTE For plate buckling resistance of flanges in compression and the shear resistance of webs see
Annex D.
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3 Shear lag in member design
3.1 General

(1) Shear lag in flanges may be neglected if by < Lo/50 where by is taken as the flange outstand or half the
width of aninternal element and L. is the length between points of zero bending moment, see 3.2.1(2).

(2)  Where the above limit for by 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 dueto patch loading in the web applied at the flange level should be determined from 3.2.3.
3.2 Effective® width for elastic shear lag

3.2.1 Effective width

(1) Theeffective® width b for shear lag under eastic conditions should be determined from:

beff = B bo (31)

where the effective® factor B isgivenin Table 3.1.

This effective width may 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 L. may be determined from Figure 3.1. For all other cases L. should be

taken as the distance between adjacent points of zero bending moment.

By Le=0,25 (Ly+ L) Bale=2L,4

. Py L.=085L, | .| Bile=0,70L, |

Ll L2 LS‘

|_1/4| L, /2 ||_1/4 |_2/4| Ly /2 ||_2/4 |L3/4
- - - Ll

B | | o BT By B, B,

Figure 3.1: Effective length L. for continuous beam and distribution of effective®
width
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10

1 for flange outstand
2 for internal flange
3 platethicknesst

4 siffenerswith A, =D A,

Figure 3.2: Notations for shear lag

Table 3.1: Effective® width factor B

K verification B —value
k < 0,02 B=10
- . —_— — 1
sagging bending B_Bl_1+6’4K2
0,02<x<0,70 B=pB, = 1
hogging bending S
9 1+6,0(K— ]+1 2
K
ing bendi B=B.= !
sagging bending 1" 5ox
>0,70
hogging bendin B=B,= L
0gging g 2786k
al x end support Bo = (0,55 + 0,025/ «) By, but B < B4
al cantilever B =B, at support and at the end

A

K:(loboll_e with o, = 1+—S(
0

byt

in which A is the area of al longitudina stiffeners within the width by and other
symbols are as defined in Figure 3.1 and Figure 3.2.
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3.2.2 Stress distribution due to shear lag

(1) The distribution of longitudina stresses across the flange plate due to shear lag should be obtained
from Figure 3.3.
beff:BbO , eff = BbC

- |

O1
Gy

O (y) ’
G2

\—

y b; = 5B,
bo bo
B>0,20: B<0,20:
6,=125(3-0,20)c, c,=0
G(y)=62 +(61_62)(1_y/bo)4 c(y):cl(l—y/b1)4

o, is calculated with the effective width of the flange bg

Figure 3.3: Distribution of stresses due to shear lag

3.2.3 In-plane load effects

(1) The dastic stress digtribution in a gtiffened or unstiffened plate due to the local introduction of in-
plane forces (patch loads), see Figure 3.4, should be determined from:

_ Ry (3.2)

O, kd
“F Dt (tw +ay, }

2
with: by =s, 1+(ij

S, n

0878 a ,
n=0,636_ |1+ t—
S. =S, +2t,

where ay; isthe gross cross-sectiona area of the stiffeners smeared over the length s.. This may be taken,
conservatively, asthe area of the stiffeners divided by the spacing sg;

tw is the web thickness;
z isthe distance to flange.

NOTE The equation (3.2) is valid when sy¢/s. < 0,5; otherwise the contribution of stiffeners should be
neglected.

11
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/ N\ 11 | jtf

L L tw

A
R

Se 7]
/Oz,Ed 2
AT =
/ b N

eff
d 1

1 stiffener
2 simplified stress distribution
3 actual stressdistribution

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 states

(1)

At the ultimate limit states shear lag effects may be determined as follows:

a) elagtic shear lag effects as determined for serviceability and fatigue limit states,
b) combined effects of shear lag and of plate buckling,
¢) elagtic-plastic shear lag effects allowing for limited plastic strains.

12

NOTE 1 The National Annex may choose the method to be applied. Unless specified otherwisein EN
1993-2 to EN 1993-6, the method in NOTE 3 is recommended.

NOTE 2 The combined effects of plate buckling and shear lag may be taken into account by using
A as given by

Agi = A Bt (3.3)

where A« isthe effective” area of the compression flange due to plate buckling (see 4.4 and 4.5)

Bult

tf

is the effective® width factor for the effect of shear lag at the ultimate limit state, which
may be taken as 3 determined from Table 3.1 with o, replaced by

(3.4)

isthe flange thickness
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NOTE 3 Elastic-plastic shear |ag effects allowing for limited plastic strains may be taken into account
using Ag; asfollows:

Aeff = Ac,effBK 2 Ac,effB (3.5

where 3 and k are taken from Table 3.1.

The expressions in NOTE 2 and NOTE 3 may aso be applied for flanges in tension in which case
A« should be replaced by the gross area of the tension flange.

4 Plate buckling effects due to direct stresses at the ultimate limit state

4.1 General

(1) Thissection 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 paralle (see 2.3).
b) Stiffenersif any are provided in the longitudinal or transverse direction or both.
¢) Open holes or 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 flange buckling in the plane of the web see section 8.
NOTE 2 For dtiffeners and detailing of plated members subject to plate buckling see section 9.
4.2 Resistance to direct stresses

(1) The resistance of plated members may be determined using the effective areas of plate elements in
compression for class 4 sections using cross sectional data (A, ler, Werr) fOr cross sectional verifications
and member verifications for column buckling and lateral torsional buckling according to EN 1993-1-1.

(2) Effective’ 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

(1) In calculating longitudina stresses, account should be taken of the combined effect of shear lag and
plate buckling using the effective areas givenin 3.3.

(2) The effective cross sectional properties of members should be based on the effective areas of the
compression el ements and on the effective® area of the tension elements due to shear lag.

(3) The effective area A 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 ey of the centroid of
the effective area A« relative to the centre of gravity of the gross cross-section, see Figure 4.1, gives an
additional moment which should be taken into account in the cross section verification using 4.6.

(4) The effective section modulus W 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 Asan dternative to 4.3(3) and (4) a single effective section may be determined from Ngq and

Mgq acting simultaneously. The effects of ey should be taken into account asin 4.3(3). Thisrequires an
iterative procedure.

13
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(5) Thestressin aflange should be calculated using the eastic section modulus with reference to the mid-
plane of the flange.

(6) Hybrid girders may have flange material with yield strength fs up to @nxf,,, provided that:

a) theincrease of flange stresses caused by yielding of the web is taken into account by limiting the stresses
in the web to fy,

b) f (rather than fy,,) is used in determining the effective area of the web.

NOTE The National Annex may specify the value ¢y,. A value of ¢, = 2,0 is recommended.

(7)

for hybrid girders complying with 4.3(6) including the NOTE.

(8)

=

14

Gross cross section

Effective cross section

G

G

1

2

3

The increase of deformations and of stresses at serviceability and fatigue limit states may be ignored

For hybrid girders complying with 4.3(6) the stress range limit in EN 1993-1-9 may be taken as 1,5f .

centroid of the gross cross
section

centroid of the effective
Cross section

centroidal axis of the gross
Cross section

centroidal axis of the
effective cross section

non effective zone

Figure 4.1: Class 4 cross-sections - axial force

C———
/3
1 - -
G — 2
G
| I | I
| /°
T G centroid of the gross cross
. . section
G centroid of the effective
G — 1 .2 cross section
G 1 centroidal axis of the gross
, , Cross section
2 centroidal axis of the
effective cross section
Gross cross section Effective cross section 3 non effective zone

Figure 4.2: Class 4 cross-sections - bending moment
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4.4 Plate elements without longitudinal stiffeners

(1) The effective’ areas of flat compression elements should be obtained using Table 4.1 for internal
elements and Table 4.2 for outstand elements. The effective’ area of the compression zone of a plate with the
gross cross-sectional area A should be obtained from:

Ac’eff = p AC (4.1)
where p isthe reduction factor for plate buckling.

(2) Thereduction factor p may be taken as follows:
— internal compression elements:

p= 1,0 for Xp <0,673
oo ke 0,0_525 B+Y 10 for Ao > 0,673 ,where (3+y)=0 4.2)
Ap
- outstand compression elements:
p=10 for Ap <0,748
p=te =088 15 for Ap > 0,748 (43
Ap
_ f b
wheredp = | = b/t

o, 284e.k,

v  isthe stressratio determined in accordance with 4.4(3) and 4.4(4)

b isthe appropriate width to be taken as follows (for definitions, see Table 5.2 of EN 1993-1-1)
by for webs;
b for internal flange elements (except RHS);
b-3t forflangesof RHS;
C for outstand flanges,
h for equal-leg angles;
h for unequal-leg angles,

k, isthe buckling factor corresponding to the stress ratio v and boundary conditions. For long plates k, is
givenin Table 4.1 or Table 4.2 as appropriate;

t  isthethickness;
oy isthe dastic critica plate buckling stress see equation (A.1) in Annex A.1(2) and Table 4.1 and Table
4.2:

235

£ fy|N/mm2|

(3) For flange elements of I-sections and box girders the stress ratio y used in Table 4.1 or Table 4.2
should be based on the properties of the gross cross-sectional area, due alowance being made for shear lag in
the flanges if relevant. For web elements the stressratio y used in Table 4.1 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 stages may first be calculated with a cross section consisting of

15
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(4)

effective flanges and gross web and added together. This resulting stress distribution determines an
effective web section that can be used for al stages to calculate the fina stress distribution for stress
anaysis.

Except as given in 4.4(5), the plate slenderness 7_»,3 of an element may be replaced by:

_ — |o
}\.p,red — }\.p com,Ed (44)
fy /YMO

where 6emeq 1S the maximum design compressive stress in the element determined using the effective’

()

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 y (see Table 4.1 and Table 4.2) is determined at each step from the stresses calculated on the
effective’ cross-section defined at the end of the previous step.
NOTE 2 Seeaso dternative procedurein Annex E.

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 1993-1-1, either the plate senderness }_Lp or Xp,red With 6comeq Dased on second order analysis with
global imperfections should be used.

(6)

For aspect ratios a/b < 1 a column type of buckling may occur and the check should be performed

according to 4.5.3 using the reduction factor pe.

16

NOTE This applies e.g. for flat elements between transverse stiffeners where plate buckling could be
column-like and require a reduction factor p. close to . as for column buckling, see Figure 4.3 8 and
b). For plates with longitudina stiffeners column type buckling may also occur for alb > 1, see Figure
4.3¢).

a) column-like behaviour b) column-like behaviour of an
of plates without unstiffened plate with a small
longitudinal supports aspect ratio o,

¢) column-like behaviour of alongitudinally
stiffened plate with alarge aspect ratio o

Figure 4.3: Column-like behaviour
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Table 4.1: Internal compression elements

Stress distribution (compression positive) Effective” width by
v=1
o[l [T e -
bel |, |, bez beff = p b
4 B A
e = 0,5 et ez = 0,5 bt
1>y >0
o 11 —ri .
02 beff =p b
bel/!, /!’ De2 2
b bel = 5 beff be2 = beff - bel
be ¥ bt & \\ < O:
oy —
W\pr . bur=pbe=p b/ (1-y)
% ) ]
b . De1 = 0,4 by Pez = 0,6 best
VY = 6,/0; 1 1>y>0 0 0>y>-1 -1 -1>y >-3
Buckling factor k.| 40 | 82/(1,05+vy) | 7,81 7,81 - 6,29y + 9,78y” 239 5,98 (1 - y)°

Table 4.2: Outstand compression elements

Stress distribution (compression positive) Effective’ width by

‘ Dest 1>\120
GzWWH’/\Gl bet =p C

¢ L

A

} v

by ‘ be 1

vy <0:
mm"l
bett = p e =p c/ (1-y)

o [ bur

V= 6,/ 1 0 -1 1>y>-3
Buckling factor k, 0,43 0,57 0,85 0,57 - 0,21y + 0,07\4/2
| ber ~
eff 1>y>0:
<[
02 beff =pC
¢ %
beff
Oy
s, bet =p be=pc/(1-y)
be A|, b, ﬂ|,
Vv = 0,y/0; 1 1>y>0 0 0>y>-1 -1
Buckling factor k, 0,43 0,578/ (y + 0,34) 1,70 1,7 -5y + 17,1\4/2 23,8

17
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4.5 Stiffened plate elements with longitudinal stiffeners
451 General

(1) For plates with longitudinal stiffeners the effective’ areas from local buckling of the various subpanels
between the gtiffeners and the effective” areas from the globa buckling of the stiffened panel should be
accounted for.

(2) The effective® 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 effective’ section areas for the stiffeners
should be checked for global plate buckling (by modelling it as an equivalent orthotropic plate) and a
reduction factor p should be determined for overall plate buckling.

(3) Theeffective’ area of the compression zone of the stiffened plate should be taken as:

Ac,eff = pc Ac,eff Jloc + Z bedge,efft (45)

where A q110c 1S the effective” section areas of dl the stiffeners and subpanels that are fully or partialy in the
compression zone except the effective parts supported by an adjacent plate element with the width Deggeeft,
see examplein Figure 4.4.

(4) TheareaA.et10c Should be obtained from:

Ac,eff Jloc = As@,eff + Zploc bc,Ioc t (46)

where Z applies to the part of the stiffened panel width that isin compression except the parts Deqge e,

seeFigure 4.4

Ag o IS the sum of the effective’ section according to 4.4 of al longitudina stiffeners with gross
area Aq located in the compression zone

beioc 1S the width of the compressed part of each subpanel
poc  iSthereduction factor from 4.4(2) for each subpandl.

by cqgectt = blzpl Ac et loc b3 edgeeft

Figure 4.4: Stiffened plate under uniform compression

NOTE For non-uniform compression see Figure A.1.

(5) In determining the reduction factor p. for overal 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 4.5.4(1) between the reduction factor p for plate
buckling and the reduction factor . for column buckling to determine p. see 4.5.4.
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(7) The reduction of the compressed area A+ 1oc through p. may be taken as a uniform reduction across
the whole cross section.

(8) If shear lag isrelevant (see 3.3), the effective cross-sectional area A« Of the compression zone of the
stiffened plate should then be taken as A;eﬁ accounting not only for local plate buckling effects but also for
shear lag effects.

(90 Theeffective 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 modulus W should be taken as the second moment of area of the effective cross
section divided by the distance from its centroid to the mid depth of the flange plate.

45.2 Plate type behaviour

(1) Therelative plate enderness 7_»,) of the equivalent plate is defined as:

_ f
Ap = BA,C y 4.7
Gcr,p

. A c,eff ,loc
with  B,. = A,
where A 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 multiplied by the shear lag factor if
shear lag isrelevant, see 3.3)

A ati0c 1Sthe effective’ area of the same part of the plate with due allowance made for possible plate
buckling of subpanels and/or of stiffened plate

(2) The reduction factor p for the equivalent orthotropic plate is obtained from 4.4(2) provided Xp is
calculated from equation (4.7).

NOTE For calculation of o, See Annex A.
4.5.3 Column type buckling behaviour

(1) The elagtic critical column buckling stress o, Of an unstiffened (see 4.4) or stiffened (see 4.5) plate
should be taken as the buckling stress with the supports along the longitudina edges removed.

(2) For an ungtiffened plate the elastic critical column buckling stress 6, of an unstiffened plate may be
obtained from

2 2
n° Et
O T v)a? (*49)

(3) For astiffened plate o, may be determined from the elastic critical column buckling stress 6 ¢ Of the
stiffener closest to the panel edge with the highest compressive stress as follows:

2

n° Elg,
6. = , 4.9
o AS(,l a2 ( )

where |, isthesecond moment of area of the stiffener, relative to the out-of-plane bending of the plate,

A, , isthe gross cross-sectional area of the stiffener and the adjacent parts of the plate according to
Figure A.1
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b
NOTE o may be obtained from 6, . = 6, —— Where o is related to the compressed edge of
s/, 1
the plate, and , by; and b, are geometric values from the stress distribution used for the extrapolation,
see Figure A.1.

(49) Therdative column slenderness A isdefined as follows:

— f
Ae=_|—2 for unstiffened plates (4.10)
GCT,C
~N BA,C fy .
Ac = |[——= for stiffened plates (4.12)
GCT,C
. As,, Jeff
with B, .= A”

st,1

A, isdefinedin4.5.3(3) and

A, 1 4 isthe effective cross-sectional area of the stiffener with due allowance for plate buckling, see
FigureA.1

(5) The reduction factor y. 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:

o, = a+% (4.12)
. Is{l
with 1= '
Asé,l

e =max (e, &) isthe largest 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 column, see Figure A.1.

a =0,34 (curveb) for closed section stiffeners
= 0,49 (curve c) for open section stiffeners

4.5.4 Interaction between plate and column buckling

(1) Thefinal reduction factor p. should be obtained by interpolation between y. and p as follows:

p.=(P—%x)E(2-8&)+x. (4.13)

c
where £=—"" 1 but 0<E<1

O p iSthe elagtic critical plate buckling stress, see Annex A.1(2);
O iSthe eastic critical column buckling stress according to 4.5.3(2) and (3), respectively;

Xc isthereduction factor due to column buckling.
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4.6 Verification

(1) Member verification for uniaxial bending should be performed as follows:

n, = N g +MEd+NEd €y
ot A f, W

y

Tmo Ymo

<10 (4.14)

where Ay isthe effective cross-section areain accordance with 4.3(3);
en isthe shift in the position of neutral axis, see 4.3(3);
Mgy isthe design bending moment;
Ngg isthedesign axia force;
We:  isthe effective elastic section modulus, see 4.3(4),
Yo isthe partid factor, see application parts EN 1993-2 to 6.

NOTE For members subject to compression and biaxial bending the above equation (4.14) may be
modified as follows:

_ NEd + My,Ed + NEd ey,N + I\/lz,Ed + NEd ez,N
fy Aeff fy Wy,eff fy Wz,eff
Tmo Twmo Ywmo

n, <10 (4.15)

My eq, M, gq arethe design bending moments with respect to y and z axes respectively;
eN, e are the eccentricities with respect to the neutral axis.

(2) Action effects Mgy and Ngg should include global second order effects where relevant.

(3 The plate buckling verification of the pand should be carried out for the stress resultants at a distance
0,4a 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 pandl.

5 Resistance to shear
5.1 Basis

(1) 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,
¢) all holesand cut outs are small (see 2.3),

d) members are of uniform cross section.

(2) Plates with h,/t greater than Es for an unstiffened web, or 31 ek, for astiffened web, should be
n n

checked for resistance to shear buckling and should be provided with transverse stiffeners at the supports,
235

where € = .
fy|N/mm2|

NOTE 1 h, see Figure 5.1 and for k; see 5.3(3).
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NOTE 2 The National Annex will definem. The value n = 1,20 is recommended for sted grades up
to and including $460. For higher steel gradesm = 1,00 is recommended.

5.2 Design resistance

(1) For unstiffened or stiffened webs the design resistance for shear should be taken as:

nf, h,t
Vb,Rd = vav,Rd +be,Rd < \/y—w— (5.
3 Ym
in which the contribution from the web is given by:
Lw fyW h, t
Vowrs =2 (5.2)
NE] Ywm1

and the contribution from the flanges Vs rq 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.

by

+—

! Lo | !

Cross section notations a) No end post b) Rigid end post ¢) Non-rigid end post

Figure 5.1: End supports

5.3 Contribution from the web

(1) For webs with transverse stiffeners at supports only and for webs with either intermediate transverse
stiffeners or longitudina stiffeners or both, the factor y,, for the contribution of the web to the shear buckling
resistance should be obtained from Table 5.1 or Figure 5.2.

Table 5.1: Contribution from the web y, to shear buckling resistance

Rigid end post Non-rigid end post
Aw <0,83/M n n
0,83/M < Aw <108 0,83/ hw 0,83/ A
A 2108 137/(0,7+ 1) 0,83/ A

NOTE See6.2.6in EN 1993-1-1.
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(2) Figure5.1 shows various end supports for girders:

a) Noendpost, see 6.1 (2), type ©);

b) Rigid end posts, see 9.3.1; this case is aso applicable for panels at an intermediate support of a

continuous girder;

¢) Nonrigid end posts, see 9.3.2.

(3 Thedenderness parameter Aw inTable5.1and Figure 5.2 should be taken as:
— f
Aw = 0,76 /ﬂ (5.3)

TCI’

wheret, =K. o, (5.4)
NOTE 1 Vauesfor og and k, may be taken from Annex A.
NOTE 2 The denderness parameter A may be taken asfollows:
a) transverse stiffeners at supports only:
= h
Aw = w (5.5)

86,4t¢e
b) transverse stiffeners at supports and intermediate transverse or longitudinal stiffeners or both:
= h
Aw =———— (5.6)
374te k.

in which k. is the minimum shear buckling coefficient for the web panel.
NOTE 3 Where non-rigid transverse stiffeners are also used in addition to rigid transverse stiffeners,
k. is taken as the minimum of the values from the web panels between any two transverse stiffeners
(eg. & x hy and & x h,) and that between two rigid stiffeners containing non-rigid transverse
stiffeners (e.g. a, x hy).
NOTE 4 Rigid boundaries may be 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
gtiffeners (e.g. a; x hy,, in Figure 5.3).
NOTE 5 For non-rigid transverse stiffeners the minimum value k; may be obtained from the buckling
analysis of the following:
1. acombination of two adjacent web panels with one flexible transverse stiffener
2. acombination of three adjacent web panels with two flexible transverse stiffeners
For procedure to determine k; see Annex A.3.

(49) The second moment of area of alongitudinal stiffener should be reduced to 1/3 of their actua value

when calculating k,. Formulae for k. taking this reduction into account in A.3 may be used.
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1,3

1,2
3{ ﬁ \
1 \

0,9 \

0:8 \
o A

=

Xw 016 4 \ /
0,5 + \
—
: g —

0

0 02 04 06 08 1 1,2 14 1,6 18 2 2,2 24 26 28

1 Rigid end post
2 Non-rigid end post
3 Range of recommended 77

Figure 5.2: Shear buckling factor

(5) For webs with longitudina stiffeners the slenderness parameter Aw in (3) should not be taken as less

than
- h

Mg = Wi
374te k,

(5.7)

where h,; and k;; refer to the subpanel with the largest slenderness parameter Aw Of dl subpanels within the

web panel under consideration.

NOTE To caculate k; the expression given in A.3 may be used with k. = 0.

N 3 LN/ I
T B
LT )h
X
@ 4 (b)

1 Rigid transverse stiffener
2 Longitudinal stiffener
3 Non-rigid transverse stiffener

Figure 5.3: Web with transverse and longitudinal stiffeners
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5.4 Contribution from flanges

(1) When the flange resistance is not completely utilized in resisting the bending moment (Mgg < Mt rq)
the contribution from the flanges should be obtained as follows:

b, t? f M)
Vi g =———2 | 1| —F- (5.9)
' CYwi M g

b and t; aretaken for the flange which provides the least axial resistance,
bx being taken as not larger than 15¢t; on each side of the web,

M
M rg = —"% " is the moment of resistance of the cross section consisting of the area of the effective
MO
flanges only,

6b t?f
c:a[0,25+]"£#}
thif,

(2)  When an axia force Ngq is present, the value of M¢ry should be reduced by multiplying it by the
following factor:

N
1- Ed (5.9)
(Afl + Af 2 ) fyf
Tm2
whereA; and Ay, are the areas of the top and bottom flanges respectively.
5.5 Verification
(1) Theverification should be performed as follows:
V
Ny =—2<10 (5.10)
Vb,Rd

where Vgq isthe design shear force including shear from torque.

6 Resistance to transverse forces
6.1 Basis

(1) The design resistance of the webs of rolled beams and welded girders should be determined in
accordance with 6.2, provided that the compression flange is adequately restrained in the lateral direction.

(2) Theload isapplied asfollows:

a) through the flange and resisted by shear forcesin the web, see Figure 6.1 (a);

b) through one flange and transferred through the web directly to the other flange, see Figure 6.1 (b).
¢) through one flange adjacent to an unstiffened end, see Figure 6.1 (¢)

(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.
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(4) Theinteraction of the transverse force, bending moment and axial force should be verified using 7.2.

Type (@) Type (b) Type (©)
VLFS VLFS VLFS
|
wst] #% [Mvs tne [+ ]| FE5 s
i 2 i ﬁd

h, )’ h, )’ s, +C
K, =642 2w k, =35+2| 2 K, =2+6 <6
a a h

Figure 6.1: Buckling coefficients for different types of load application

w

6.2 Design resistance

(1) For unstiffened or stiffened webs the design resistance to local buckling under transverse forces should
be taken as

foo Lt
Fp=—2 (6.1)

Vw1
where t, isthethickness of the web
fyw istheyield strength of the web
L isthe effective length for resistance to transverse forces, which should be determined from

Ler = Xr fy (6.2)

where ¢, isthe effective loaded length, see 6.5, appropriate to the length of stiff bearing s;, see 6.3
¥ isthereduction factor dueto local buckling, see 6.4(1)

6.3 Length of stiff bearing

(1) Thelength of stiff bearing s; on the flange should be taken as the distance over which the applied load
is effectively distributed at aslope of 1:1, see Figure 6.2. However, ss should not be taken as larger than h,,.

(2) If several concentrated forces are closely spaced, the resistance should be checked for each individua
force aswell asfor the total load with s; as the centre-to-centre distance between the outer |oads.

s <P B £ I~
B G ;4@#

Figure 6.2: Length of stiff bearing

(3) If the bearing surface of the applied load rests at an angle to the flange surface, see Figure 6.2, s
should be taken as zero.
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6.4 Reduction factor yr for effective length for resistance

(1) Thereduction factor i should be obtained from:

0,5
F
_ (ot f
where A = yFW i (6.4)
t3
F. =09kE h—W (6.5)

w

(2) For webswithout longitudinal stiffeners ke should be obtained from Figure 6.1.

NOTE For webs with longitudina stiffeners information may be given in the National Annex. The
following rules are recommended:

For webs with longitudinal stiffeners ke may be taken as

h 2
k. = 6+2{—W} {5,44&—0,21} Js (6.6)
a a
where b; is the depth of the loaded subpanel taken as the clear distance between the loaded flange
and the stiffener
3
I
v.=109—L <13| -2 | 1210 03-2 6.7)
h,ts, h, a

where 1, is the second moments of area of the stiffener closest to the loaded flange including
contributing parts of the web according to Figure 9.1.

Equation (6.6) is valid for 0,05 < :—1 <0,3 and % < 0,3 and loading according to type @) in Figure

6.1.
(3) ¢, should be obtained from 6.5.
6.5 Effective loaded length

(1) Theeffective loaded length £, should be calculated as follows:

fyib
m, =2 (6.8)
ot
h 2
m,=002| —* | if Lr >05
’ ( f } (6.9)

m, =0 if \r <05
For box girders, by in equation (6.8) should be limited to 15¢t; on each side of the web.
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(2) Fortypes(a) and (b) in Figure 6.1, ¢, should be obtained using:

l, =8+ 2%, (1+,/ml + m2) ,but £, < distance between adjacent transverse stiffeners  (6.10)

(3) For type c) ¢, should be taken as the smallest value obtained from the equations (6.11), (6.12) and
(6.13).

2
m l
ly=lg+t |—+ = | +m, (6.11)
2 t;
by =L+t ym +m, (6.12)
k-Et:
(,=——Y <s +cC (6.13)
2f .,y

6.6 Verification

(1) Theverification should be performed as follows:

IEd
= = <K 4
||2 f . t _:LO (61 )

yw w

Ym1

where Fgq isthedesign transverse force;
L isthe effective length for resistance to transverse forces, see 6.2(2);
tw isthe thickness of the plate.

7 Interaction

7.1 Interaction between shear force, bending moment and axial force

(1) Provided that T_]3 (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 T_]3 is more than 0,5 the combined effects of
bending and shear in the web of an | or box girder should satisfy:

_ M — — M
n, + [1— ﬁ) (21]3 - 1)2 <10 form,= ﬁ (7.0)

pl,Rd pl,Rd

where Mrq is the plastic moment of resistance of the section consisting of the effective area of the
flanges,
Mura isthe plastic resistance of the cross section consisting of the effective area of the flanges and
the fully effective web irrespective of its section class.

- _ MEd
=
I\/lpI,Rd
—- VEd
ns—v
bw,Rd

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.
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(2) The criterion given in (1) should be verified at all sections other than those located at a distance less
than h,,/2 from the interior support.

(3) The plastic moment of resistance M g4 should be taken as the product of the design yield strength, the
effective area of the flange with the smallest value of Af, and the distance between the centroids of the
flanges.

(4) If an axia force Ngq is present, My rg @nd M¢gq 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 flangein abox girder should be verified using 7.1(1) taking M rq = 0 and 1g4 taken as the average
shear stress in the flange which should not be less than half the maximum shear stress in the flange. In
addition the subpanels should be checked using the average shear stress within the subpanel and
determined for shear buckling of the subpanel according to 5.3, 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:

n, +08n, <14 (72

(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 should be met.

8 Flange induced buckling

(1) To prevent the compression flange buckling in the plane of the web, the following criterion should be
met:
h A
W <k E JA. (8.1)
t, fe VA

fc

where A,, isthe cross section area of the web,
At isthe effective cross section area of the compression flange,
h, isthe depth of the web,
ty  isthethickness of the web.

The value of the factor k should be taken as follows:
- pladtic rotation utilized k=0,3

- plastic moment resistance utilized k=0,4

- €elastic moment resistance utilized k =0,55
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(20 Whenthegirderis curved in elevation, with the compression flange on the concave face, the following
criterion should be met:

i ka 2w
t_ws v - Efc (8.2
W 1+

3rfyf

r isthe radius of curvature of the compression flange.

NOTE The National Annex may give further information on flange induced buckling.

9 Stiffeners and detailing
9.1 General

(1) Thissection gives design rules for gtiffeners in plated structures which supplement the plate buckling
rules specified in sections 4 to 7.

(2)  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 15¢t but not more than the actual dimension available,
on each side of the stiffener avoiding any overlap of contributing partsto adjacent stiffeners, see Figure 9.1.

(3 The axia force in a transverse stiffener should be taken as the sum of the force resulting from shear
(see 9.3.3(3)) and any other point load.

) 15¢t Ly 15et , ) 15¢t ) 15¢et ,
11
-
t
% 7 R 77 Gl
- & e . | A
\As \As
N N

Figure 9.1: Effective cross-section of stiffener

9.2 Direct stresses
9.2.1 Minimum requirements for transverse stiffeners

(1) 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 beam with an initia sinusoidal
imperfection w, equal to s/300, where sis the smallest of &, & or b, see Figure 9.2 , where & and & are the
lengths of the panels adjacent to the transverse stiffener under consideration and b is the depth or span of the
transverse stiffener. Eccentricities should be accounted for.
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al a2 ‘ ‘ b ‘

1 Transverse siffener

Figure 9.2: Transverse stiffener

(3) Thetransverse stiffener should carry the deviation forces from the adjacent compressed panels under
the assumption that both adjacent transverse stiffeners are rigid and straight. The compressed panels and the
longitudina 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,/yw1
- that the additional deflection should not exceed b/300

(5) Inthe absence of an axial force or/and transverse loads in the transverse stiffener both the criteriain
(4) above may be assumed to be satisfied provided that the second moment of area Iy of the transverse
stiffenersis not less than:

c. (b) 300
|, =—"] = 1+w,—u 9.1
. E(j[ 2 j ©.1)
where csm:—cc“Ch R
Oup b (a a,
n’Ee
:—max>
=%, 300b =
Y1

enx 1S the maximum distance from the extreme fibre of the stiffener to the centroid of the stiffener;

Ngg  is the maximum compressive force of the adjacent panels but not less than the maximum
compressive stress times half the effective” compression area of the panel including stiffeners;

Oerc» Ocrp aredefinedin 4.5.3 and Annex A.

NOTE Where out of plane loading is applied to the transverse stiffeners reference should be made to
EN 1993-2 and EN 1993-1-7.

(6) If the stiffener carries axial compression this should be increased by AN = Gmb2 /? in order to

account for deviation forces. The criteriain (4) apply but ANg need not be considered when calculating the
uniform stresses from axial load in the stiffener.

As a simplification the requirement of (4) may be verified using afirst order elastic analysis taking account
of the following additional uniformly distributed lateral load q acting on the length b:

Q=%Gm(wo+wd) 92)

where o, isdefinedin (5) above
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Wy isdefinedin Figure 9.2

Wy isthe elastic deformation, that may be either determined iteratively or be taken as the maximum
additional deflection b/300

(7)  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:

| fy
—2>53= 9.3
| = (9.3

p

where 1, isthe polar second moment of area of the stiffener aone around the edge fixed to the plate;
I+ isthe St. Venant torsional constant for the stiffener alone.

(80 Wherewarping stiffnessis considered stiffeners should either fulfil (7) or the criterion
Ocr 2 0 fy (9.4)

where o isthecritical stressfor torsional buckling not considering rotational restraint from the plate;
0 isaparameter to ensure class 3 behaviour.

NOTE The parameter 6 may be given in the National Annex. The value 6 = 6 is recommended.
9.2.2 Minimum requirements for longitudinal stiffeners

(1) The requirements concerning torsional buckling in 9.2.1(7) and (8) aso apply to longitudinal
stiffeners.

(2) Discontinuous longitudina 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 globa anaysis

- neglected in the calculation of stresses

- considered in the calculation of the effective® widths of web sub-panels
- considered in the calculation of the critical stresses.

(3) Strength assessmentsfor stiffeners should be performed according to 4.5.3 and 4.6.
9.2.3 Welded plates

(1) Plateswith changesin 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 junction exceeds by/2 or 200 mm whichever is the smallest, where by is the width of the plate
between longitudinal stiffeners.

| —— |
1= b
<min=°
JI‘ 2I
) \
( ( (
\ 2/ \

1 Transverse stiffener
2 Transverse weld

Figure 9.3: Welded plates
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9.2.4 Cut outs in stiffeners

(1)

Cut outsin longitudinal stiffeners should be as shown in Figure 9.4.

h
—S
s
7 S 40 mm x r\ .
0

Figure 9.4: Cut outs in longitudinal stiffeners

(2) Thelength ¢ should not exceed:
1<6t,, for flat stiffenersin compression
1<8t.,, for other stiffenersin compression

¢<15t,  for stiffeners without compression
where ti isthe lesser of the plate thicknesses

. . . . . Oy Rrd
(3) Thevalues ¢ in (2) for stiffenersin compression may be increased by XRd " when Oy ed <Oy ra
x,Ed
and /<15t ;. .
(4) Cutoutsin transverse stiffeners should be as shown in Figure 9.5.
V77777777777 S { i —
_._._._..____ | l<0’6hs
I ——
g max e
7
VlllllllléllllllllllA | 1\
Figure 9.5: Cut outs in transverse stiffeners
(5) Thegrossweb adjacent to the cut out should resist a shear force V, where

| f
Ve vk T (9.5)
max e Y, bg
e iSthe second moment of areafor the net section of the transverse stiffener;

e isthe maximum distance from the underside of the flange plate to the neutral axis of net section,
see Figure 9.5;

b isthelength of the transverse stiffener between the flanges.
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9.3 Shear
9.3.1 Rigid end post

(1) Therigid 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 flanges of a
short beam of length h,,, see Figure 5.1 (b). The strip of web plate between the stiffeners forms the web of
the short beam. Alternatively, an end post may be in the form of arolled section, connected to the end of the
web plate as shown in Figure 9.6.

e

1

K {

” <]

1 Inserted section

Figure 9.6: Rolled section forming an end-post

(3 Each double sided stiffener consisting of flats should have a cross sectiona area of at least 4hwt2 /e,
where e is the centre to centre distance between the stiffenersand e>0,1h,, see Figure 5.1 (b). Where a

rolled section other than flats is used for the end-post its section modulus should be not less than 4h t* for
bending around a horizontal axis perpendicular to the web.

(49 As an dternative the girder end may be provided with a single double-sided stiffener and a vertical
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 resisting the reaction at the girder support (see 9.4).

9.3.3 Intermediate transverse stiffeners

(1) 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 used, their stiffness should be considered in the
calculation of k; 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 lg:

if a/h, <+/2: 1,215h3 t3/a

9.6
if a/h, >+/2: 1,>075h, t° (96)

NOTE Intermediate rigid stiffeners may be designed for an axial force equa to

{VEd —%fywhwt/(\/i_% YMI)] according to 9.4. In the case of variable shear forces the check is
Aw

performed for the shear force at the distance 0,5h,, from the edge of the panel with the largest shear
force.

9.3.4 Longitudinal stiffeners

(1) 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) Theweb to flange welds may be designed for the nominal shear flow V,/h,, if Vg4 does not exceed
xwfywhwt/(\/i_% YMl). For larger values Vgq the weld between flanges and webs should be designed for the

shear flow nfywt/(\/?% Ym)-

(2) In dl other cases welds should be designed to transfer forces along and across welds making up
sections taking into account analysis method (el astic/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 1993-1-1, using buckling curve c. when both
end are assumed to be fixed laterally a buckling length £ of not less than 0,75h,, should be used. A larger
value of £ 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 the end.

(3 Where single sided or other asymmetric stiffeners are used, the resulting eccentricity 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 latera
torsional buckling.
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10 Reduced stress method

(1) The reduced stress method may be used to determine the stress limits for stiffened or unstiffened
plates.

NOTE 1 This method is an dternative to the effective width method specified in section 4 to 7 in
respect of the following:

- Oxed Ozeq 8Nd Tgg @re considered as acting together

- the gtress 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 Nationa
Annex may give limits of application for the methods.

(2) For ungtiffened or stiffened panels subjected to combined stresses Gy eq , Gzeq aNd Teq Class 3 section
properties may be assumed, where
o
Ptk 59 (10.1)
Ym1

where ok IS the minimum 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 7_»,) to take account of plate
buckling, see (5);

w1 isthe partia factor applied to this method.

(3 The plate slenderness 7_»,) should be taken from

Y Oyt K
7Lp: =

(10.2)
(04

cr

where o isthe minimum load amplifier for the design loads to reach the elastic critical resistance of the
plate under the compl ete stressfield, see (6)

NOTE 1 For caculating o, for the complete stress field of 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 o cannot be determined for the panel and its subpanels as a whole, separate checks
for the subpanel and the full panel may be applied.

(4) Indetermining ok the yield criterion may be used for resistance:

2 2 2
21 _ [GX,Ed ] + [GZ,Ed J _ [Gx,Ed ][GZ,Ed ] + {Tid] (103)
Ol it K fy fy fy fy fy

where 6y g4, 6,4 8Nd Tg4 are the components of the stress field in the ultimate limit state.

NOTE By using the equation (10.3) it is assumed that the resistance is reached when yielding occurs
without plate buckling.
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(5) Thereduction factor p may be determined using either of the following methods:

a) the minimum value of the following reduction factors:
px for longitudinal stresses from 4.5.4(1) taking into account columnlike behaviour where relevant
p; for transverse stresses from 4.5.4(1) taking into account columnlike behaviour where relevant
yv for shear stresses from 5.2(1)

each calculated for the slenderness 7_Lp according to equation (10.2)

NOTE This method leads to the verification formula
2 2 2
o c
Gx,Ed + Gz,Ed _ x,Ed z,Ed + TEd < pZ (104)
fy/'YMl fy/'YMl fy/’YMl fy/’YMl fy/’YMl

NOTE For determining p, for transverse stresses the rules in section 4 for direct stresses 6, should be
applied to &, in the z-direction. For consistency section 6 should not be applied.

b) avalue interpolated between the values of py, p, and y, as determined in a) by using the formulafor ok
as interpolation function

NOTE This method leadsto the verification format:
2 2 2
Gx,Ed + Gz,Ed _ Gx,Ed Gz,Ed + TEd Sl (105)
pry/YMl pzfy/YMl pry/YMl pzfy/YMl vay/YMl

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 give further information on the use of equations (10.4) and (10.5).
In case of panelswith tension and compression it is recommended to apply equations (10.4) and (10.5)
only for the compressive parts.

(6) Where o values for the complete stress field are not available and only o values for the various
components of the stressfield 6y eq , 6,4 @Nd Teq CaN be used, the o, value may be determined from:

1/2
2
1 1+ 1+ 1+ 1+ 1- 1- 1
L SR £ 2 LENE £ lgx+ \lfz+ > (10.6)
acr 4 acr,x 4 O(‘cr,z 4 O(‘cr,x 4 O(‘cr,z 2 (XCI‘,X 2 a‘CI’,Z O(‘cr,r
Gcr,x
where o, =
X,Ed
Gcr,z
0Lcr,z
z,Ed
TC(,‘E
O(‘cr,‘r =
T‘r,Ed

and 6o , Ocrz Tery Wx @Nd \, are determined from sections 4 to 6.

(7) Stiffeners and detailing of plate panels should be designed according to section 9.
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Annex A [informative] — Calculation of critical stresses for stiffened
plates

A.1 Equivalent orthotropic plate
(1) Plateswith more than two longitudinal stiffeners may be treated as equivalent orthotropic plates.

(2) Theélastic critical plate buckling stress of the equivalent orthotropic plate may be taken as:

Oy, =K, O (A1)

n? E t?

2
where O = m =190000 [%) in [M Pa]

Ksp 1Sthe buckling coefficient according to orthotropic plate theory with the stiffeners smeared over
the plate;

b isdefinedinFigure A.1;
t  isthethickness of the plate.

NOTE 1 The buckling coefficient k, , is obtained either from appropriate charts for smeared stiffeners
or redlevant computer simulations; aternatively charts for discretely located stiffeners may be used
provided local buckling in the subpanels can be ignored and treated separately.

NOTE 2 o, isthe elastic critical plate buckling stress at the edge of the panel where the maximum
compression stress occurs, see Figure A.1.

NOTE 3 Whereaweb isof concern, the width b in equation (A.1) may be replaced by h,,.

NOTE 4 For diffened plates with at least three equally spaced longitudinal stiffeners the plate
buckling coefficient ks, (global buckling of the stiffened panel) may be approximated by

oo ay-a) .
oo™ ocz(\p+13(l+8) oSy A2

AL+ Jy . .
S ey e B

with: =02 >05
c

1
|
v=—zll :

p
5= 2P
A

p

a:EZQS
b

where: z Iy isthe sum of the second moment of area of the whole stiffened plate;

bt® bt®
120-v?) 1092’
Z A isthe sum of the gross area of the individual longitudinal stiffeners;

(" is the second moment of areafor bending of the plate =
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0,
0,

isthe gross area of the plate = bt ;

isthe larger edge stress;
isthe smaller edge stress,

a, band t areasdefinedin Figure A.1.

0cr,p

3

cr,s c

bst, 1

e=max (e, &)
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1 centroid of stiffeners
centroid of columns =
stiffeners + accompanying
plating

3 subpand

4 dtiffener

5 platethicknesst

width for aross width for effective
areag areaaccordingto | condition for
Table4.1
3_ 3_ GCI’
b]_’inf Wl bl ﬁbl,eff W]_ — o1 >0
S-v, S5-vy, Oup
2 2 G
b —~ b __% g
D2 sup 5 vy, > 5y, 2 V. o s
3V, 3-v,
bai b >0
2,int 5—v, 2 5, 2,¢ff v,
(¢
bs sp 0,4 bes 0,4 bes et Y, = 6_3 <0
2

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

() If the stiffened plate has only one longitudinal stiffener in the compression zone the procedurein A.1
may be simplified by afictitiousisolated strut supported 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 caculation of A, and |, ,the gross cross-section of the column should be taken as the gross

area of the dtiffener and adjacent parts of the plate described as follows. If the subpand is fully in
compression, a portion (3—)/(5—) of its width b, should be taken at the edge of the panel and

2/(5— ) at the edge with the highest stress. If the stress changes from compression to tension within the
subpanel, a portion 0,4 of the width b, of the compressed part of this subpanel should be taken as part of the
column, see Figure A.2 and also Table 4.1. y is the stressratio rel ative to the subpanel in consideration.

(3) Theeffective’ cross-sectional area A,  of the column should be taken as the effective” cross-section

of the stiffener and the adjacent effective” parts of the plate, see Figure A.1. The slenderness of the plate
elements in the column may be determined according to 4.4(4), with o.omeq Calculated for the gross cross-
section of the plate.

(4) If pdyq with p. determined according to 4.5.4(1), is greater than the average stress in the column
6comed NO further reduction of the effective” area of the column should be made. Otherwise the effective area
in (4.6) should be modified as follows:
f, A
A = M (A.3)

cSoom,Ed YMl

(5) 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 parts of the plate, except for checking buckling of subpanels.

(6) Asan alternativeto using an effective’ 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 6¢om ed-

NOTE The method outlined in (6) may be used in the case of multiple stiffeners in which the
restraining effect from the plate is neglected, that is the fictitious column is considered free to buckle
out of the plane of the web.

———
Iy
41— |— -(3_W)b
ESSSISY ——(S'W) !
b -
a -C(';l 0,4 bC
A ‘t_ u L
é —— —
a. b. C.

Figure A.2: Notations for a web plate with single stiffener in the compression
zone
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(7) If the diffened plate has two longitudina stiffeners in the compression zone, the one stiffener
procedure described in A.2.1(1) may be applied, see Figure A.3. First, it is assumed that one of the gtiffeners
buckles while the other one acts as a rigid support. Buckling of both the stiffeners simultaneoudly is
accounted for by considering a single lumped stiffener that is substituted for both individual ones such that:

a) itscross-sectional area and its second moment of area |4 are respectively the sum of that for the individua
stiffeners

b) itispositioned at the location of the resultant of the respective forces in the individual stiffeners

For each of these situations illustrated in Figure A.3 arelevant value of o, IS computed, see A.2.2(1), with
b, =b, and b, =b; and B" = b, + b, see Figure A.3.

b*
e

II
I

\

\

2]
L

|
Stiffener | Stiffener Il Lumped stiffener
Cross-sectional area Ay, A, AgitAy,

Second moment of area |, lg > Iyt

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) Inthe case of a stiffened plate with one longitudinal stiffener located in the compression zone, the
elastic critical buckling stress of the stiffener can be calculated as follows ignoring stiffeners in the tension

Zone:
_105E lyat°D

Gcr, 4
¥ Ask,l bl b2
_TCZE|SM+ Et*ba’
A, a’  4n?(l-v2)A,, b? b2

g, bZ b2
with a, =4334-> 2
t*b

where A, isthegrossareaof the column obtained from A.2.1(2)

if a>a,
(A4)

Oy if a<a,

|y, isthe second moment of area of the gross cross-section of the column defined in A.2.1(2)
about an axisthrough its centroid and parallel to the plane of the plate;
b,, b, arethe distances from the longitudinal edges of the web to the stiffener (b;+b, = b).

NOTE For determining 6. See NOTE 2 to 4.5.3(3).
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(2) Inthe 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

equation (A.4) with b, = b, b, = b}, and b= B". The stiffeners in the tension zone should be ignored in
the calculation.

A.3 Shear buckling coefficients

(1) For plates with rigid transverse stiffeners and without longitudinal stiffeners or with more than two
longitudina stiffeners, the shear buckling coefficient k, can be obtained as follows:

k,=534+400(h,/a)’+k, whena/h, >1
k,=400+534(h,/a) +k, whena/h, <1

hY |1, ) |
where K =9 | 4| == but notlessthanz—’lsi
a t° h, t \h,

a isthedistance between transverse stiffeners (see Figure 5.3);

(A.5)

is the second moment of area of the longitudinal stiffener about the z-axis, see Figure 5.3 (b).

For webs with two or more longitudinal stiffeners, not necessarily equally spaced, |, isthe
sum of the stiffness of theindividua stiffeners.

NOTE No intermediate non-rigid transverse stiffeners are allowed for in equation (A.5).

(2) The equation (A.5) also applies to plates with one or two longitudina stiffeners, if the aspect ratio

o =— satisfies o0 > 3. For plates with one or two longitudinal stiffeners and an aspect ratio o < 3 the

shear buckling coefficient should be taken from:
6,3+ 018 s

t°h [
Yo+2,23] =2 A.6
o’ t°h,, (A-0)

k., =41+

T
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Annex B [informative] — Non-uniform members

B.1 General

(1) Therulesin section 10 are applicable to webs of members with non parallel flanges as in haunched
beams and to webs with regular or irregular openings and non orthogonal stiffeners.

(2) oy and o may be obtained from FE-methods, see Annex C.

(3) The reduction factors px , p, and y,, for Xp 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= =
(Pp+ V(Pﬁ_kp

where o, =%(1+ ocp(Xp —7_\-p0)+7_\.p)

(B.1)

This procedure applies to py, p, and y,. The vaues of Xpo and o, are given in Table B.1. These

values have been calibrated against the buckling curves in sections 4 and 5 and give a direct
correlation to the equivalent geometric imperfection, by :

1_Pho

— -\t
eo = (Xp (}\,p —kpo)g 1 p’Y7—M\’1 (BZ)
- p

Table B.1: Values for Ay and a,

Product predominant buckling mode | O, }_WO
direct stressfor y >0 0,70
direct stressfor ¢y <0

hot roll v 1

ot rolled chear 0,13 0,80
transverse stress
direct stressfor y >0 0,70

welded and | direct stress for y <0 034
cold formed | shear ' 0,80
transverse stress
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B.2 Interaction of plate buckling and lateral torsional buckling

(1) The method given in B.1 may be extended to the verification of combined plate buckling and lateral
torsional buckling of beams by calculating o, and o.i; as follows:

oyt 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 or lateral torsional buckling

o isthe minimum load amplifier for the design loads to reach the elastic critica resistance of the beam
including plate buckling and lateral torsional buckling modes

(2) In case o contains lateral torsional buckling modes, the reduction factor p used should be the
minimum of the reduction factor according to B.1(4) and the y .t — value for lateral torsiona 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

(1) 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 of Finite Element
methods.

(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 seepsecti on C.5 Example of use
1 linear linear no elastic shear |lag effect, elastic resistance
2 non linear linear no plastic resistancein ULS
3 linear non linear no critical plate buckling load
4 linear non linear yes eastic plate buckling resistance
5 non linear non linear yes glagtic-plastic resistancein ULS
C.2 Use

(1) Inusing FEM for design specia care should be taken to

- themodelling of the structural component and its boundary conditions
- the choice of software and documentation

- the use of imperfections

- themodelling of material properties

- themodelling of loads

- themodelling of limit state criteria

- the partial factorsto be applied

NOTE The National Annex may define the conditions for the use of FEM analysisin 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 sensivity checks with successive refinement may be carried out.

(2) The FE-modelling may be carried out either for
- the component as awhole or
- asubgtructure as a part of the whole component,

NOTE An example for a component could be the web and/or the bottom plate of continuous box

girdersin the region of an intermediate support where the bottom plate is in compression. An example
for asubstructure could be a subpane of a bottom plate subject to biaxial stresses.
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(3 The boundary conditions for supports, interfaces and applied loads should be chosen such that results
obtained are conservative.

(49) Geometric properties should be taken as nominal.
(5) All imperfections should be based on the shapes and amplitudes as given in section C.5.

(6) Material properties should conform to C.6(2).

C.4 Choice of software and documentation
(1) 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 away that they can be reproduced by third parties.

C.5 Use of imperfections

(1) 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 imperfections may be based on the shape of the critical plate buckling modes
with amplitudes given in the National Annex. 80 % of 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) val ues.

(3) Thedirection of the applied imperfection should be such that the lowest resistance is obtained.
(4) For applying equivalent geometric imperfections Table C.2 and Figure C.1 may be used.

Table C.2: Equivalent geometric imperfections

type of imperfection component shape magnitude
global member with length ¢ 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 short spanaor b bl;:l;:olgg min (a/200, b/200)
local stiffener or flange subject to twist bow twist 1/50
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Type of
imperfection

Component

global
member with
length £

global
longitudinal
stiffener with
length a

local panel or
subpanel

local dtiffener
or flange
subject to
twist

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 accompanying imperfections.

NOTE 2 Equivalent geometric imperfections may be substituted by the appropriate disturbing forces
acting on the member.

C.6  Material properties
(1) Materia properties should be taken as characteristic values.

(2) Depending on the accuracy and the alowable strain required for the analysis the following
assumptions for the material behaviour may be used, see Figure C.2:

a) elagtic-plastic without strain hardening

b) elagtic-plastic with anominal plateau slope

¢) elagtic-plastic with linear strain hardening

d) true stress-strain curve modified from the test results as follows:

Gtrue = G (1+ 8) (C 1)
€ = /N (L+E) '
Mode€
oA oA
v fy" 1
with
yielding
plateau a) b)
tan™(E) R tan™(E) .
e' €
1 tan(E/10000)
(or similarly small value)
OA oA 1
1 -1 7 ZTTAT = N\
v tan™~(E/100) i+ / N
with
Strain-
hardening . C) d)
tan™(E) _ tan-l(E)
€ e’
1 truestress-strain curve
2 stress-strain curve fromtests

Figure C.2: Modelling of material behaviour
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NOTE For the éastic modulus E the nominal value isrelevant.

Loads

The loads applied to the structures should include relevant load factors and load combination factors.

For smplicity asingle load multiplier oo may be used.

C.8
1)

Limit state criteria

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 alimiting value of the principal membrane strain

NOTE 1 The Nationa 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.9 Partial factors
(1) Theload magnification factor o, to the ultimate limit state should be sufficient to achieve the required
reliability.
(2) Themagnification factor o, should consist of two factors as follows:
1. oy 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. op to cover the scatter of the loading and resistance models. It may be taken as yy if instability
governs and yy, if fracture governs.
(3) It should be verified that

Oy > Olg Olp (C.2)

NOTE The National Annex may give information on yy; and yu,. The use of yy; and yw, as specified
in EN 1993-1-1 is recommended.
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Annex D [informative] — Plate girders with corrugated webs

D.1 General

(1) Annex D covers design rules for I-girders with trapezoidally or sinusoidally corrugated webs, see
Figure D.1.

ry
-
Vol
\\
g
I
&
~
>
T o~——

Figure D.1: Geometric notations

D.2 Ultimate limit state
D.2.1 Moment of resistance

(1) Themoment of resistance Mgq due to bending should be taken as the minimum of the following:

M., = min Patafywe (h +t1+t2j'bltlfyw" (h +t1+t2j'bltle‘“” (h +—tl+t2j (D.1)
Rd — w ' w ' w .

Ymo 2 Ywmo 2 {m 2
tension flange compression flange compression flange
where fy, , isthevaueof yield stress reduced due to transverse moments in the flanges
fywr = fyw 1
M

f.=1-04 0,(M,)

Fy

Ymo
ox(M,) isthe stress dueto the transverse moment in the flange
X isthe reduction factor for lateral buckling according to 6.3 of EN 1993-1-1

NOTE 1 Thetransverse moment M, results from the shear flow in flanges asindicated in Figure D.2.
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NOTE 2 For sinusoidally corrugated webs f+is 1,0.
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Figure D.2: Transverse moments M, due to shear flow introduction into the
flange

(2) The effective area of the compression flange should be determined from 4.4(1) and (2) using the larger
value of the slenderness parameter A, defined in 4.4(2) and the buckling factor k, taken as:

b 2
a) k, =043+ (—j (D.2)
a
where b isthe maximum width of the outstand from the toe of the weld to the free edge
a=a, +2a,
b) k, =0,60 (D.3)
where b= ﬁ
2

D.2.2 Shear resistance

(1) Theshear resistance Vrq should be taken as:

\% Ty h,t (D.4)
Rd = Xe = NMwlw :
YMl\/§
where . isthelesser of the values of reduction factors for local buckling ., and globa buckling
obtained from (2) and (3)

(2) Thereduction factor y ., for local buckling should be calculated from:

115
el = 00+ hes (-9
_ fy
where Ac, = 73 (D.6)
cr,/
‘t 2
Tcr,[ = 4,83 E|:aw :| (D7)

amex Should be taken as the greater of a, and ap.
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For sinusoidally corrugated webs T, may be obtained from

cr,/

a, s 2 t, Y
T, =|534+— nE2 L
' h,t, )12Q-v°){ s
where w length of one half wave, see FigureD.1,
s unfolded length of one half wave, see Figure D.1.

(3)  Thereduction factor . , for global buckling should be taken as

Xc,g:i—zslo
0,5+7Lc,g
here . T
where Acg =
i Tcr,g\/é
3324
Tcr,g :t h2 A Dx Di
D - Et® w
T 120-v?) s
5 _EL

z

w
I, second moment of area of one corrugation of length w, see Figure D.1

NOTE 1 sand |, are related to the actual shape of the corrugation.
NOTE 2 Equation (D.11) isvalid for plates that are assumed to be hinged at the edges.
D.2.3  Requirements for end stiffeners

(1) Bearing stiffeners should be designed according to section 9.
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Annex E [normative] — Refined methods for determining effective cross
sections

E.1 Effective areas for stress levels below the yield strength

(1) Alternatively to the method given in 4.4(2) the following formulae may be applied to determine
effective areas at stress levels lower than the yield strength:

a) for doubly supported compression elements:

o= 1- 0,055£3+ \ll)/ Apred +018 (7“_13 - kpvred) but p < 1,0 (E.D)
7Lp,red 7\'P - 0’6
b) for outstand compression elements:
oo 120188 e gl D) (E2)
p,red (7\43 Y

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

(1) For the calculation of effective areas for stiffness the serviceability limit state denderness 7_\«p,ser may
be calculated from:

Apser =L /—G‘”:j'Ed'S” (E3)
y

where Geomedser 1S defined as the largest compressive stress (calculated on the basis of the effective cross
section) in the relevant element under service loads.

(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:

(6}
Ieff = Igr _—gr(l a leff (Gcon,Ed,ser )) (E4)

com,Ed,ser
where Iy, isthe second moment of area of the gross cross section
oy isthemaximum bending stress at serviceability limit states based on the gross cross section

let(CcomEdser) 1S the second moment of area of the effective cross section with alowance for local
buckling according to E.1 calculated for the maximum Stress Geomegser = O Within the
calculation length considered.

(3) The effective second moment of area | 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 sagging
moment under serviceability loading.

(49 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 Geom e ser-
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