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Foreword

The EN Eurocodes are a series of European standards which provide a common series of methods
for calculating the mechanical strength of elements playing a structural role in construction works,
1.e.the structural construction products. They make it possible to design construction works, to
check their stability and to give the necessary dimensions of the structural construction products.

They are the result of a long procedure of bringing together and harmonizing the different design
traditions in the Member States. In the same time, the Member States keep exclusive competence
and responsibility for the levels of safety of works.

According to the Commission Recommendation of 11 December 2003 on the implementation and
use of Eurocodes for construction works and structural construction products, the Member States
should take all necessary measures to ensure that structural construction products calculated in
accordance with the Eurocodes may be used, and therefore they should refer to the Eurocodes in
their national regulations on design.

The Member States may need using specific parameters in order to take into account specific
geographical, geological or climatic conditions as well as specific levels of protection applicable in
their territory. The Eurocodes contain thus ‘nationally determined parameters’, the so-called NDPs,
and provide for each of them a recommended value. However, the Member States may give
different values to the NDPs if they consider it necessary to ensure that building and civil
engineering works are designed and executed in a way that fulfils the national requirements.

The so-called background documents on Eurocodes are established and collected to provide
technical insight on the way the NDPs have been selected and may possibly be modified at the
national level. In particular, they intend to justify:

— The theoretical origin of the technical rules,

— The code provisions through appropriate test evaluations whenever needed (e.g. EN 1990,

Annex D),
— The recommendations for the NDPs,
— The country decisions on the choice of the NDPs.

Collecting and providing access to the background documents is essential to the Eurocodes
implementation process since they are the main source of support to:
— The Member States, when choosing their NDPs,
— To the users of the Eurocodes where questions are expected,
— To provide information for the European Technical Approvals and Unique Verifications,
— To help reducing the NDPs in the Eurocodes when they result from different design
cultures and procedures in structural analysis,
— To allow for a strict application of the Commission Recommendation of 11 December
2003,
— To gradually align the safety levels across Member States,
— To further harmonize the design rules across different materials,
— To further develop the Eurocodes.

This joint ECCS-JRC report is part of a series of background documents in support to the
implementation of Eurocode 3. It provides background information on the specific issue of plated
steel structures addressed in EN 1993-1-5.

For the design of plated steel structures, the rules for shear lag effects and plate buckling that have
been specified in EN 1993-1-5 may look novel for many practitioners who so far have been
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acquainted to traditional national rules. These rules draw their reliability and satisfactory
applicability not so much from time-testing, but from systematic evaluations of test results to prove
compliance with the European reliability requirements and from a certain amount of worked
examples and more and more emerging successful practical applications.

This commentary is meant to provide the following:
— The background of the rules,
Their reliability basis,
Explanations on how they are meant to be used,
Some key examples.

The European Convention for Constructional Steelwork (ECCS) has initiated the development of
this commentary in the frame of the cooperation between the Commission (JRC) and the ECCS for
works on the further evolution of the Eurocodes. It is therefore published as a Joint Commission
(JRC)-ECCS report.

Aachen, Delft and Ispra, August 2007

Gerhard Sedlacek
Chairman of the ECCS Technical Management Board

Frans Bijlaard
Chairman of CEN/TC 250/SC 3

Michel Géradin, Artur Pinto and Silvia Dimova
European Laboratory for Structural Assessment, IPSC, JRC
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1 Introduction

Bernt Johansson, Division of Steel Structures, Lulea University of Technology

Gerhard Sedlacek, Christian Miiller, Lehrstuhl fiir Stahlbau und Leichtmetallbau,
RWTH Aachen

1.1 General

New design rules for plated structures have been developed by CEN/TC250/SC3
by a project team consisting of

Professor Darko Beg, University of Ljubljana

Mr Bruno Chabrolin, CTICM

Mr Richard Craig, Atkins highways and transportation

Professor Bernt Johansson, Lulea University of Technology, convener
Professor René Maquoi, University of Liege

Dr. Christian Miiller, RWTH

Professor Gerhard Sedlacek, RWTH

The result of the work is EN 1993-1-5:2004 with the full name Eurocode 3
Design of Steel Structures. Part 1.5 Plated Structural Elements [1]. It is based
on the previous version ENV 1993-1-5:1997, which has been thoroughly updated
and complemented according to requests from CEN members. It has been drafted
in close co-operation with the project team preparing the steel bridge code and it
contains rules for stiffened or unstiffened plated structures. The main theme is
resistance to plate buckling and several other Eurocodes refer to these rules, not
only the bridge code.

The objective of this commentary is to present the scientific background to the
rules. The mechanical models behind the rules are presented and references to
source documents are given. All such models include simplifications, which have
to be justified by calibration of the rules against test results. Several models for
each failure mode have been checked with calibrations according to Annex D of
EN 1990 [2] and the ones included in EN 1993-1-5 are those giving the lowest
scatter and the most uniform safety. The procedure for calibration will be
summarised in section 1.2. It should be noted that EN 1993-1-5, being a generic
code, does not suggest y1 values. According to the Eurocode system these values
depend on the specific application and should be given by application parts e.g.
for buildings in EN 1993-1-1 [3] and bridges in EN 1993-2 [4].

Although the rules may look unfamiliar to many engineers they are in fact only a
new combination of rules from different European countries. For the time being
they represent a set of useful rules for common plated structures. The intention is
to cover beam type of structures like I-girders and box-girders. There are also
details that may be improved by further research and some indications are given
in this commentary.

This commentary is organised mainly in the same way as the code. In the right
hand margin of the pages there are references to the specific clause in the code
that the text refers to. The section headings follow that of the code but sometimes
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related rules from other sections are dealt with together with the main topic of the
section. References to literature are given in the end of each section. Some
sections go quite far into detail with the intention of documenting unpublished
work with development of design rules during the drafting of the code.

This commentary is not an official document from CEN but a private initiative by
the authors. The content of commentary expresses the opinion of the author of
each section although the content has been reviewed within the group. This
applies also to clarifications and interpretations of the code.

In addition to giving background information to the sections of EN 1993-1-5 this
commentary also presents some worked examples in Section 15, 16 and 17. They
show how the rules of the code can be applied in practical design.

1.2 Calibration of the safety level

Many of the design rules in EN 1993-1-5 have been calibrated versus test results
by a statistical evaluation according to Annex D of EN 1990 [2]. This general
description of the procedure is an updated version of the presentation in [5]. The
procedure uses the following definitions and assumptions.

It is assumed that both the action effects E and the resistance R of a structure are
subject to statistical normal distributions, which are characterized by mean values

2 29

”m” and standard deviations ’c”, see Figure 1.1.

To guarantee that the distribution of the action effects E and the resistance R have
a sufficient safety distance a safety index [ is defined in EN 1990 as follows:

f(R)y
f(E)

n E Eg Ry Ry m, R,E
R,E>0

Figure 1.1: Statistical distribution of the action effects and the
resistances

B—_—R- L >38 1.1
\IG%{ Gé ( )
where:

mg 1S the mean value of the action effects;
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mg 1S the mean value of the resistance;
or 1S the standard deviation of the action effects;
or 1s the standard deviation of the resistance.
The safety requirement for a structure is defined by the criterion
[Ra] - [Ea] > 0 (1.2)
where [Rq4] and [E4] are design values.

To define the design values in equation (1.2), the equation (1.1) may be expressed
by:

me - =B or |-| me-—===Bor|>0 (1.3)

OR + OE V ORr + OE
With the notations:

_ OR
o Vor + ot
o = OE
' Jor + ot
it is possible to express the design values as:
Ry =mg -or B or (1.4)
Eqs=mg + ag P or (1.5)

With the approximations ar = 0,8 and ag = 0,7 (see EN 1990, C7, D.7.3 and
D.8.3) the design values of the action effects and of the resistances can be
described independently from each other and a more detailed investigation of the
design value of the resistance can be carried out using the statistical procedure
given in Annex D of EN 1990.

In a first step of this procedure a resistance function r, = gR(X_), the so called

design model for the resistance, has to be established. This is an arithmetic
expression describing the influence of all relevant parameters x on the resistance r
which is investigated by tests. By comparing the strength values from the
resistance function r; with test results r., see Figure 1.2, the mean value correction

factor b for the resistance function 1; and the standard deviation ss for the

deviation term d can be determined. This gives the following formula describing
the field:

R=brb (1.6)

In most cases the probabilistic density distribution of the deviation term 6 cannot
be described by a single normal distribution as it is assumed in Figure 1.2. It may
be represented by a non-normal distribution, which may be interpreted as a
composition of two or more normal distributions. Therefore the density
distribution for the resistance is checked by plotting the measured probability
distribution on a Gaussian paper. If the plot shows a straight line, the actual
distribution corresponds to a unimodal normal distribution as assumed and the

statistical data (B and Ss) are determined with the standard formulas provided in
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Annex D of EN 1990.

|Rexp .
- R,

————————————R

calc

Figure 1.2: Plot of r. - r; values, mean value correction b and
standard deviation s;s of the deviation term &

rolr,
2.0
1.9
1.8
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1.5
1.4
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b, =1,18 < = == = | =l =l =l
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Figure 1.3: Plot of r.i/r; — values on Gaussian paper and definition of
the relevant normal distribution at the design point

For the case that the plot shows a curved line the relevant normal distribution at
the design point is determined by a tangent to the lower tail of the measured
distribution, see Figure 1.3.

The statistical data b and ss of the relevant normal distribution are then
determined from the tangent approach to the actual distribution.

In general the test population is not representative for the total population of

structures and therefore is only used to determine the mean value deviation b and
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the scatter value Ss of the design model. To consider scatter effects of parameters
not sufficiently represented by the test population the standard deviation of the
resistance has to be increased. To this end in addition to the standard deviation Ss,
the following variation coefficients are taken into account for the yield strength
and geometrical values (see Table 1.1).

Table 1.1: Variation coefficients

Mean Coeff. of
variation
Yield strength f; | 1,14fynom 0,07
Thickness t thom 0,05 (0,03)
Plate width b brom 0,005 (0,01)

These coefficients of variation are combined with the standard deviation sg
according to eq. (1.7):

GR:\IZGZRt,i"_Sé (1-7)

Using a log normal distribution for R the characteristic value R of the resistance
function may be represented by the 5% fractile value and can be obtained from eq.
(1.8):

Ry = b mg exp (-1,64 or — 0,5 GRz) (1.8)
Also, the design value Ry of the resistance function may be defined by:

Ry= b mg exp (-ar B or - 0.5 6% (1.9)
where ogr B =+0,8-3,8=+3,04

The ym - value of the resistance function is obtained from the ratio of the
characteristic value to the design value:

:&
Ra

(1.10)

Tm

In most cases instead of a 5% fractile value Ry a value R,,m with nominal values
for the input parameters is used as characteristic value. To consider Ryon instead
of Ry a modified partial safety factor yy is used from:

™ = Ak (1.11)
where Ak = Ryom/Rx.
For the resistance functions for plate buckling Ak may be expressed by:

Ak = eXp (-2’0 Ofy ~ 055 Gtz"y ) . 0,867
bexp(-1,646:-0,562) bexp(-1,64c, —0,562)

(1.12)

where the nominal yield strength is considered as the mean minus 2 standard
deviations of the yield strength distribution.

The procedure explained above is used in the following to determine the YM*
values for the resistance functions for plate buckling due to compressive stresses,
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shear buckling and buckling due to patch loading. Where yy( is not in compliance
with the target value YM* =1,00 to 1,10 used for stability checks, the function Ryom
is subsequently modified by a factor to reach the target value YM*-

1.3 References

[1] Eurocode 3 EN 1993-1-5:2004: Design of Steel Structures. Part 1.5 Plated
Structural Elements,

[2] Eurocode EN 1990:2003: Basis of structural design

[3] Eurocode 3 EN 1993-1-1:2004: Design of Steel Structures. Part 1.1 General
rules and rules for buildings

[4] Eurocode 3 EN 1993-2:2004: Design of Steel Structures. Part 2 Bridges

[5] Johansson B., Maquoi R., Sedlacek G., New design rules for plated structures
in Eurocode 3, Journal of Constructional Steel Research 57, 2001, pp 279-
311.
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2 Design of plated members

Gerhard Sedlacek, Christian Miiller, Lehrstuhl fiir Stahlbau und Leichmetallbau,
RWTH Aachen

21 General

(1) In general bar structures are designed using the hypothesis of linear strain EN 1993-1-5
distributions for a cross section: §2.1
e(z)=zn" 2.1)

where € 1is the strain,
z is the distance of the point considered from the neutral axis,

"

n" is the curvature for the deformation 7.
(2) Using a linear material law for the elastic range:
c=Eeg (2.2)
where o is the stress,
E is the modulus of elasticity.
The stress distribution is also linear.

(3) In consequence there is an easy way to determine cross sectional properties
as:

I second moment of area,
W elastic section modulus,
and to determine stresses from action effects.
(4) There are three causes for deviations from this linear stress distributions:

a) by exceeding the elastic range, where strain distributions are still linear
but stress responses are not because of exceedance of yield;

b) by local buckling where strain distributions along the original plane
elements are considered to be linear but stress responses are not because
of the stiffness reduction due to out of plane local buckling;

c¢) by shear deformations in the plane elements where the strain distributions
deviate from linear distributions and cause a non linear stress distribution
with shear lag.

All these effects may interact and are the more pronounced the more the
strain situation approaches the limit states.

(5) By using the concept of effective widths the non linear effects from shear
lag, plate buckling and the combination of both may be modelled keeping
the hypothesis of linear strain distributions and the easy way to determine
cross sectional properties and stresses.
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(6)

(7

2.2
(1

2

3)

There are three effective widths distinguished according to their cause:

a) effective® width from shear lag;

b) effective’ width from local plate bucking;

¢) effective width from interaction of effective® width and effective® width.

NOTE The single terminology in English (effective) needs a reference to
either shear lag or to plate buckling or to both together while these separate
effects are sometimes clearly distinguished in other languages.

In general these effective widths apply to the cross section at the location in
the structure, for which they are determined, to calculate the stress
distributions at that location. They also govern the stiffness of the cross
section for the curvature at that location. As however the distribution of
action effects along a structure is governed by the integral of stiffness along
the length and not so much by local stiffness reduction when local buckling
occurs, there is a variation of the strains along the supported edges that leads
to an increased stiffness compared to the lowest local value that corresponds
to effective areas for resistance valid at the peak of the buckles, see section
14. The effective width for the integral stiffness is larger than that for local
stresses so that different indications are made for effective widths for:

a) global analysis (see section 2.2);

b) local assessments (see section 2.3).

Effective width models for global analysis

The effects of shear lag (see section 3) and of plate buckling (see section 4)
on the stiffness of members and joints should be taken into account in the
global analysis.

The effects of shear lag in flanges on the lobal 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. For each span of
a member 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.

The effects of plate buckling in elastic global analysis may be taken into
account by effective’ cross sectional areas of the elements in compression,
see EN 1993-1-5, 4.3. For global analysis the effect of plate buckling on the
stiffness may be ignored when the effective’ cross-sectional area of an
element in compression is not less than pji, = 0,5 - times the gross cross-
sectional area of the same element. When the latter condition is not fulfilled
EN 1993-1-5, Annex E applies.
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2.3 Plate buckling effects

2.3.1 General

(1

2)

3)

4)

EN 1993-1-5 provides two methods for considering plate buckling effects:

1.

a method to determine the resistance of a cross section by "effective
widths" of its various plate elements in compression, where the
reduction of stiffness and strength due to local plate buckling is
reflected by a reduced section with "holes" in the cross sectional area,
which is supposed to be stressed until the flanges reach yielding;

a method to determine the resistance of a cross section by limiting the
stresses in its various plate elements without considering "holes" by
using "reduced stress limits" due to local buckling.

The most cautious way in this method is to limit the ‘linear stress
distribution of the cross section to the stress limit of the plate element
that buckles first. This may be very conservative because it does not
consider load-shedding e.g. from webs to flanges due to first plate
buckling in the web, as the reduced section method does.

Less conservative approaches for the "reduced stress method" are to
consider further straining of the cross section after the first plate
buckling of the weakest part up to attaining the "stress limit" of the
strongest plate element or even the yielding strain. These approaches
are not yet explicitly specified in EN 1993-1-5, however they may be
used where appropriate.

The "reduced section" method with effective width and the "reduced stress
method" are different methods and as such they are specified in
EN 1993-1-5 in separate sections:

1.

The "reduced section" method is specified in section 4, 5, 6, and 7,
where section 4, 5 and 6 are related to the various stress components,
for which separate plate buckling checks are performed to combine
their effects with interaction formulae in section 7.

The "reduced stress" method is specified in section 10. It generally
works with the full stress field without separating it to stress
components and therefore is particularly suitable for FE-calculations.

Though these two methods look quite different, it can be demonstrated that
if they are used to solve the same problem of ultimate resistance of a
section, they give in all cases of longitudinal stresses the same, in cases of
combined stresses about the same results.

In order to guide the user of EN 1993-1-5 to a choice of the method
appropriate for his problem in the following an explanation of the
equivalence of the two methods and of their differences is given, whereby
also some fundamentals are given where necessary.
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2.3.2 Reduced stress method and effective width approach
Cross-section in compression

(1) Cross-sections of prismatic members in compression may be modelled as a
set of separate plate elements that are subject to compression, see Figure
2.1.

— [>_

—r A

Figure 2.1: Cross-section composed of separate linear plate elements

(2) Each of the plate elements may have a buckling strength
Glimit = P - Ty (2.3)
where

p is the plate buckling reduction factor depending on the plate
f

slenderness A, = Y

()

crit

fy  is the yield strength;

Ciimit 1S the mean value of a stress distribution resulting from local buckling
of the plate element, see Figure 2.2.

realistic stress distribution

Figure 2.2: Distribution of stress ¢ caused by local buckling w of a
plate element (a, b) subjected to the compression strain ¢

(3) This leads to a distribution of buckling strength as given in Figure 2.3 for
the case of a doubly symmetrical cross-section with the consequence that
the cross-section behaves as that of a hybrid column.

10
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—+ SLimit

St h / SLimit

T
S imit h

stress resultant

Figure 2.3: Distribution of plate buckling strength along the contour
of a doubly symmetrical cross-section

(4) In assuming, that the stress-strain curve of a single plate element subject to
plate buckling can be modelled as a bilinear function, see Figure 2.4.

L0

hw/yield plateau

S imit

E1imit

Figure 2.4: Modelling of the stress-strain relationship for plate
buckling as a bilinear function

the stress-strain characteristic of the full cross-section in Figure 2.3 looks
like as given in Figure 2.5.

A G( R)

SLimith :
O ol
OLimith ; _
[}
| >
i
o "
- B ©
) ki
>< @ [
i >
- @2

g
e AN »
€ imith Elimith 2

Figure 2.5: Stress-strain function for a cross-section

11
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)

(6)

(7)

®)

The resistance of the cross-section to plate buckling may be expressed by
three levels:

Level 1: Ryt = (h - tit b - tp) Climi,n = (ZAi) * Glimit,min (2.4)

where Oiimith 1S the plate buckling strength of the weakest
plated element.

Level 2: Ryt =h -ty - Climith T b - ty - Climity = ZAi * Olimit,i (2.5)

where the “straining capacities” of the weakest plate elements
are exploited until the plate buckling strength of the strongest
plate element is reached.

Level 3: Rult = ZAi * Olimit,i (26)

where the “straining capacities” of the weakest and the
strongest parts are exploited to reach a strain g, (equivalent to
yielding fj).

For each plate element "i" there is an equivalence between the resistance
calculated with the reduced stress Gimiti or calculated with the reduced
section Acfrj:

Rui =i ti - Glimiti = befti - ti - fy (2.7)
= Across,i * Olimit,i — Aeff,i : fy

see Figure 2.6, if an increase of strains to €, is accepted, see Figure 2.5.

o
@
=

1>

|

o
m
E

SLimit, fv

Figure 2.6: Equivalence of Ry

Though in the case of symmetrical cross-sections in compression only the
resistances Ry for level 2 and level 3 are the same, the acceptance of strains
exceeding the maximum strains for plate-buckling of the strongest plate-
element may lead to a level 3 larger than level 2 for cross-sections in
bending.

The equivalence leads to the concept of effective widths begr or effective
cross-sections A with a relation to the stress-strain curve of the cross-
section as demonstrated in Figure 2.7.

12
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A G(R)
S imit - o _ i
— -
-
— - -
o
Limit,h R
stiffness L :
A, _E) _ - stiffness ©
gross - - S ( AeﬁE) [
- >
- g 1]
e o |
£
LF >
Elmith 8y
|
r i ﬂ h
i I i I e D i Ie“ ]
ﬁ i i
| . Lo_._. . L.
! ! !
! ! o D !
| aff |
; L] I
' S imit,h : S imit,b ATH—»}Tk SLirit ™y
eff eff

Figure 2.7: Development of effective cross-sections versus the
strains ¢

(9) In case of singly symmetrical cross-sections with compression, see Figure
2.8, the stress resultant R, has an eccentricity Aex.

= OLimit b1
OLimith / OLimithi
O = yyy—— 1
t ~
SLimith
___________ b e
& *
T » Ry
t
Iflr L | I I W |
I
SLimith2
— OLimith2

Figure 2.8: Singly symmetrical cross-section in compression

(10) Figure 2.9 gives the relationship between the eccentricity Aey and the level
of strength.

13




Commentary to EN 1993-1-5

t o(R)
CLirmit,b2
OLirnit, o1 /—_—_—__T
SLirvit,h
®
5 -
—
[}
) i 2
= Q2
o
2
[ \ -
Elimith Ejimit b1 E\imit b2 &y
1 |
1 |
e e e
B ! $N1 ! +N2 ! J'N

b | bl m

!
!_+
[ ]
CLimith | ! f\,

Figure 2.9: Development of eccentricity of neutral elastic axis
versus the strain ¢

Simrit b1 SLimith2

(11) It is apparent, that the effective area A depends on the stresses/strains to
which it refers.

Cross-section in bending

(1) As for cross-sections in compression the development of plate buckling

resistance starts with the stress distribution obtained from the gross cross-
section, Figure 2.10.

Cirrit b1
SLirrith Dirrit b1
— _ O it b
+ +
o, from gross
cross section

Figure 2.10: Distribution of plate buckling strength for bending
()

The development of the various strength levels and eccentricities Aey versus
the strain in the compression flange may be taken from Figure 2.11.

First edition 2007
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A G(R)
f - O
Simit b1
further increase of resistance
L due to the formation of stress
OLimit,h i
J I blocks on the tension side
| (o]
| B i
2 —
=] m< 2
Q| - ]
o)1 -
|
I
|
| £
bo A o ] >
Elimith E imit b1 Ey
S imit b1

; SLimith —;/
fa
_¥ _ L__*:-
Yhe,,
+ +

S irit,h St b1 f
17' L/ F "1 =

A

Figure 2.11: Development of strength and eccentricity versus
the compression strain in the compression flange

(3) Whereas the eccentricity Aex for columns in compression results in an
additional bending moment AM = Ngq4 - Aex to be considered in design if the
axial force retains its original position, the eccentricity Aey for beams in
bending resulting from the equilibrium of stress distributions in the cross-
section leads to an iterative procedure for determining the final elastic
neutral axis of the cross-section. The use of effective widths instead of the
plate buckling strength distributions is helpful for these iterations and also
allows to determine the local stiffnesses.

(4) Itis evident, that for bending the resistance Ry for level 3 is higher than the
resistance for level 2 and that the resistance for level 3 defined for the
maximum strain gg could be further increased, if the strain limitation &, in
the tension flange and the compression flange would be abandoned. This
would asymptotically lead to stress bloc distributions as illustrated in Figure
2.12. Under certain stabilizing aspects, see EN 1993-1-1 such stress block
distributions can be used.

15
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ol B T

f

¥ ¥

Figure 2.12: Maximum bending resistance for large compression
strains

Conclusions

(1)

2

3)

“4)

2.3.3

(1

Depending on the strain accepted for the extreme plate element in
compression of a cross-section the reduced stress method provides different
resistances with the following three resistance levels:

— level 1 limits the exploitation of the cross-section to the plate buckling
resistance of the weakest plate element

- level 2 allows for stress redistribution up to the plate buckling resistance
of the strongest plate element

- level 3 allows to straining the extreme plate elements in compression to
the yield strain (equivalent to the yield strength of the material) with the
possibility of exploiting further reserves.

The application of the reduced stress-method allowing for stress
redistribution in the cross-section on one hand and the effective width
approach on the other hand are fully equivalent with respect to the ultimate
resistance of the cross section.

The effective width approach is advantageous because of easier iterations
for determining the actual elastic neutral axis and because of determining
the local stiffness.

Longitudinal stiffeners can be included in the effective width-approach, due
to the limited yield plateau associated with the column-buckling-resistances.

Plate buckling verification methods

There are in principle two verification methods for the plate buckling of
plated members, that are supposed to exhibit a stress-field Eq (ox, G2, T)
caused by the design loads:

1.  the general method using a global slenderness,

2. the component method using different slendernesses for each stress
component Gy, O, T.

16
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2.3.4 The general method

(1

2

3)

“4)

)

The general method is based on the definition of a global slenderness A, that
1s obtained from:

- / R /oc -E
A= ko _ ult,k d (28)
Rcrit 0(‘crit ’ Ed

where:

ok 1s the amplifier to the design load E4 to obtain the characteristic
resistance Ry of the member without out-of-plane displacements;

Ot 18 the amplifier to the design load E4 to obtain the elastic critical load
Reiit of the member related to out-of-plane displacements.

This method is consistent with the global method used for shell buckling
verifications and also with the general method used for flexural and lateral-
torsional buckling of members. It works with the verification format:
o
Oy = U 510 2.9)
T M

where y is an appropriate reduction factor depending on X, see also (9) for
patch loading.

For determining the amplifiers oy x and oi Finite-Element calculations can
be used.

The applicability of the method is not limited to certain types of members,
loading or support conditions.

The method can be used for verifying the plate buckling stability of a
member under the design load in a single step (Figure 2.13a) or of parts of
the full member (assembly of plate fields or only single plates) (Figure
2.13b).

17
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a) Full member o7 Ctort e

:/ SZOfunk Feq
F3 e I

W g *FEq

A A

Ed AEI:I

in-plane deformation &

by Several plate field assemblies of full members

m FEd *t TRk =~ Cuttk X TEd
T T Oky Ted[ T
f t
! b,

ORk2 = Stk XTEd

Agq A

ori = Min [0g, 4 ; ORKQ]

Figure 2.13: Verification of a full member or of various parts of a
full member

(6) In case the verification is performed with individual plates the procedure
with different levels as given in Figure 2.11 can be applied, see Figure 2.14.

s T, T4 O imitflange
Limitflange TLimit I
- -G
/GLimit,web Oey i ||_Imlt,WEb
|
| |
|
+ o |
Ed & l Z
O >
Agy = ' 2

Figure 2.14: Verification of an assembly of plates with checks of
individual plates

NOTE Section 10 of EN 1993-1-5 does not yet specify the procedure with
different levels according to Figure 2.11.

(7) The general method can utilize the beneficial effect of the continuity
between the plate elements of the cross section.

18
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2.3.5 The component method

(1) The component method requires to approximate the behaviour of a part of
the full member by the behaviour of a set of basic component fields each of
which is loaded by either o, or oy or 1, see Figure 2.15.

m Feg Gy Ea - Fey
t t 0o 1 t
i t a + 1 i
! e f ey

X

TEd

cEd & . | ¢ —> — —»> T

} = + i

TE+: ' f
TAEI:I x T :_ T

ox A

-

Figure 2.15: Breakdown of full stress fields to basic stress
components

(2) To each of these basic component fields the slendernesses Aoxs Moz, Ac are
determined to perform individual checks, see Figure 2.15.

(3) For the component oy gq effective cross-sectional properties may be applied
without considering any interaction with other stress components, see
Figure 2.16.

oA OLimitflange

T O Limit web

Yo

41
Il
= [

Figure 2.16: Effective cross-section based on f,

(4) Figure 2.17 illustrates the procedure for the different stress components of a
box girder and the eventual interaction formulae used to verify the
interactive behaviour of the components at the limit state.
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Sections 4, 5, 6 and 7: Effects of plate buckling

e A4
Direct stresses in panels
Stress distribution for the relevant Ioaﬂ

combination (calculated with gross cross
section properties)

A( plate with

/ effective widths

Shear stresses in panels
due to shear forces and torsion

. Shear stress distribution for the relevant load

combination (calculated with gross cross
___section properties)
—_

5 L

[

Transversal stresses in the
panels due to patch loading
h 4
Stress distribution due to patch loading

(calculated with gross cross section
properties)
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Plate buckling of subpanels Shear buckling of subpanels
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Figure 2.17: Independent verifications for oy, T and o, and interaction
formulae
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(1

2

3)

“4)

2.4.2

(1

This component method is preferable where hand calculations are applied,
as critical stresses for the different stress components are available in
handbooks.

The disadvantage is that the applicability of the method is limited to the
geometrical, loading and support conditions, for which the method has been
proven by tests and handbooks are available.

EN 1993-1-5 deals with the component method in its sections 4, 5, 6 and 7.

The section 4 gives fully identical results both for the individual steps oy,

Orit, A and p and for the final verification when compared with the general
method when for this the particular loading condition and support
conditions as in section 4 are applied. Section 5 give gives about the same
results as the general method; small differences originate from the different
treatment of stiffeners

The verification method in section 6 for patch loading uses particular tools
that give about the same results as the general method when using their tools

(i.e. Ok, Oerit, A and p). A mixture of the tools is not allowed.

Serviceability limits
General

EN 1993-1-5 does not specify any serviceability limits for plate buckling,
however there are rules in 2.2 (5) and Annex E that refer to effective areas
and stiffnesses of members subject to stress levels below the yield strength,
that allow to determine plate buckling effects in the serviceability limit
state.

Also 3.1(2) opens the door for effective widths for elastic shear lag in 3.2
applicable for serviceability and fatigue limit state verifications.

Serviceability limits are only specified in the application parts of EN 1993,
e.g. for the plate buckling of steel bridges in 7.4 (3) of EN 1993-2. The rules
given there refer to the limitation of breathing of plated elements of
members and aim at avoiding cracks from fatigue. Therefore these rules are
also applicable to other structures subject to fatigue load.

The plate buckling rules in 7.4 of EN 1993-2 for serviceability may be
relevant for the design of plated elements. Therefore in the following some
SLS criteria are used to identify where limits to ULS-criteria may be.

Rules to avoid excessive plate breathing

The rules in 7.4(3) of EN 1993-2 give the following general limitations for
web breathing for panels assumed to have hinged edges:

c ’ L1 ?
> T ser
[—"’Ed’” ] +£—Ed’ j <11 (2.10)
3x,crit Tcrit

where Oy gdser and Ty ser are the stresses for the frequent load combination.
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2

In the following a comparison between this serviceability limit and the plate
buckling verification for the ultimate limit state is performed to identify

what limit state is relevant.

2.4.3 Comparison of SLS and ULS limit state verification

(1

2

3)

For plates under compression and for plates under shear load the following

limits apply:
SLS:
o Ll-t,.
x,Ed,ser < 1’1 and Ed,ser S 1’1
Gx,crit Tcrit
ULS:
x,Ed _1 nd TEd,ser'\/ggl
Px fy Y mi X+ fy /Y wi

The working stresses Ggqser and Trgser may be taken as

csx,Ed,ser = {L + ﬁ(l - M)}Gx,Ed

Yo Yo
U}
TEd,ser = {L + — (1 - “)}TEd
Yo Yo
where
U3 is the combination factor for frequent loads

Y6, Yo are partial factors for permanent and variable loads

1Isratio p=——.
H ! G+Q

For the example of road bridges the following assumptions are used:

u=0,5

Y6 =vo=vr=135

vy = 0,75 for small spans
vy = 0,40 for large spans

%, =022 1 022
_ 0,83
T XW
ymi = 1,10
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(2.11)

(2.12)

(2.13)

(2.14)




Commentary to EN 1993-1-5

First edition 2007

“4)

)

(6)

The limit state checks then read:

w crit

T{“+%(I—H)HOX’83}Q [1+y,]-083- %, -3 [1+y,]083 %,

Yo Yo

For € > 1 the ULS-check is relevant, whereas for ¢ < 1 the SLS check
governs the design.

The limit criterion € = 1 leads to the following slenderness limits:

3,267

for small spans: Xp +0,22 = 2,09
1,75
Ay, 297, 0,83 = 2,045
1,75
for large spans: A, = 3’1227 +0,22 = 2,55
A, 297 _ 2,56
1,4-0,83

23

SLS:

(o] . Trds

x,Ed,ser < 1 and Ed,ser < 1 (215)
1710 : cYx,crit Tcrit
ULS:
O« Ed.ser =, O x Edser < (216)

H. \Vl 1 0 22 fy 1310 : Gx’cm

o U 1) e

Yo YQ 7\'P 7\'pz Ym
where
o 1,107, 0 2:110%-135 3,27

T ol _02] 1, [y ]2, —0.22] [t+w ]+, - 0.22]

—+—-p _— = e
Yo YQ 7\4}) }\‘p2 Gx,crit
and
Tx,Ed,Ser : \/g —¢ TEd,ser <1
f ' Tcri -
T2 {()_,83}y t
G YQ w YMI

where
i NEE ~ 2:43:110-135 2,97
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Figure 2.18 illustrates the limits.

c

-

small spans
ULS relevant \< \(Iarge spans

SLS relevant 1\ ?\

==1

Figure 2.18: Slenderness limits for SLS-checks

There is another limit state criterion in 7.4 (2) of EN 1993-2 related
specially to road bridges, that takes realistic bridge weights and fatigue
loads depending on the span lengths L into account (u, ;). This criterion
reads:

b/t<30+4,0L <300 (2.17)
where L is the span length, but not less than 20 m.
30+4,0L

[k_ -190.000
fy

This criterion results in a kp =

It gives for

ko =4
f,= 355 N/mm’
L=20m

T 30480 .0

7\‘p1nin - =4
’ [4-190.000
355
which is about the mean between Xp = 2,09 and Xp =2,55.

As the assumption for the rules for web breathing is that stresses are in the
linear elastic range, see Figure 2.19, there is a relationship between the first
occurence of plate buckling in the weakest plate-panel of the member and
the overall resistance.
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2F

Gy Ed

O Ed ser

stress-strain range assumed
for web breathing

g
o 2

Figure 2.19: Stress-strain curve with linear-elastic range for web-

breathing
(10) The verification formulae for the level oxpq and Gy gyser Of direct stresses
read:
Nx Ed
ULS: : <1 (2.18)
zpiAify MY
1 0,22
where p =— + 2
AAL
P
NEd ser
SLS: ’ <1 (2.19)
pmin ’ zAify /YM,ser
1 0,22
where p ;, ==—+=
7\‘[),561‘ 7\‘p,SCI‘
N N N ser
p.ser = 7\’p ' I\EId’ ' YMI

pl
(11) In assuming

Nd,ser = ( M + ﬂ(l - H)]Nx,Ed

— (2.20)
Yo Yo

the following criterion can be drawn for the limit slenderness

{£+31Q1(1—u)} 1

pminzAi ) ZpiAi (221

(12) On the safe side the minimum reduction factor for the slenderness is
\
pmin = M + _1(1 - M) pmax (222)
Yo Yo
or
P =1+ V(1 - u)} 1,0 (2.23)
¢ Yo

First edition 2007
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(13) For shear stresses the stress-strain curve in general is bilinear, so that no
slenderness limit from two levels Tgqser and Tgq exists.

(14) From the assumptions

n=0,5
Y6 =7vo = 1,35
y; = 0,75 for small spans
follows
_11+0,75 1

Pmin =5 - = 0’65
2 135 1,543

J1,543 {1 L 0221543 } 065

}\’p,min p,min

_ J1,54 221,54
N, 02V s
P 0,65 A

p,min
=295
calculated for large spans (y; = 0,4) are larger than the associated minimum
values for breathing (A = 2,09 and 2,55 respectively in (6)). Therefore

the assumption made in (9) applies.

(15) This value calculated for small spans and also the value A

p,min

p,min
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3 Effective width approaches in design

Gerhard Sedlacek, Christian Miiller, Lehrstuhl fiir Stahlbau und Leichmetallbau,
RWTH Aachen

3.1 Contributory areas without shear lag effects

(1) Regularly stiffened structures as orthotropic plates, see Figure 3.1, may be
analysed either by smearing the stiffeners to a continuum or by separating
individual stiffeners with effective widths to obtain a grid with discrete

. D

L\_/L\_/L\_/L\_/L\_/L\—/L

Figure 3.1: Orthotropic plate

NOTE In such separations the shear effect of the continuous deck plate is
neglected. Depending on the loading situation the shear effect would lead to
a distribution of normal forces and bending moments in the stiffeners as
given in Figure 3.2. These distributions would effect smaller stresses in the
deckplate and hence be equivalent to a larger effective width a. for the
stringer loaded. However the effects on the bottom flange of the stringers
are small so that these effects are normally neglected.

R

1 a T a 1 a T a 1 a 1 a T

compression

— -
\_/ ) Normal forces N / unit width
tension
+ Bending moments M / unit width

L aeff L

=

a

Figure 3.2: Distribution of normal forces and bending moments in a
stiffened plate with eccentric deckplate (results based on continuum
theory)
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(2) Similar attributions of effective widths as for stiffeners may also be carried
out for double bay bridge sections, see Figure 3.3, for which a separation
into two beams for symmetrical loading because of the symmetry conditions

1s logical.
||
stress
| Y Y /|/distribution
' |
! by = Deg ! ! by = Deg !
|| t
stress
W W "~ Jdistribution
||
||
||
|
by = begt H by = begt |

Figure 3.3: Effective widths of a double bay bridge under symmetric
loading

(3) For asymmetrical loading conditions however stress distributions require

different effective widths as given in Figure 3.4.
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by b,
1 [
botb, Y bytb
b.. =(20P1Y Bo*D,
eff ( bo 3
bt = bo/3 Besr = bo/3
— | —
|
|
|
| — I —— |

Figure 3.4: Effective widths under asymmetric loading

(4) This distinction between symmetrical and asymmetrical loading cases
normally leads to a modelling of box girders with discrete diaphragms as
given in Figure 3.5.
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neutral axis

T ¥ .

box girder with |, for symmetrical loading and
/ Glp as torsional stiffness

/ diaphragm

central beam with I, = |- 2 Ig

virtual cross beam with I, =
/ edge beam with I for asymmetrical loading

o \ cross beam with I, modelling elastic effects
L /of diaphragms at location of diaphragms

central box with
torsional stiffness Gl

Figure 3.5: Modelling of box girders by a central beam (Ic) and two
edge beams (Ir)

3.2 Shear lag effects

(1)  Shear deformation in plates follow the compatibility rule:
ey —y"+el =0 (3.1)
. . e e .. O,
where €, 1is the strain in the longitudinal direction and €7 is -
. . o , . 0%,
gy I1s the strain in the transverse direction and & is —-;
. . W . 0%y
vy  1s the shear strain and y"* is .
Ox Oy
(2) In order to simplify the solution an infinite transverse stiffness conforming
to the usual bending theory is assumed, so that €, = 0 and hence it reads:
e —v'=0 (3.2)
(3) This allows to define warping functions w, to model shear lag effects, so
that:
A (3.3)
Y =—WV, (3.4)
and
o, =Eeg, (3.5)
=Gy (3.6)

30

EN 1993-1-5
§3.2




Commentary to EN 1993-1-5

First edition 2007

“4)

The derivatives w; :gﬂ of these warping functions wy should be
S

proportional to the t distribution in the flange from the variation of bending
and hence have a linear characteristic, whereas w_ = Iw;ds gets a

parabolic shape, see Figure 3.6.

/ —
1 T1 e ®

[~

L |

warping distribution | warping distribution t-distribution from
@ for strains dueto | @ for strains due to stresses @ due to
normal forces bending moments bending

7]
— ]
@

@

assumption for assumption for
warping gradient w; | warping function wy

Figure 3.6: Elementary stress distributions

For making w, independent of the warping distributions @ and @ a linear
combination W is assumed:

W, =w, + ki, @D + k@ (3.7)
with the conditions for orthogonality of A = J.\YffdA (main axes):

A, :J.@VNVS dA=0 (3.8)
A, = j @w,dA=0 (3.9)

These conditions lead to the factors ki and k,, and also to the final function
W, as given in Figure 3.7.
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/I\ Equation for bending
l/ N \I iPZ EAzzn” = MZO
A, =[7'dA
® % A M
0 O O O 0, =7
P z
\LKZWPZ Equation for shear
GS warping
second moment of area T T ”T‘ ”T‘ T ’1\ 'T ’F T T ’F T ’1\ A, :J'Wssz
A, =[WldA KzwP,
" ’ S= '[(w )2 dA
shear stiffness ,
GS=G[(%")da G, =%ws

Figure 3.7: Final warping function

(5) This orthogonalised warping function allows to determine a stress pattern:

v o~

o, =—Ew. v = W, (3.10)

from the solution of the differential equation, see Figure 3.7:

EA,_ V' +GSv, =M, (3.11)

WW S

This stress pattern can be superimposed on the stress pattern from M, that is
based on a full effective width and then gives a realistic picture of the stress
distribution with shear lag effects, see Figure 3.8.

+

c,= z c, = w c=0,+0,

Figure 3.8: Stress distribution with shear lag effects
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(6) This approach is the basis for specifying a formula for determining shear lag
effects in the elastic range.

3.3 Basic situations EN 1993-1-5

. . . e e 3.21
(1) To determine a formula for effective widths due to shear lag the distribution S

of bending moments along a continuous beams subjected to a uniformly
distributed load is separated into modules separated by the counterflexure
points, see Figure 3.9. These modules represent simply supported beams the
moment distributions of which can be determined as effects from a
uniformly distributed load and a concentrated load, see Figure 3.10.

Figure 3.9: Separated modules

HEEEEEEEEEERS.

AM
Shape parameter y = M

max

Figure 3.10: Modules representing simply supported beams

(2) By the shape factor y, see Figure 3.10, various shapes of the moments can
be modelled, see Figure 3.11.
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Figure 3.11: Modelling of various shapes of moment distribution

(3) For simplifying the situation further a doubly symmetrical cross section is
assumed as given in Figure 3.12.

+— 2b —+

:
% = | t-w— | p—— — e
T 00 | i _ ’&\i

NA S
Ast

Figure 3.12: Doubly symmetrical cross section

(4) In this cross section the flange area consists of (2bt) for shear and (2bt +
YAy) for direct stresses, where XAy is the area of all stringers, so that the
orthotropy factor

k=\/E(2bt+ZAst)=\/an 512)
G(2bt) G

with

o, = 1+& (3.13)
0 2bt ’

can be defined.

(5) The effective width is given by:

ber=P b (3.14)
and due to the parabolic stress distribution in the flange:
1 20,
—— 4222 3.15
B=3+3 ¢ (3.15)

(6) After solving the differential equation (3.1) and further simplifications the
reduction factor 3 is eventually as given in Figure 3.13.

34



Commentary to EN 1993-1-5

First edition 2007

—y, —

w Py
L/s L/b

+— e

P -1
b B, =|1+6%0 01 6( %
L L L

] ] B, ={1+4°‘°b+3,2(°‘° bj }
L L

b
|

~Is0

x
-
3

Figure 3.13: Solution for 3

3.4 Conclusions

(1) There are two cases where the effective width due to shear lag is needed:
1. A moment distribution is given for a certain load case.

2. A distribution of a moment envelope is given representing extreme

values of moments.

(2) In case 1 the separation of modules according to Figure 3.9 is needed and
effective widths can be determined according to Figure 3.13.

(3) In case of distribution of bending moments that cannot be directly attributed
to the standard cases in Figure 3.11, e.g. for continuous beams on elastic
springs, see Figure 3.14, the basic modules M,-; and M- must be

determined indirectly.

Figure 3.14: Continuous beam on elastic springs
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(4) For the case in Figure 3.14 the stress distribution is determined as

6 = 6(4AM) + o(4AM - My,) (3.16)
and may be shaped as given in Figure 3.15.
6(4AM) 6(4AM-My,)
I// \\I | — | / R
= 1.
= -
+ + /
+ + -
[ = 1

Figure 3.15:

Stress distribution
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)

Table 3.1 gives a comparison of -values determined according to various
codes.

Table 3.1: Comparison of B-values

Ast Ast

B-values b/l k=—30 k=~
BS 5400 EC3 |BS5400| EC3

0 ] ] 1 1
0,05 0,98 0,98 0,97 0,97
0,1 0,95 0,94 0,89 0,88
[TITTITIITIT] 0,2 0,81 0,78 0,67 0,64
0,3 0,66 0,62 0,47 0,44
0,4 0,50 0,47 0,35 0,31
. 0,5 0,38 0,37 0,28 0,22
V=- 0,6 0,32 0,29 0,24 0,17
0.8 0,21 0,18 0,16 0,10
1 0,16 0,13 0,12 0,07

0 1 1 1 1
0,05 0,80 0,82 0,75 0,76
0,1 0,67 0,69 0,59 0,60
l 0,2 0,49 0,51 0,40 0,41
0,3 0,38 0,39 0,30 0,30
0,4 0,30 0,31 0,23 0,22
o 0,5 0,24 0,25 0,17 0,18
V= 0,6 0,20 021 0.15 0,14
0.8 0,14 0,15 0,10 0,08
1 0,12 0,12 0,08 0,07

0 1 1 1 1
0,05 0,68 0,71 0,61 0,63
0,1 0,52 0,55 0,44 0,46
TTIITIITITN 0,2 0,35 0,38 0,28 0,30
0,3 0,27 0,29 0,22 0,22
] 0,4 0,21 0,23 0,17 0,18
0,5 0,18 0,19 0,14 0,15
y="+1 0.6 ] 0.17 ] 012
0.8 - 0,13 - 0,10
1 ; 0,11 ; 0,08

(6)

For moment envelopes according to Figure 3.16 equivalent lengths /¢, for

the various B-factors may be determined. Sagging moment areas may be
treated with y = -1, hogging moment areas with y =+0,5. The formulae are
given in Table 3.2.
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B Le=0,25 (L4+L,)

B L,=0,85L, BiL.=0,70L, |

T

BZ: Le= 2L3

L,

Lo Ls

A

L1/4I Li/2 IL1/4 L,/4 | L,/2 | L,/4 IL3/4

B | | o BT Bl B B,

Figure 3.16: Moment envelopes

Table 3.2: Effective® width factor B

; location for B — value
verification
K <0,02 B=1,0
ing bendi p=pP 1
sagging bending TP
0,02 <x<0,70 1
b 1o bendi B=B, = 1
ogging bending 14+ 6,0| k- +1,6 k2
00 x
ing bendi P=B, = 1
sagging bending 'T S0k
>0,70
hogging bendi B=p,=—
ogging bending > T 86k
all © end support Bo = (0,55 + 0,025 / x) By, but By < By
all x cantilever B = B, at support and at the end
K=0oby/Le with a, = 1+ﬂ
b,t

in which Ay is the area of all longitudinal stiffeners within the width by.
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3.5
(1

Symmetrical and asymmetrical loading

Where two girder cross sections are subjected to symmetrical and
asymmetrical loading, the concluding stress distributions using the warping
theory as given in section 3.2 may result in stress distributions as given in
Figure 3.17.

EN 1993-1-5
§3.2.2

T

a) stress distribution for

]

\

P i

b) stress distribution for

symmetrical loading asymmetrical loading

¢) stress distribution for both
symmetrical and asymmetrical
loadin

2

3.6
(D

2

Figure 3.17: Stress distribution of two girder cross section

As the differences between B-values as given in Figure 3.13 and Table 3.2
determined for the symmetric case, see Figure 3.17a), and those for the
asymmetric case , see Figure 3.17b), are small, it is sufficient to use the p-
values from Figure 3.13 and Table 3.2 for both the symmetrical case, see
Figure 3.3, and the asymmetrical case, see Figure 3.4.

Normally it is sufficient to refer to the symmetrical case only, see Figure
3.17¢).

Effects at the ultimate limit state
At the ultimate limit state the elastic stress distribution from shear lag may
be modified by the following effects:
1. Exceedance of yield strain g.
2. Change of orthotropy factor by reduction of longitudinal stiffness, e.g. by
- cracking of concrete slab in tension;
- local plate buckling of a steel flange in compression.

For the exceedance of the yield strength to the limit emax = 1,5 €y (to keep
stresses in the serviceability limit state in the elastic range) the strain
distribution for gnax can be assumed to be proportional to the one obtained
in the elastic range, see Figure 3.18.
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N &max

strain distribution ¢

stress distribution
c=Ee<Eg,

Figure 3.18: Stress and strain distribution at ultimate limit state

(4)  As a consequence larger B'-values are obtained, see Figure 3.19, that can be
approximated by:

B =p" (3.17)

* k

Bplast = l3elast

~_

Figure 3.19: B*-values at ultimate limit states

(5) The reduction of the longitudinal stiffness can be modelled by the
orthotropy factor:

o0 = 14D _ [ 2D tHA, (3.18)
‘ 2b, t 2b, t

where by is the gross width b, see Figure 3.12, and Ay may be negative.
Instead of the area composed of the plate and the longitudinal stiffeners
(2bot + Ag) a reduced area A may be used to model stiffness reduction in
the case of plate buckling. For cracking of the concrete the stiffness of the
cracked slab in tension including tension stiffening by the concrete should
be considered.

(6) For bridges where plate buckling is based on an elastic stress distribution in
the cross section however these reduction effects should only be taken into
account when justified by subsequent assessments.

40



Commentary to EN 1993-1-5

First edition 2007

4

Plate buckling effects due to direct stresses

René Maquoi, Department M&S, Université de Liege

4.1 Introduction

(1

2

3)

“4)

The general principles governing the determination of the cross section
resistance of all classes of sections are given in EN [993-1-1. More
specifically:

- For a Class 3 section subjected to direct stresses, only an elastic stress
distribution over the fully effective cross-section is permitted and the
section resistance is governed by the onset of yielding in the most
compressed fibre' of the fully effective cross-section.

- For a Class 4 section subjected to direct stresses, an elastic stress
distribution over the so-called reduced cross-section is likely to take
place and the section resistance is governed by the onset of the yielding
in the most compressed fibre of the reduced cross-section.

In EN 1993-1-5, the "most compressed fibre" is taken in the mid-plane of
the unstiffened plating of the stiffened compressed flange.

However, according to EN 1993-1-1, a Class 4 section may be treated as an
equivalent Class 3 section when the maximum design compressive stress is
substantially below the yield strength. Then, the maximum compressive
direct stress cannot exceed a reduced strength compared to the yield
strength..

Often the reduced cross-section is designated as the effective cross-section
because it is based on the concept of effective width/cross-sectional area,
according to which possible plate buckling in the compression zone of the
section makes part of this zone non efficient for transmitting direct stresses.
The wording effective may be questionable because it is given different
meanings in the literature”.

Whatever the method referring either to a reduced cross-section or to a
reduced strength, the use of the rules given in EN 71993-1-5 for plate
buckling effects due to direct stresses at the ultimate limit state is
subordinated to the fulfilment with the following criteria:

For the sake of simplicity, it is assumed that the maximum tensile stress is not governing the
section resistance.

It is necessary to clearly distinguish amongst them. In the German literature, the situation is
much better because the wording “wirksame Breite/Querschnitt” corresponds to effects of local
plate buckling only, the one “mittragende Breite/Querschnitt” to shear-lag effects only, while
the one “effective breite/querschnitt” results from the interaction between both plate buckling
and shear-lag effects. In the English literature, there is no such well established delicate
distinction so that “effective width” will be fitted with the index p when only local plate
buckling effects are concerned and with the index s when only shear lag effects are considered;
the absence of index means implicitly that the interaction between plate buckling and shear lag
is concerned.
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4.2
(1

2

The individual plate elements or sub-elements are quasi rectangular’,
1.e. with their longitudinal edges within an angle not greater than 10°;

Stiffeners, if any, are provided in the direction of the longitudinal direct
stresses (longitudinal stiffeners) and/or in the direction perpendicular to
the previous one (transverse stiffeners);

Openings or cut outs, if any, are small’;
Members are supposed to be of uniform cross-section;

Flange induced web buckling is prevented by appropriate proportioning
of the web hy/t ratio (see Section 1.4) or sufficient and appropriate
stiffening.

General verification procedures

The rules for the determination of the effects due to shear lag are given in
another chapter (see Section 3). Herein only those relative to plate buckling
are discussed; it is referred to the interaction between both — respectively
shear-lag and plate buckling - when necessary.

Plate buckling may be accounted for by referring to anyone of the two
following procedures:

The reduced cross- section approach:

First, a separate check is made for the cross-section of the member
subjected to longitudinal direct stresses, shear stresses or concentrated
transverse edge loads, respectively. Then, an additional check is
conducted for the actual combined loading by means of a so-called
interaction formula involving the results of the separate checks. The
design is governed by the onset of the yield strength (see § 4.1(1)) in the
most compressed fibre of the reduced cross-section of the member. As
far as longitudinal stresses are concerned, the concept of effective”
width/cross-sectional area is thus referred to.

The reduced strength approach:

Plate buckling is no more accounted for through a loss in efficiency of
the cross-sectional properties; it is indeed referred to the individual plate
elements of the cross-section and each of them is involved with its fully
effective cross-section. In contrast with the previous approach, the
maximum compressive/shear stress in each plate element shall not
exceed a so-called reduced strength (less than the design yield
strength/shear yield strength) and the check of coincident stresses shall
be conducted through the von Mises yield criterion. The reduced
strength method is described in section 10

For angles greater than 10°, panels may conservatively be checked assuming a notional

rectangular panel having the largest dimensions @ and b of the actual panel.

In EN1993-1-5, only round holes are covered; their diameter d shall be such that d<0,05 b

where b is the width of the plate element.
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3)

4)

Both reduced strength approach and reduced cross-section approach will
be equivalent for single plate elements; they will generally not be equivalent
in a section composed of several plate elements.

Compared to the reduced strength approach, the reduced cross-section
approach allows the use of more slender structural plate elements in a cross-
section with the result that serviceability limit states may become more
determinative.
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Section 4:
Effective cross section properties with or without
longitudinal stiffeners loaded in compression
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Figure 4.1: Determination of the reduced section of a Class 4

Effective area in ULS

Requirements for transverse
stiffeners:

‘%;H :‘Acﬁﬂ" BK = ;%CEPEB

stiffened plate element

44

ylresistance and stiffness for
s

15.08.2006



Commentary to EN 1993-1-5

First edition 2007

4.3 Approach based on the reduced cross-section concept

4.3.1 General

(1) In the approach based on the reduced cross-section concept, the buckling
verification of a longitudinally stiffened girder is conducted according to the
following steps:

a) Determination of the stress distribution computed based on the
assumption of a fully effective cross-section;

b) From this stress distribution, determination of the reduced cross-section
of each individual plate element composing the section;

c¢) Determination of the stress distribution computed based on the
properties of the reduced cross-section of the member, the latter being
composed of the reduced sections of all the plate elements composing
this cross-section;

d) Refinement of the reduced cross-section of each of the individual plate
elements computed based on the stress distribution obtained in Step c),
when the stress distributions obtained in Step a) and Step c) are
significantly different;

e) The above process is repeated till the stress distribution is consistent
with the properties of the reduced cross-section.

(2)  When the maximum compressive stress in the reduced cross-section of the
member is supposed to reach the material yield strength, the steps d) and ¢)
may be omitted. If the design stress c,zs lower than the yield strength is
being calculated, iterations according to steps d) and e) are needed.

(3) There is no limitation in the stress due to local plate buckling; the latter
effect is accounted for by means of the concept of effective? width (section)
applied to any (unstiffened) plate element composing the plating and
longitudinal stiffeners, with the following consequences:

- Both stiffness and resistance of the longitudinal stiffeners shall be
determined based on the fact that an effective? width of plating is
properly associated to the stiffener;

- The buckling coefficient k, of a longitudinally stiffened plate element
shall not be limited by local plate buckling of the unstiffened plate
subpanels, so that reference shall be made to a so-called equivalent
orthotropic plate element.

(4) The procedure relative to the above Step b) is illustrated in Figure 4.2 for
the case of an individual longitudinally stiffened plate element.

(5) For a given loading, the amount of post-buckling strength reserve is highly
dependent of the aspect ratio of the plate element under consideration; it
depends moreover on the orthotropy degree when this plate element is
longitudinally stiffened. Therefore due attention shall be paid to both
influences by computing reduction factors relative to two extreme situations
- the so-called plate type behaviour and column type behaviour (see
Sections 4.3.2 and 4.3.3) - and then interpolating between both (see Section
4.3.4) with regards to the characteristics of the plate element in
consideration.
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4.3.2 Plate behaviour

(1)

2

3)

4)

The elastic critical plate buckling stress may always be determined by
means of any appropriate software. Alternatively, for that purpose, the code
provides two simple approaches according to the number of longitudinal
stiffeners located in the compression zone of the plate element :

- At least 3 longitudinal stiffeners, in which case it is referred to so-called
multiple stiffeners;

- One or two longitudinal stiffeners.

When multiple stiffeners, the stiffened plate element may be treated as an
orthotropic plate, i.e. a plating no more fitted with discretely located
stiffeners - as it is really the case - but with smeared stiffeners. The latter
wording means that the total rigidity of all the stiffeners is distributed across
the plate width so as to transform the actual plate into a fictitious one where
the concept of subpanels is irrelevant. Plate buckling of the stiffened plate
element reduces to global buckling of the equivalent orthotropic plate
element. The elastic critical plate buckling stress o.., 1s computed
accordingly.

When the plate is longitudinally stiffened by one or two stiffeners, then a
simplified specific procedure is used. The elastic critical plate buckling
stress Grp 1s deduced (see Section 11.2(6)) from the elastic critical column
stress Oqg1 Of the stiffener closest to the edge with the highest compressive
stress. This stiffener is supposed to be axially loaded and supported by an
elastic foundation; the latter aims at reflecting the stabilising effects caused
by bending of the plating, in the direction perpendicular to the stiffeners,
when the compressed stiffeners are prone to buckle.

The effectiveP width bcetr of the compression zone of an unstiffened plate
element is a proportion p of the actual geometric width be of the
compression zone of this plate element. This proportion is seen as a
reduction factor; it depends on the direct stress distribution y across the
geometric width b of the plate element and on the support conditions along
the longitudinal edges:

- For internal compression plate elements (two longitudinal edges

supported) [1]:
_ 1 0085(3+v) _,
S
p Ap

(4.1)

- For outstand compression plate elements (one longitudinal edge
supported and the other free)’ [2]:

1 0188 _

_ 1 o8, (4.2)
Ao

where Ap is the relative plate slenderness. The latter is defined, similarly as
for column slenderness, as the square root of the ratio between the squash

Distinction between internal element and outstand was not made in ENV 1993-1-1.
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load and the elastic critical load of the sole compression zone of the plating
in consideration:

_ At f
Ap = Sl (43) | EN1993-1-5
AcOcr p Ocr.p §4.4.2
Taking into account that the elastic critical plate buckling stress oerp 1S given
as:
oo —k o —k “2—5(1)2 (4.4) | EN1993-1-5
PR T 51 —v2) b ' §A.1(2)

where k, is the buckling coefficient, the relative plate slenderness Ap writes
more explicitly (with £ = 210000 N/mm?, v=0,3 and the yield factor

e = [235/f, ):

S
" 284k, N - S

In both above expressions of p , the first term is the well-known von
Karman contribution, which, accounting for post-buckling strength reserve,
is supposed to provide the behaviour of an ideally elastic perfectly flat plate;
the second term is a penalty which was calibrated against test results so as to
account for the detrimental effects of out-of-plane imperfections of the plate
element, residual stresses and interaction between material yielding and
plate buckling. The reduction factor p depends on the stress ratio y in such a
way that, with some approximations, a full efficiency (p=1) is consistent
with the bt limits relative to Class 3 plate elements®.

(5) Similarly, the effective® width bcer of the compression zone of a EN 1993-1-5
longitudinally stiffened plate element is a proportion pic of the actual width §4.5(2)
be of this zone. The expression of the relevant reduction factor pioc is the
same as for the unstiffened plate element’:
1 0055(3+v) 4

Ploc = = 2 (4.6)
p p
However the relative plate slenderness Ap needs to be modified so as to pay

due account for possible local plate buckling (in the plating between the
longitudinal stiffeners and/or in the wall elements composing the section of
the longitudinal stiffeners). The squash load then results from the yield
strength applied on a reduced cross-sectional area Acefloc because of the

local plate buckling effects. This slenderness 1, then writes:

hp = \/AC'E”"Ony - \/BA'ny (4.7) | EN1993-1-5
Acoerp Ocr.p §4.5.2(1)

where:

®  Formerly, some discrepancies in this respect did exist in ENV 1993-1-1.

7

Only the expression for internal elements is written because compression longitudinally
stiffened outstands are rarely met in practice.
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(6)

(7

Bac = Ac eff loc
' Ac

The elastic critical plate buckling stress is computed based on an equivalent
orthotropic plate, i.e. a plate with smeared” stiffeners®, so that local plate
buckling is here irrelevant.

(4.8)

When computing Bac , the cross-sectional areas Ac and Aceffioc Of the
compression zone refer to a width, which is simply the superimposition of
the respective influence zones of the individual stiffeners. This width differs
from the actual width by the part of the width of the plating subpanel(s)
which is (are) supported by an adjacent other plate element. If so, and for
the sake of consistency, the cross-sectional area Ac shall not include this
(these) part(s) of subpanel(s); also Aceftioc Will be relative to the same
resulting width (Figure 4.2).

Should shear lag effects be significant, then the cross-sectional 4. shall take
account for shear lag effects and will then be the geometric area reduced by
the reduction factor from shear lag. For the determination of Ba. according
to equation (4.8) the reduction factor from shear lag has no effect as it is
involved in both numerator and denominator

Dibordeft  Aceff loc D2.bord.eff
- -
0,5 b1 0,5 b3 ,01b1|{2 P2 [ I'2 2 p3,|b3/2
J’_/ _'* 1 | [ 1
bl b2 b3 bl b2 b3

Figure 4.2: Definition of A; and A ef1.10c for a stiffened plate element

®)

©)

(uniform compression)

The critical plate buckling stress o, , of an unstiffened plate element or of a

stiffened plate element writes:
2 2
k. —"E Yy 190000 k, (%j

4.9
cTcr,p clz(l_vz) b ( )

For simply supported unstiffened compression plate elements — including
wall elements of longitudinal stiffeners — subjected to uniform compression,
the buckling coefficient kg is given as:

k. =(Z+2) with a =2 (4.10)
n b

a

where a and b are the length (in the direction of the direct stresses) and the
width of the unstiffened plate element in consideration, and n is an integer

8

The stiffness of the discrete longitudinal stiffeners is spreaded out across the breadth of the
plate element
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which represents the number of half sine waves in the direction of
compression to be associated to the aspect ratio a. In practice, the above
expression of kg is relevant only when n=1, which corresponds to o < V2;
indeed, larger values of n result in values of kg which are only slightly
larger than 4. The value of 4 is a good approximation also in the range
1<0<V2. Accordingly, for the so-called long plates (o >1), it is usual to
adopt conservatively k, =4.

For plate elements with one longitudinal edge simply supported and the EN 1993-1-5
other one free, k.=0,43 is taken regardless of the aspect ratio. Table 4.1
Table 4.2
For short plates the actual value increases and an approximate expression
for this increase can be found in Section 11.
(10) For simply supported unstiffened compression plate elements — including
wall elements of longitudinal stiffeners — subjected to a linear stress
distribution, the buckling coefficient kg is given in Table 4.1 and Table 4.2
for long plates.
Table 4.1: Internal compression element
Stress distribution (compression positive) Effective” width b
v=1:
a8 101 1 e _
bet |, |, be ber=p b
A 5 A
be1 = 0,5 befr be2 = 0,5 befr
1>y >0:
M Tmm
02 _ —
bet |, |, bez beff_ P b
A b A 2
bel = beff beZ = beff - bel
S5-y
vy <0:
/|V bc A,, bt /|V
oy —
M\w o betr=pbe=p b/ (1-y)
= ke ]
bel = 074 beff beZ — 056 beff
Y = 62/G) 1 1>y>0 0 0>y>-1 -1 -1>y>-3
Buckling factor 2 2
K 4,0 | 82/(1,05+vy) | 7,81 | 7,81-6,29y + 9,78y 23,9 | 598(1-vy)
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Table 4.2: Outstand compression elements

Stress distribution (compression positive) Effective” width beg
- 1>y >0:
eff
(e}
02 WWW/‘ 1 berr = pc
¢ l
B ‘ ot v <0:
W o
besr=pbe.=pc/(1-y)
5, W bur
Y = 0,/ 1 0 -1 1>y>-3
Buckling factor k, 0,43 0,57 0,85 0,57 -021y + O,O7\|12
Tf’ 1>y >0:
’ befr = pc
¢ L
A beff lll<—0:
o
Wcz besr=p b =pc/(1-y)
be | b
Y = G2/0] 1 1>y>0 0 0>wy>-1 -1
Buckling factor kg 0,43 0,578 / (v + 0,34) 1,70 1,7-5y + 17,1\;/2 23,8

(11) Information on the determination of the critical plate buckling stress o, , of

4.3.3 Column behaviour

(1)

2

stiffened plate elements is given in section 11.

Because they account for a post-buckling strength reserve, the above EN 1993-1-5
expressions of p are representative of a plate behaviour. However, a column §4.5.3

type behaviour with no such post-buckling reserve at all may be exhibited
when small aspect ratio a/b (<1 for a non stiffened plating) and/or large plate
orthotropy (if longitudinally stiffened plate element). Then a reduction
factor ¢ relative to column buckling is required, that is more severe than
p, applicable to typical plate buckling.

Modelling the column behaviour is simply achieved by removing the EN 1993-1-5
longitudinal supports of the plate element. §4.4(6)
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3)

The elastic critical column buckling stress ccic is computed as follows:

- For a plating (= unstiffened plate element):

Scre =

n’E t,o
— (= 4.11
12(1_\/2)(61) (4.11)

- For a stiffened plate element:

It is first referred to buckling stress o, of a pin-ended axially loaded strut
composed of : 1) the stiffener that is located closest to the panel edge with
the highest compressive stress, and ii) an adjacent contributive part of
plating (Figure 4.3):

nElgy
GOersl = 2
sI,la

(4.12)

where:

I;;  Second moment of area for the gross cross section, relative to the out-
of-plane bending of the stiffened plate element, of the above defined
strut;

Ag 1 Gross cross-sectional area of the above defined strut (see column
“gross area” in Figure 4.3).
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e =max (e, €2)

width for
width for eross effective area
areag according to EN | condition for ;
1993-1-5,
Table 4.1
3 _ 3 — cSCI‘ S.
b1 inf AL b, &bl’eﬂ v, =t
S5- Vi S— Y, Oup
2 2 G
b suj b b o \I] = 2 > O
2,sup 5 _ \|12 2 5 _ , 2,eff 2 Gcr’SM
3-vy 3-y
D2.ins ﬁbz 5_ WZ b, e v, >0
2 2
c
b3,sup 0,4 b3c 0’4 b3c,eff Y, = 0—3 <0
2

Figure 4.3: Determination of the participating part of plating

Again, for consistency with ccp, which is relative to the edge with the
highest compressive stress, the stress o shall be extrapolated up to the

same edge according to:

be

Gere =Ocrsl b

where b is the depth of the compression zone and b the location of the

stiffener measured from the fibre of zero direct stress.
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“4)

)

(6)

The relative column slenderness Ac is given as the square root of the ratio
between the squash load and the elastic critical column buckling load of :

- A plating strip of unit width when unstiffened plate element is
concerned:

— f

e = | (4.14)

Gcr.c

- A strut composed of the stiffener and the adjacent part of plating:

xc :\/Asl,l,eff.locfy =\/BA.cfy (4.15)
As110cr ¢ Scre
where
A
BA.C _ sl 1 eff loc (4.16)

AsI 1

The cross sectional area Ag 1 ¢ is the reduced section of the above strut when
due attention is paid to local plate buckling in the plating and/or possibly in
the wall elements of the stiffener (for the plating, see column “effective
area” in Figure 4.3).

The expression for the relevant reduction factor yc is the same as for usual
column buckling:

1

Yo = ——— (4.17)
0+0? — e

where:

¢:o,5[1+ae(ic—o,2)+iq (4.18)

and oe is a modified imperfection parameter which accounts for larger
initial geometric imperfection (see (6) below).

It is usual to stiffen a plating with one-sided longitudinal stiffeners, with the
result that the middle plane of the plating is not the neutral plane of the
stiffened plate element. The eccentricity of the stiffeners with respect to the
plating (Figure 4.4) is accounted for by simply magnifying the value of the
generalised imperfection parameter o governing the analytical expressions
of the buckling curves:

g = 4+ (4.19)
JA
where
|
= |1 (4.20)
AsI,l
and:

lsx  Second moment of area, relative to the out-of-plane bending of the
stiffened plate element, of the stiffener fitted with an adjacent
contributive part of plating (Figure 4.4);
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Ag1 Gross cross-sectional area of the stiffener fitted with an adjacent
contributive part of plating (Figure 4.4);

e=max(e;,e,) The 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 of the plating) to the neutral axis
of the stiffener including the contributive plating (Figure 4.4).

The use of closed section stiffeners results in a better stability and in less
residual stresses (because of thin walls and one-sided fillet welds) justifies
a = 0,34; a larger value o = 0,49 is required for open section stiffeners.

i| G1: centroid of the siffener
|
e : G : centroid of the stiffener
e, i| including the contributive plating
----- —|-—-—-—-—-—-—i\ [
i

G2 : centroid of the plating

Figure 4.4: Eccentricities of the stiffeners

4.3.4 Interpolation between plate behaviour and column behaviour

(1

2

3)

First, the reduction factors are computed based respectively on a plate
behaviour (reduction factor p) and on a column behaviour (reduction factor

xc ) as indicated in Sections 4.3.2 and 4.3.3.

The actual behaviour is often somewhere between these two extreme
situations. Then, the resistance in the ULS of a longitudinally stiffened plate
has to reflect this intermediate behaviour between plate behaviour and
column behaviour by means of a resulting reduction factor p. such that:

Xc SPc <P (421)

The reduction factor p. is simply determined based on a simple
interpolation formula; the latter is proposed to be [5]:

Pe=&2-E)p—xc)+xc (4.22)

where the parameter ¢ is a kind of measure of the “distance” between the
elastic critical plate and column buckling stresses according to:

g=2P 1 but 0<e<1 (4.23)
Ser,c
The limits assigned to the parameter & are physically justified as follows:

- Plate behaviour may never be more detrimental than column behaviour,
so that o¢, , > o¢ ¢ With the result of an always positive value of & ;
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- It is agreed that column behaviour is irrelevant when og , is
significantly larger than o ¢, let us say o¢ 5 > 20 ¢ ; then one needs
pc =p , S0 that £ <1.

(4) This interpolation formula between column behaviour and plate behaviour is
plotted in Figure 4.5.

(5) Once the reduction factor p. has been determined, the effective’ area of the
compression zone of a stiffened plate is taken as (see Figure 11.2 and
Section 4.3.2):

Acetf =PcAceitjoc t Z"t)edge,efft (4.24)
p
A 4
Pc
” A /
ER-E)(p-xc)
\ 4 v Plate
behaviour
Columln Transition
behaviour <
domain
E=0 & &=1

Figure 4.5: Interpolation between plate behaviour and column
behaviour

4.3.5 Plate buckling check EN 1993-1-5

(1) The buckling check consists of verifying that the maximum compressive §4.6

design stress o, does not exceed the yield stress:

n :;&Sl (4.25)
y /YMl

The stress o, 1s obtained by using the elementary theory of beams, as:

M

Oy = —2 (4.26)
chf

with :

M,,: design bending moment existing in the cross-section;

I
ff . . .
W, = —— : elastic section modulus of the cross-section;
v

I, : second moment of area of the cross-section about the relevant axis of

bending;
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2

v: distance of the (extreme) fibre under consideration from the axis of
bending.

For the determination of W, I, and v, reference shall be made to a
cross-section composed of plate elements, the compression zones of which
are accounted for through their effective’ area only (see 4.3.4(5). As a

simplification, the reduction due to p. may be taken as uniformly distributed
over the relevant compressed area.

Further indications relative to the design of both longitudinal and transverse
stiffeners are given in another chapter (see Chapter 9).

4.3.6 Validation of plate buckling check procedure

(1

2

The rules applied to longitudinally stiffened panels have been validated by
comparison with results of tests conducted on individual compression panels
stiffened by multiple longitudinal stiffeners (Table 4.3). It is not possible to
use all the available test results because some tests are not sufficiently
documented while some other specimens exhibit an unduly large out-of-
flatness, the magnitude of which exceeds substantially the fabrication
tolerance that is implicitly covered by the design rules. The 25 specimens
kept for the validation have stiffeners made with either flats, bulb flats or
angles and the wall elements of some of these stiffeners did not comply with
the bt limits of Class 3 elements so that they are in principle not fully

effective.

The recommended minimum value of the partial safety factor y,, will be

given in the application parts of the Eurocodes, e.g. in EN 1993-1-1 for
buildings and EN 1993-2 for bridges. The value y,, = 1,10 (it is now 1 in
EN 1993-1-1) is on the safe side (see Figure 4.6).
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Table 4.3: Tests used for calibration of the design rules

Test Designation Tests Type of stiffener
Dorman & Dwight Nr 3 (TPA3) 4 Bulb flat
Nr 4 (TPA4)
Nr 7 (TPB3)
Nr 8 (TPB3)
Scheer & Vayas Nr 3 (TPA3) 3 Bulb flat
Nr 4 (TPA4)
Nr 7 (TPB3)
Fukumoto B-1-1 6 Flat
B-1-1r
B-2-1
B-3-1
C-1-4
C-2-1
9 tests with flats
Lutteroth 1 Al 12 and 3 tests with
Kretzschmar
flats and angles
Validation against test results
= 1,2
[o] L
g 1
2087
= I
"g 0,6 1
e 04 ¢
t 0,2+
(] L
e o
Dorman & Scheer & Fukumoto  Lutteroth All tests
Dwight Vayas n=6 n=12 n=25
n=4 n=3 sd=0,093 sd=0,10 sd=0,02
sd=0,01 sd=0,01

Figure 4.6: Longitudinally stiffened panels: Required partial factor on

the resistance
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5 Resistance to shear ggl 1993-1-5,

Darko Beg, Faculty of Civil and Geodetic Engineering, University of Ljubljana

5.1 Introduction

Slender web panels in shear possess a significant post-buckling resistance, when a
proper anchorage of tension membrane stresses that develop after buckling is
assured. Many design methods based on tension field action have been developed
so far. A good overview of tension field theories is given by Hoglund [1] and
Galambos [2] (see Figure 5.1 taken from Hoglund [1]). These theories mainly
assume superposition of buckling and post-buckling shear strength and differ
regarding the definition of tension field action. EN 1993-1-5 implemented the
method known as "rotated stress field" developed by Hoglund [3,4]. This method
was first developed for unstiffened webs with large aspect ratios (Hoglund [3]),
where other tension field methods give very conservative results. It was used in
ENV 1993-1-5 for plated steel structures and in ENV 1999-1-1 for aluminium
structures, but not in ENV 1993-1-1 where the so-called Cardiff-Prague tension
field method was used and the simple post-critical method was added to overcome
conservative results for large web panel aspect ratios. This simple post-critical
method is very similar to the rotated stress field method for non-rigid end posts.

Steinhart &
ler (1961
2Ll 4 : R i \,ﬁ\ Schroter (1971)
L]
TaTy s) tan 2e=hfc a) T<Ter 8) tang=a/h d)
gt Chern & S TS
R
X+ R SR Ostapenko(1369 P | E E‘?i ! m e
Bl e 3 X
TeT; sf) tan 2eshfa a) T=Ter 5f) Alt.a Alt. b
== L\ Clark & Sharp SR RIS
+ FE o+ [ + Ry Fujii {(1968)
¢ S ,»:: WEN d e - i %Q ;
T<Tr sf)  tonZe=hfa @) d) 0Ty sin2g fl p<45° b)

Hoglund (1971

-C_.1
Rockey &
x|+ N Ekaloud (1969)

TsTer 9 tang=h/a a)

Notes

Assumption for z: Yield criterion: Miscellanous:

s) Simple support a) von Mises c) Two alternative tension fields
f) Fixed for rotation b) Tresca d) Aluminium

s,f) Elastic restraint

Figure 5.1: Overview of tension field models (from Hoglund [1])

The rotated stress field method is described in detail in Hoglund [3,4]. Here only
some basic ideas are given (Figure 5.2). The basic assumption is that there are no
membrane stresses in the transverse direction of the web panel. This is true for
webs of long girders without transverse stiffeners other than the ones at the
supports. After buckling compressive membrane stresses o cannot increase any
more, but tension membrane stresses o; may still increase until the ultimate
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resistance is reached. Under such conditions the equilibrium requires the rotation
of the stress field (Figure 5.2(g)). When principal tension stresses increase the

angle ¢ must decrease because of equilibrium reasons, see equations (5.1) and
(5.2).

[ ] ] i RN S
| . | | o,
i C \ d } 4 t
N | i
L \ \
ol ISRV IS g
P MAY% | J
- \ \ |
\ | 1 P B il e—
@ / ) \ © @ ©
o I /\ T
I ! ! -
T T v O R
L (. o |
(f) shear (g) shear and (h) principal
stresses only membrane stresses stresses

Figure 5.2: Mechanical model of the rotated stress field

Ny, in Figure 5.2 is the total longitudinal force existing in the web at the post-
critical stage to be anchored onto the end post, and oy, is the corresponding normal
stress in the longitudinal direction.

For the principal stresses the following relations are valid (Figure 5.2):

o, = tag¢ (5.1)

o, =—T-tang (5.2)
By limiting the compression membrane stress:

c,=-1, , (5.3)
implementing the von Mises yield criterion:

oy 00,40 = f,, (54)

and eliminating o1, o> and tang the following ultimate shear resistance 7, —

normalized with respect to the yield strength in shear f / J3 - is obtained as a

w

function of A, :

T 1 - 3 1
u S 3 4_- - 55
B R T °

where A is the shear panel slenderness:
- / /3
Y= M (5.6)
TCV
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7. 1s the elastic shear buckling stress of a perfect shear panel:

7’E t ’
. =ko,=k ———| — 5.7
cr T E le(l—vz)[hwj ( )

For large values of 4, (1, > 2.5) the normalized shear resistance reduces to:

7, 1,32

U

fulN3 A,

The theoretical resistance is based on the presence of a rigid end post. Before
being used in the code it has to be reduced for the scatter in the test results due to
varying imperfections.

(5.8)

5.2 Design shear resistance according to EN 1993-1-5

5.2.1 General

Design shear resistance is taken as

nf,.ht
V;),Rd = V;;w,Rd + V;zf,Rd < \/—y— (5.9
37
where
lw'f;)whwt . . .
Viywra =—=— 1s the contribution from the web; (5.10)
\/57 M1
Viyra 18 the contribution from flanges;
X is the reduction factor for the shear resistance of the sole web,
depending on the web slenderness;
Yt 1s the partial factor for the resistance to instability;
n is the coefficient that includes the increase of shear resistance at
smaller web slenderness;
NOTE 2 to 5.1 (2) of EN 1993-1-5 recommends the following
values:
n =12 for S235 to S460
n =1,0 for steel grades over S460.
h, .t are dimensions, see Figure 5.3.
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by e

+—

! =+ | !

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

Figure 5.3: End-stiffeners

The reasons why 7 can be taken larger than 1 may be explained as follows. In the

tests on beams with stocky webs the ultimate resistance in shear reaches 0,7 to 0,8
times the yield strength in tension. Such behaviour can be observed in Figure 5.4,
where the shear stress to yield strength ratio is plotted against normalized shear
strain y G/f,. One reason for this is strain hardening of steel, which can be utilized
because it does not give excessive deformations. There is probably also a
contribution from the flanges, but the respective contributions from strain
hardening and flanges cannot easily be separated and also this effect has not been
studied in detail. For this reason the increase in resistance is not allowed for the
isolated shear panels that are not attached to flanges to form I-like cross sections.
There are no test results available supporting this increase for higher steel grades
than S460. In other cases such an increase up to at least 20% is possible.

II
r | 0,82
f_ | f—”"'ff— T
y ]' e
|
0,5 R
T S Y lr
*r
0
0 10 20 JGf,

Figure 5.4: Average shear stress as function of average shear strain
from test with HEA 240

For stocky webs with:

h—w < 25 for unstiffened webs or

ron
h, 31 .
? < —5\/E for transversely stiffened webs (5.11)
n
there i1s no danger of shear buckling and y, can be taken as 7. These
requirements are in accordance with the plateau of the reduction factor y,  for

shear resistance (see Figure 5.5).
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It is worth mentioning that 7 larger than 1,0 means higher resistance, but also

more stringent A,/t limit ratio, because buckling has to be prevented at higher
levels of stresses and strains.

Design resistance formula (5.9) can be used, when the following requirements are
met:

- Panels are rectangular and flanges are parallel within an angle not greater than
10°;
- Webs may be stiffened in the longitudinal and/or transverse direction;

- Stiffeners should comply with the requirements in Section 9;

- All holes and cut outs in the webs are small; their diameter d should satisfy
d/h,, <0,05;

- Members are uniform;

- Panels that do satisfy the requirement (5.11) for unstiffened support should be
checked for patch loading resistance according to section 6;

- Panels that do not satisfy requirements (5.11) should be fitted with transverse
stiffeners at the supports.

When some of these requirements are not met, more rigorous analysis should be
carried out or a safe-sided approach has to be applied (stiffeners placed around
holes; equivalent rectangular panel used instead of a non-rectangular one with

unfavourable largest dimensions of a panel taken to determine Zw o).

5.2.2 Contribution from the web

The factor y,, for the contribution of the web to the shear resistance is given in
Table 5.1 and plotted in Figure 5.5.

Table 5.1: Shear resistance function of the web

Rigid end post Non-rigid end post
A,<0,83/n n n
0,83/n7<4,<1,08 0,83/ 4, 0,83/ 4,
A, >1,08 1,37/(0,7+4,) 0,83/,
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2,8 3

Figure 5.5: Reduction factor for shear resistance of the web

w 1s based on the rotated stress field method (Eq. (5.5) and (5.8)), but finally
defined from test results to get a proper safety margin and to allow for rigid as

well as non-rigid end posts. y,, can be regarded as

A= /«/_

w

(5.12)

For the slenderness parameter 1 ., in Table 5.1 the standard definition applies:

fyw 0 7 6 yw
NELS

’E -
T

where

2
w

By putting (5.14) into (5.13), slenderness /Tw can be rewritten as:

/’L — hw
" 37,4tek,

For unstiffened and longitudinally stiffened webs k. is given in 0.
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by hi>> L,0=k =534

w

o

Figure 5.6: Unstiffened web panel
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) (a) - - — (b)

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

Figure 5.7: Web with transverse and longitudinal stiffeners

For webs with transverse stiffeners only at the supports (Figure 5.6), the aspect
ratio a/h,, is large and k, approaches the value 5,34. In this case Eq. (5.15)
becomes

= h

A, =—"—". 5.16
" 86,4t (.16)

For webs with transverse stiffeners at the supports and with intermediate
transverse and/or longitudinal stiffeners Eq. (5.15) applies.

Both rigid and non-rigid stiffeners may be used. Stiffeners are rigid when they
prevent transverse displacements of the web panels along the web-stiffener
junction line and remain straight in the post-buckling stage. Non-rigid stiffeners
increase both the strength and stiffness of web panels but they buckle together
with the web plate. When a part of a web plate is surrounded by only rigid
transverse and longitudinal stiffeners or flanges it can be treated simply as an
isolated plate. When at least one of the stiffeners is non-rigid, larger panels
containing non-rigid stiffeners should be checked too, as explained below.

The shear buckling coefficient &, is determined in the following ways:
- Only rigid transverse stiffeners are used (panel a; x A, in Figure 5.7).

k. 1s determined from 0, where the contribution of longitudinal stiffeners is
taken into account. Rigid boundaries may be assumed along the flanges and
rigid transverse stiffeners, and the panel a; x A, may be assumed as being an
isolated panel.
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- Non-rigid transverse stiffener is placed between rigid transverse stiffeners
(panel a; % h, in Figure 5.7). Individual panels between the adjacent
transverse stiffeners (a, % h,, and a3 % h,) and the whole panel between the
adjacent rigid transverse stiffeners (as X h,) should be checked for the
smallest k. For the panels a, X h,, and a; % h,, k; may be determined from 0.
For the panel a; x h, that contains an intermediate non-rigid transverse
stiffener, k, may be determined from appropriate design charts or using an
eigenvalue analysis of the panel (see section 12 and Annex C of EN 1993-1-
5), because the formulae in 0 do not cover cases with intermediate non-rigid
transverse stiffeners.

- For the webs with multiple non-rigid transverse stiffeners the following
simplification in the calculation of k£, may be used:

a) check two adjacent panels with one non-rigid transverse stiffener
(panel a; x h,, in Figure 5.8);

b) check the adjacent panels with two non-rigid transverse stiffeners
(panel a; x h,, in Figure 5.8);

and take the smallest of both values as &, , while in both cases the panels are
regarded as rigidly supported along the outer edges.

Non-rigid transverse stiff.

/N Rigid transverse stiff.

hy

L
1 I

L a2 |
1 1

Figure 5.8: Web panel with multiple non-rigid transverse stiffeners

For web panels containing longitudinal stiffeners the slenderness parameter A,
should not be taken less than the largest slenderness of all sub-panels:
T h

3746k,

where £,,; and k; refer to the sub-panel with the largest slenderness parameter A,

(5.17)

of all sub-panels within the web panel under consideration. For the panel a; X h,,
(Figure 5.7) obviously the sub-panel a; x h,; is the decisive one.

Post-buckling behaviour is more pronounced in unstiffened webs than in
longitudinally stiffened webs, because longitudinal stiffeners increase the overall
strength, but temper the development of the tension field.

For this reason the influence of the longitudinal stiffeners, coming from the linear
buckling through the calculation of &, and y,, is overestimated. To be allowed to
use the same resistance function y,, in both cases, the slenderness parameter A,

should be increased accordingly. In EN 1993-1-5 this is done by reducing the
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second moment of area of the longitudinal stiffeners to 1/3 of their actual value.
This reduction was validated by experimental evidence (see 5.2.5 and Figure
5.12). Very few tests were related to the panels stiffened with closed longitudinal
stiffeners and recent research results (Pavlov¢ic, Beg and Kuhlmann [5]) show
that this reduction is not really necessary for closed stiffeners, because of their
substantial torsional stiffness.

Shear buckling coefficients

EN 1993-1-5 gives the expressions of the shear buckling coefficient k£, for the
following two basic cases:

- plates with rigid transverse stiffeners;

- longitudinally stiffened plates between rigid transverse stiffeners.

No information is given for plates reinforced with non-rigid transverse stiffeners.
In this case k, can be obtained from the appropriate design charts or eigenvalue
analysis of the stiffened plate.

Plates with rigid transverse stiffeners

The standard solution for the plate between two rigid transverse stiffeners (simply
supported edges are assumed, Figure 5.9(a)) is:

k. :5,34+4’20 when a>1,0
5“34 (5.18)
k, =4,00+— when a<l1,0
a
where:
a=alh,.

rigid transverse stiffeners rigid transverse stiffeners

hwgt

a
a) b) ©)

Figure 5.9: Different web panels for the calculation of k;
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Longitudinally stiffened plates

The theoretical solution for &, of a long longitudinally stiffened plate (Figure
5.9(b)) was obtained by Crate and Lo [6]. A good approximation is given by Eq.
(5.19) (Hoglund [4]):

k. =5,34+1,363y (5.19)
where:
12(1-v*)1,, I
=— 7 % -10,92—L 5.20
4 ht’ ht (5.20)

is the relative flexural stiffness of the stiffener for bending out of the web plane.

By comparison to Kloppel and Scheer [7] charts it can be shown that for closely
spaced transverse stiffeners (Figure 5.9(c)) the following approximations can be
used:

3/4
iz L3457

k =534+ ”_ (Hoglund [4]) (5.21)
a
k=411 237007 4 4aify (Beg) (5.22)
o

Eq. (5.22) gives better results for only one and two longitudinal stiffeners and o <
3. In other cases Eq. (5.21) shall be applied, but not less than &, from Eq. (5.19)
(important at large values of a). Eq. (5.22) represents the best fit for an arbitrary
position of one or two longitudinal stiffeners. Therefore the lack of complete
compatibility with (5.21) at o = 3.

As mentioned above, stiffened plates possess less post-buckling strength
compared to unstiffened plates, and /; should be reduced accordingly. With this
reduction to 1/3 and by accounting for expression (5.20), Eq. (5.19), (5.21) and
(5.22) write according to the formulae given in Annex A.3 of EN 1993-1-5:

- For plates with rigid transverse stiffeners and with longitudinal stiffeners the
shear buckling coefficient k. is:

2
kT=5,34+4,00(h—Wj +k.,  when hizho

a

) ) (5.23)

kr = 4, 00+5,34(h—”j +krst when i < 1’0

a : h,
where:

2 3

1 I

key = 9(}1—”) all 2 but not less than 21 3| =L
s a t hw ¢ hw

a 1s the distance between rigid transverse stiffeners (see Figure 5.9)

Iy 1s the actual second moment of area of the longitudinal stiffener with
regard to the z-axis, see Figure 5.7(b). Reduction to 1/3 of its actual
value is taken into account by appropriately changed values of constants
(9 and 2,1). For webs with two or more longitudinal stiffeners, not
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necessarily equally spaced, I is the sum of the stiffness of individual
stiffeners.

o g : a
- When there are only one or two longitudinal stiffeners and o =— <3, the

shear buckling coefficient should be taken from:

6,3+0,183I;l’ 7
kT:4,1+—0{2 ! W+2’23/_t3Z (5.24)

Also in Eq. (5.24) Iy is the actual second moment of area. Reduction
discussed above is taken into account by appropriately adapted constants in
(5.24).

Eq. (5.23) may be used also for plates without longitudinal stiffeners by
putting k£, =0.

5.2.3 Contribution from the flanges

The tests on web panels subjected to shear show that at the ultimate state a kind of
plastic mechanism is nearly formed in the flanges (plastic hinges E, H, G and K in
Figure 5.10), caused by the tension field between the flanges. Under the
assumption that this tension field does not influence the shear resistance of the
web obtained on the basis of the rotated stress field theory (Figure 5.10a), the
shear resistance coming from the flanges can be added to the contribution of the
web.

7 C 7 bf
E H j#
j ™ tr
i M Ut
I
Vi, Y hw
Yo - . o)
| i
I
va, Rd Tvbf, Rd G
(a) (b) (c)

Figure 5.10: Tension field carried by bending resistance of flanges

Tests by Skaloud [8] and by Rockey and Skaloud [9] show that distance c
between the hinges varies between 0,16 and 0,75 times the length a of the panel.
According to Hoglund [4] distance ¢ for steel plate girders can be approximated in
the following way:

M 1,6-b, 12
c= a[o,25+1,6ﬂj = a£0,25+#J (5.25)
M t-hl-f,,

where M,y and M, are the plastic moment resistances of flanges and web,
respectively:

plw

bt thl f
_ Sy _ wJ yw
Myp===p My, =—" (5.26)
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and f,r the yield strength of the flange material.

The value of ¢, calculated according to (5.25), is usually smaller than the values
observed in the tests. This may be explained with the fact that in reality the plastic
mechanism in the flanges (Figure 5.10) cannot develop freely because there is
always some additional support from the web. Conseqgently, both contributions
from the flanges and the web cannot be separated completely.

The shear resistance V.zs provided by the flanges can be calculated based on the
plastic mechanism in the flanges (see Figure 5.10b):

aM bt
be,Rd — pLIRE 2SIy ) (527)

c CYn

The contribution of flanges can be added to the shear resistance of web panels
only when the flanges are not completely utilized in withstanding the bending
moments:

Mg, < Mf,Rd (5.28)
where:
M,
Mf,Rd =L
Y mo

is the design moment resistance of the cross section consisting of the effective
flanges only (Figure 5.11).

Afla fy fl

. /, /,
Mf’M:mln{hf-Af1 1 oA, 2

Mo Yo

=1 |

Aﬂa fyf2

Figure 5.11: Definition of M;ry4

Under the assumption that bending moment Mg, is only resisted by the flanges,
the influence of the bending moment causing axial forces in flanges is taken into
account by the reduction factor:

MEd 2
1—£M—J . (5.29)

SR
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By combining (5.27) and reduction factor given by (5.29), the contribution Vysrs
of the flanges is obtained as follows:

2
_bft;'f;/f 1_( MEd J ) (530)

bf.Rd —
CYn Mf,Rd

In the presence of an axial force Mg, which is again supposed to be carried only
by the flanges, My, should be reduced accordingly by the factor:

N
[1_(Af1+Af2)f;;f/7/M0] . (5.31)

Usually the contribution of flanges is small and can be neglected. This
contribution is important only when strong flanges are used, which are not fully
utilised from bending moments in the girder, which may be the case at the end
supports.

5.2.4 Shear resistance check

The verification of the shear resistance is performed according to the following
expression:
7 L 1,0 (5.32)

Vb,Rd

where Vgq is the design shear force including any shear force due to possible
torque.

5.2.5 Verification of the shear resistance formula

The verification of the design shear resistance formula (5.9) against the test results
shows that the design rules can accurately predict the shear resistance with a
reasonably small scatter of results and consequently low ,; factors (Figure 5.12
and Figure 5.13). 366 tests on steel girders and 93 tests on aluminium girders were
taken into account (Hoglund [4], Background document to Eurocode 3 [10]).
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Figure 5.12: Comparison of experimental and theoretical values of
shear resistance of plates
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Figure 5.13: Partial factor yys for shear resistance of plates

Data sets 1.1. 1.2, 2.1, 2.2 and 2.3 designate the groups of tests that were analysed

separately in this verification (see Hoglund [4]).

5.3 Conclusions

The main advantages and characteristics of the rotated stress field method are the

following:

- The method is valid for small as well as large aspect ratios of shear panels,
what is not the case for other tension field models that usually give good

results for short panels and very conservative results for long ones.

- The method is simple to use as no calculation of tension field inclination and

the stress in the tension field is required.
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The method is applicable not only to unstiffened, but also to transversally
and/or longitudinally stiffened webs.

Both full anchorage (rigid end post) and partial anchorage (non-rigid end post)
of tension membrane stresses are considered.

Besides the contribution from the web also the contribution from the flanges
to the shear resistance is taken into account.

It is important to note that the design of the relevant components (end posts,
intermediate transverse stiffeners, see section 9) of plate girders is not
performed strictly in accordance with the rotated stress field method. Simple
safe-sided checks are introduced, see section 9.

The method gives the best agreement with the full set of the available test
results.

The partial factor ym; may be chosen in the range yy; =1,0 to ya =1,10.
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6 Resistance to transverse loads EN 1993-1-5,
§6

Bernt Johansson, Division of Steel Structures, Luled University of Technology.

6.1 Background

Concentrated transverse forces on girders are commonly referred to as patch
loads. Such loads occur in many applications and if the loads are moving as for a
crane girder or a bridge girder during launching, the load has to be resisted by the
web alone 1. e. without assistance of vertical stiffeners. The design for such loads
has traditionally comprised two independent checks, one for yielding and one for
buckling. A short review is presented below.

6.1.1 Buckling

The question of predicting the resistance to buckling has a history of almost 100
years. In 1906 Sommerfeld solved the problem of buckling of a plate loaded by
opposite concentrated loads at the long edges and in 1935 Girkmann solved the
more complex problem with a load on one edge only. Later, when computers
came into use, several authors have solved this buckling problem for realistic
girders taking the flange and the patch length into account, which results in
complicated solutions. These solutions concerned critical forces according to
classical theory of stability and as in most other plate buckling problems the
ultimate resistance is quite different. Strange enough, Basler whose work opened
for using post buckling strength in girder design, stuck to critical forces for the
resistance to patch loading. One of the first reasonable estimates of the actual
resistance was developed by Carl-Adolf Granholm 1960 [1] at Chalmers
University, Sweden. Granholm reported seven tests with concentrated loads on
girders with slender webs. He ended up with a resistance to patch load according
to the formula:

F =0,85t (Mp with the web thickness #, in mm)

The format of the equation is not dimensionally consistent and with present
knowledge it can be converted. Assuming that the girders (S275) that were tested
had an average yield strength of 350 MPa the ultimate resistance can be rewritten
to:

F =t fE (6.1)

This formula shows the influence of the most important parameters on the patch
loading resistance. This is the same format as the resistance of a slender plate
according to the von Karman’s model and numerically it is about half the
resistance of a uniformly compressed plate (actually 1/1,9).

Bergfelt and co-workers continued the tradition of studying patch loading at
Chalmers University. He went on studying this problem for a long time and
proposed step by step several empirical formulae for the patch loading resistance
including more and more parameters. At the same time Rockey and Roberts were
working with the same problem in Cardiff. Roberts presented a mechanical model
based on a folding mechanism in the web to predict the buckling resistance [2],
see Figure 6.1.
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Figure 6.1: Mechanical model for patch loading resistance according
to Roberts

A folding mechanism like that in Figure 6.1 gives a resistance that is decreasing
with increasing deformation and in order to get a fixed value Roberts assumed
that the deformation was given by the elastic bending deformation of the flange.
This assumption is a bit arbitrary but was justified by tests results. This model was
the basis for the formula in ENV 1993-1-1 in which the buckling resistance was
given by:

t, ts 1
F. =0,52JEf | |[-L+32s | — 6.2
sRd w fym |:\/; tfhw :l j/Ml ( )

A limitation that s; should not to be taken as more than 0,24, applies, which
makes the contribution from the second term in the brackets quite small.

ECCS/TWGS.3 published recommendations for the design of plate girders in
1986 [3]. This included a formula for the buckling resistance derived from a von
Karman approach, which means that the resistance was taken as the square root of
the yield load times the critical load. It contains essentially the same parameters as
(6.2) but differently arranged. This formula was further developed and improved
by Duchéne and Maquoi [4]. This study included computer simulations
considering geometrical imperfections and residual stresses and also a calibration
against a large number of test results. The study shows that the influence of
geometrical imperfections within common tolerances is small and that the
influence of residual stresses is small for slender plates.

6.1.2 Yielding

The elastic stress distribution under a concentrated load is commonly estimated by
the assumption of load spreading in 45° through the flange and other steel parts.
This leads to an elastic resistance to patch load that is:

FRel = fywtw(ss + 2tf) (63)

The loaded length is defined in a similar way as shown in Figure 6.3. Equation
(6.3) is based on first yielding and it is rarely used for design. The elastic stresses
are however used for fatigue design. In special cases the stresses at some distance
from the load introduction are needed. In 3.2.3 of EN 1993-1-5 an approximate
formula for the maximum stress is given [5]. The stress distribution is valid for an
infinite plate. For a girder web without stiffeners with infinite depth the maximum
stress at a distance z below the patch load is shown in Figure 6.2.
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Figure 6.2: Normalised maximum stress under patch load on an
unstiffened web

For a girder with limited depth h,, the stress distribution my be corrected by
subtracting &, =, ., (z = h)hi from formula (3.2) in EN 1993-1-5.

w

The plastic resistance sets a limit for the patch load if the web is stocky. As the
yielding progresses the load is spread out on a larger length and the web material
strain hardens. How far this redistribution can be pushed depends on how stocky
the web is and the limit is given by buckling in the plastic range. This means that
the plastic resistance is not well defined from a simple model as it is for axial
force or bending moment. A realistic estimate of the plastic resistance was given
by Zoetemeijer in 1980 [6]. For rolled beams the resistance was written as:

F,=ft.(s,+5(r+t,)) (6.4)

where » denotes the fillet radius. The original equation included the influence of
coexisting bending stresses and shear stresses. Roberts developed a similar
expression for welded plate girders [2]:

1

Fl = fthw |:Ss + th — (65)
g »f:\)WtW

A limitation that b¢ should not be taken larger than 25¢# applies. A comparison

shows that (6.5) normally gives a higher resistance than (6.4) if applied to a plate

girder. For rolled beams the opposite usually holds.

6.1.3 Combined models

The design models for other types of instability are using the yield resistance as a
maximum and a reduced resistance depending on a slenderness parameter. The
reduction factor is intended to give a gradual transition from the elasto-plastic
buckling at small slenderness to — in this case — the post-critical resistance at large
slenderness. A first attempt to develop such a representation for patch loading was
suggested by Ungermann in his thesis [7]. Independently Lagerqvist and
Johansson worked on the same idea. After some iteration the rules in
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ENV 1993-1-5 (which were the same as in the present EN) were developed [8],
[9]. The rules also merge the three separate verifications in ENV 1993-1-1 for
crushing, crippling and buckling. The ENV rules were poorly harmonized and
used different approaches. The new rules also cover a wider range of load

applications and steel grades. The rules have been checked for steel grades up to
S690.

In a recently published thesis Miiller [10] made an attempt to develop a unified
approach for all kinds of buckling problems including cases of coupled instability
and complex load cases. The basic idea was to define the slenderness parameter 4
from load multipliers for defining the plastic resistance and the critical load,
respectively. The success of this method calls for general reduction factors. In a
comparison between reduction factors for different cases of plate buckling it turns
out that the patch loading sticks out by falling below the other reduction factors.
In order to harmonize, the reduction factor for patch loading should be lifted and
accordingly the plastic resistance be lowered. This could possibly be an
improvement.

A study by Davaine, Raoul and Aribert [11] became available after the content of
EN 1993-1-5 was settled. It is based on a large number of computer simulations of
typical bridge girders with longitudinal stiffeners. It shows that the idea of
reducing the plastic resistance and increasing the reduction factor works well for
the data set studied. More specifically they put m, = 0 in (6.7) and used an
alternative reduction factor according to Annex B of EN 1993-1-5 with ¢, = 0,49

and A ,0— 0,7. Applying the same idea to test data behind the model in

EN 1993-1-5 shows that it works for slender webs but not for stocky for which the
result is unconservative. The idea seems viable but it needs further development.

The conclusion is that the present model is not the final answer and there is still
room for future improvements by continued research. Such research is going on in
several places and preliminary results show that model may be in error but
fortunately on the conservative side.

Similarly to the present design procedures for all other stability problems, the one
for patch loading includes three parameters, which will be described in the
following:

e the plastic resistance Fy,

e the elastic buckling force F., which defines a slenderness parameter

_ F,

F,

cr

e a reduction factor y = y(A) which reduces the yield resistance for A larger
than a certain limiting value such that F, = F| .
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6.2 Model for patch loading resistance
6.2.1 Plastic resistance
The plastic resistance can be written as:

F =f t.

y yw - wry

(6.6)

"

The crucial parameter is the length /, over which the web is supposed to yield.

=

45°

e, 4 |j5/ lFs

R

EN 1993-1-5,
§6.3 and 6.5

EN 1993-1-5,
§6.5

EN 1993-1-5,
§6.3, Fig. 6.2

S, Fs
AL .

Figure 6.3: Definition of stiff loaded length

S;=0

The first step is to determine the loaded length on top of the flange. This is done
according to Figure 6.3. It can be seen that it uses the assumption of load spread in
45°. For the case of load from two rollers the model requires two checks, one as
shown in Figure 6.3 for the combined influence of the two loads with s as the
distance between the loads and for the loads individually with s = 0.

The mechanical model according to Figure 6.4 is used for the plastic resistance
when the load is far from the end of the girder. The mechanical model has four
plastic hinges in the flange. It can be noted that the distance between the two
central hinges is set to ss + 2¢;, which reflects the fact that the hinges are not point-
like but have a certain length. The plastic moment resistance of the hinges will
depend on the flange and a possible contribution from the web that is connected
with the flange. For the inner plastic hinges the resistance M; is calculated under
the assumption that the flange alone contributes to the resistance because the web
is assumed to be stressed to yielding in the transverse direction. If it had
contributed to the bending resistance of the flange it would have been stressed in
tension in the longitudinal direction, which would have violated the von Mises
yield criterion. For the outer plastic hinges, M, it is assumed that a part of the web
contributes to the resistance. In those hinges the web is subject to biaxial
compression and it can resist the yield strength in both directions at the same time.
This assumption is based on the observations from the tests that the length of the
deformed part of the web increased when the web depth increased. With a
simplified expression for M,, the effective loaded length /, for the model in Figure
6.4 is given by :

ly =, +2z‘f(1+w/m1 +m,) (6.7)
where
f.b
m, = ot (6.8)
fywtw
h 2
m, = O,OZ(t—Wj (6.9)
f
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The contribution from the web, reflected by m,, may in some cases be too high. It
has been assessed empirically from tests and should be seen as a fictitious
parameter relevant for slender webs. For cases not included in the test data base it
may overestimate the resistance and for that reason m; should be taken as zero if
the slenderness A <0,5. The result will then be the same as equation (6.5).

Unfortunately this creates a discontinuity in the resistance. Another limitation is
that /, should not be taken as larger than the distance between transverse stiffeners
a. The model is obviously not applicable if the length /, would include transverse
stiffeners. They would have some positive effect, which has not been studied, and
the limitation is clearly a conservative assumption.
$y/2  set2ty  sy/2 bs bs
| - \ \ \

——t %
M, M,
:\:.FY/I: br 5= -
0,14h, I J@Lt M,
Mi M v
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0 X

N ) N —\ {

Figure 6.4: Mechanical model for the plastic resistance for patch
loading

If the load is applied at an unstiffened end of a girder the plastic resistance may be
governed by several different failure modes, see Figure 6.5. The most common
case of end patch loading is a support reaction acting at the end of the girder and
therefore the load is shown acting on the bottom flange in Figure 6.5. The support
is assumed to be prevented from rotation and because of the slope of the girder it
will sit on a corner of the support for failure mode 1. This failure mode occurs if
the load is close to the end of the girder and there is only one plastic hinge in the
flange. If the load is moved farther from the end another plastic hinge may form at
the load as shown by failure mode 2. A further shift of load away from the end
may result in failure mode 3, which includes two hinges at the load. The load is
assumed to be concentrated to one corner of the support and the distance between
the hinges is given by the physical extension of the hinges. Finally, at large
distance from end the failure mode 4 occurs and it is the same as the one in Figure
6.4 with s; = 0. Depending on the circumstances any of the failure modes may
govern. It would be possible to give criteria for the applicability of each mode but
it would include as much calculations as checking all of them and to use the
lowest value. The failure mode 3 has for simplicity been omitted and /y is taken as
the smallest of (6.7), (6.10) and (6.11). When using (6.7) ss = 0 should be used
unless the concentrated force is introduced in such a way that the loading device
follows the slope of the girder end.

2
I =1 +1, ﬁ{l—e] +m, (mode 1) (6.10)
N2 (g
[,=1,+t,\m+m, (mode2) (6.11)
where:
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_ k,Et
©2fh,

kr = buckling coefficient for concentrated load.

I L I

but not exceeding sy+c (6.12)

M M
Fyl F)PZ
Syl Sg Y2y Ssy C oy
Failure mode 1 Failure mode 2

R + # yo Ly + + y oy

:&’//B\:m

Sy3 2tf\: c 3

k!
Failure mode 3 Failure mode 4

Figure 6.5: Failure modes for plastic resistance for end patch loading

The notation /. stands for a reduced yielded length based on the buckling force.
This reduction has been deemed necessary in order to use the same reduction
factor for all loading cases.

6.2.2 Critical force

The design rules in EN 1993-1-5 cover three different cases of patch loading
shown in Figure 6.6. Type a is referred to as patch loading, type b opposite patch
loading and type c end patch loading. The critical force can be represented in the
form:

E 1)} E

F., =kg '~ 0,9k 6.13
cr 12(1 VZ)]’I F hw ( )

where the coefficient kr depends on the type of loading and the geometry. As
mentioned in the background there are many solutions for the critical force but
the number of influencing parameters makes it unmanageable to use exact
solutions in a code. Simplified expressions were derived in [8] based on
computer simulations. These expressions were further simplified in EN 1993-1-5
to the ones given in Figure 6.6. The more detailed expressions will be shown
below. The buckling coefficients were derived assuming that the rotation of the
flange was prevented at the point of load application. This is the case in many
practical applications. The buckling coefficient without rotational restraint is
sometimes significantly lower but fortunately the ultimate resistance is not
influenced so much. Therefore, the buckling coefficients can be used for
practical girders with normal flanges. They are however not valid for a plate
without a flange.
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For patch loading type a the full expression is

2 3
K, =[53+19 M| 4040 bftg 14 s
a h, t, 2h,

This gives approximately the influence of all essential parameters. This kind of
expression was deemed too complicated to put into a code and it was simplified
to the expression given in Figure 6.6. For most practical cases the simplified
expression is conservative. For opposite patch loading, type b, the full
expression is:

(6.14)

_ e 3
K, =| 34418 2| g o) Detr {5 (6.15)
a h,t} 2h,,
and for end patch loading:
i 3
K, =| 164034 20T | 1435 *C (6.16)
hWtW hW
Type (a) Type (b) Type ()
e AP 0
! | |
[ Ss | Sg Cl,Ss |
V1,SH || >3 *Vz,sjhw A= 1+ 1Vs
|

2 2
kF=6+2{h“') kF=3,5+2[EiJ
N .

a
Figure 6.6: Different types of patch loading and approximate buckling
coefficients

W

k, :2+6(SL+CJ£6

6.2.3 Reduction factor

The reduction factor y described in 6.1.3 has been derived by curve fitting to test
results. The original proposal in [8] was:

0,47

7(2)=0,06+ = (6.17)

where:

A= l (6.18)
=7 .

cr

During the drafting of ENV1993-1-5 there were concerns over the large increase

of the resistance compared to the rules in ENV 1993-1-1. The result of the

discussions was that (6.17) was changed to
0,5

;((/T): T <1

(6.19)
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which is always lower than (6.17). This equation is shown in Figure 6.7 together
with test results with patch loading type a and bending moment less than 0,4 times
the bending resistance. The tests included have been selected as in [8]. For larger
bending moment an interaction is expected, see Section 7.2. It should be noted
that the evaluation has been done with the approximate values of k¢ in Figure 6.6
and the more accurate values cannot necessarily be used together with this

reduction factor.

Fu,cxp 2
Fu,theor *
15
K —— EM 195315
- " + Welded
* + Falled
1 +*
05
1]

Figure 6.7: Equation (6.19) together with results from patch loading
tests with small bending moment

Fu,exp &3
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2 + w + : E3 :
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- oo “ + *
. * ¥ L Lt
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i}
a 1 2 3 _ 4 A E

Figure 6.8: Test results over prediction with y according to (6.19) as
function of slenderness 4 for tests with small bending moment
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The fit in Figure 6.7 may seem fairly good but actually there is a quite substantial
difference between (6.17) and (6.19) for large slenderness. A representation of
test result F, over prediction:

Fy=Fx (6.20)

shown in Figure 6.8 reveals that there is a bias for underpredition with increasing
slenderness. Using (6.17) this bias would not occur and the trend line would have
been more horizontal.

For opposite patch loading type b and end patch loading type c the test databases
are more limited than for patch loading. The available results are shown in Figure
6.9 and Figure 6.10 together with equation (6.17). The diagrams have been taken
from [8], which is the reason for comparing with (6.17) instead of (6.19). It can
be seen that most tests are on rolled beams with fairly stocky webs. The tests
denoted Weldox 700 are welded girders made of S690.

F
1.8 —

u,exp
F

u,theor

1.6 —
1.4 —

1.2 —

Ol &

- Weldox 700
- European rolled beams

- American rolled beams

1.0 —

Figure 6.9: Test results over prediction with y according to (6.19) as
function of slenderness 1 for tests with small bending moment
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Figure 6.10: Equation (6.17) together with results from 68 tests with
end patch loading

As the derivation of the reduction factor is empirical it is important to check if the
essential parameters are represented correctly. Several such checks were done in
[8] and the checks showed no significant bias. One important difference between
the rules in ENV 1993-1-1 eq. (6.2) and in EN 1993-1-5 is the influence of the
patch length s5. The former had a limitation that s¢/A,, should not be taken as larger
than 0,2 and the latter rules have the limitation 1. This is important for launching
of bridges because the simplest way of increasing the resistance is to increase the
length of the launching device. The influence of the patch length in relation to the
panel length is shown in Figure 6.11 and in relation to the web depth in Figure
6.12. As there are only a small number of tests with long patch loads, tests by
Bossert and Ostapenko [12] have been included in the database. These ten tests
had a loaded length equal to a full panel length, 0,7 to 1,5 m. They were not
included in the evaluation in [8] because it was considered to be too favourable
with load on the full panel length. In one of the tests a wooden board was used to
distribute the load and that has not been included in this evaluation. Further it
should be noted that five of these tests had Mg/Mr > 0,4, which means that they
are in the interaction area where the bending moment is supposed to reduce the
patch resistance. No correction has been done for the interaction so the results
may actually underestimate the patch resistance.

Looking at Figure 6.11 it can be seen that these tests (s/a = 1,0) are in the high
end of the scatter compared to the rest of the tests. It may also be noted that the
tests with sy/a = 1,0 were made at girders with very slender webs A/t, = 300 so
the results show that there is a substantial post-critical resistance in this case as
well. In Figure 6.12 the results cover a range of sy/A,, up to 1,6 but with only a few
results. The results do not seem to support the restriction in EN 1993-1-5 that
ss/hy should not be taken larger than 1,0. This restriction can be seen as a
precaution to avoid column like behaviour, which can be expected if the loaded
length is increased. The limitation is most likely conservative but the problem has
not been studied in detail.
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Figure 6.11: Test results over prediction as function of patch length
over panel length
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Figure 6.12: Test results over prediction as function of patch length
over web depth

6.2.4 Influence of longitudinal stiffeners

Longitudinal stiffeners should increase the resistance to patch loading but the
influence will depend on several parameters like the position of the stiffener, its
bending stiffness and also its torsional stiffness. Figure 6.13 illustrates the effect
on the buckling mode of a longitudinal stiffener. If the bending stiffness is large
enough the case (a) in Figure 6.13 will occur The stiffener forms a nodal line and
the web deforms in a S-shape. Note that the stiffener undergoes twisting. If the
stiffness is small (b) or (c) is relevant where the buckling involves deformation of
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the stiffener. In this case the stiffener will increase the buckling load by
restraining the out out-of-plane deformations.

Several researchers have studied the effect of longitudinal stiffeners on the patch
loading resistance, which is not necessarily the same as the effect on the critical
load. It has been noted that the effect of the stiffener is small if the loaded panel
has a slenderness b,/t,, larger than 40 but there are also some tests showing a
noticeable increase for higher slenderness. The problem is obviously not only a
matter of the slenderness of the loaded panel. The BS 5400 [13] uses a simple
correction of the resistance of an unstiffened web according to (6.2). The
correction is the factor derived by Markovic and Haijdin [14] and reads

f. =1,28—0,7:—1 >1,0 for 0,1<b1/hy<0,4 (6.21)

w

No requirement on the stiffness of the stiffener is associated with the formula.

* ()

Figure 6.13: Buckling modes for girder with patch load on a
longitudinally stiffened web

A summary of the state of art 2002 can be found in the thesis of Graciano [15].
He collected a database of 130 tests and studied several models for predicting the
resistance. One of these models was to use the one described above for webs
without longitudinal stiffeners but with the critical force considering the stiffener.
This was introduced in EN 1993-1-5 because it required only an addition of kg-
values for a stiffened web. The method may not be ideal but it gives in some
cases a useful increase of the resistance.

The bending stiffness of the longitudinal stiffener is represented by the parameter

120-v)1, I
=~ 10,9 6.22
Y it (622

1 is the second moment of area of the stiffener including contributing parts of the
web taken as 15é&t, on each side of the stiffener. In [15] also the influence of the
torsional stiffness was studied, which is of importance for closed stiffeners. This
was for simplicity not included in EN 1993-1-5. An example of buckling
coefficients is shown in Figure 6.14. For increasing relative stiffness of the
stiffener the buckling coefficient first increases and at a certain relative stiffness a
plateau is reached. This reflects the change of buckling mode according to Figure
6.13. The curves do not become completely horizontal, which depends on the
influence of the torsional rigidity. The effect of the longitudinal stiffener is
approximated by an addition to the buckling coefficient without longitudinal
stiffener according to the formula:
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2
k, =6+2(ﬂ) +(5,44ﬁ—0,21j\/y—s for the range 0,0532—130,3 (6.23)
a

a

w

The plateau is represented by the rule that % should not be introduced in (6.23)
with a higher value than:

a a

W

3
v <y =13[hi] +210(o,3—ﬁj for 2<0,3 (6.24)

For y, > y. the buckling mode is according to (a) in Figure 6.13 and for smaller y
the modes (b) or (¢) occurs.

Compared to the original proposal in [15] some coefficients have been rounded
off. Another change is the range of applicability, which was originally given as a
limitation of only b;/a and here a restriction of b,/h,, has been added. The reason
is a suspicion that stiffeners placed far away from the loaded flange might be
attributed a positive effect that does not exist.

e /hw=1
alhw=
_ 14 = o
-
= 12
Q
S
S
o
Q
[=7]
E
S 44
a —o—bstitst=15 —p—bstist=15 —aA— bstist=15
2 4
---¢--- bsttst=10 ...m--- bstiist=10 ---a--- bstitst=10
0

0 50 100 150 200 250 300 350 400 450
Relative flexural rigidity of the stiffener y,

Figure 6.14: Buckling coefficients for web with stiffener at by = 0,2h,,

The predictions of the resistance compared with results from 130 tests is shown in
Figure 6.15. It can be seen that the scatter is slightly larger than in Figure 6.7 for
webs without longitudinal stiffeners.
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Figure 6.15: Results from 130 tests with longitudinally stiffened webs
subject to patch loading

6.3 Calibration of design rules versus test results

The statistical evaluation for the design model of patch loading for webs without
longitudinal stiffeners has been published in [16]. It was carried out with the
method described in Section 1 with test results from [8]. The data bank contained
test results for welded and rolled I-girders, which were loaded by patch loading,
end patch loading or opposite patch loading, see Figure 6.6. The calibration was
done with the rules given in EN 1993-1-5 and it turned out that a y, around 1,1
was required. However, on second thoughts it seems that this calibration was too
conservative. If the original reduction factor (6.17) is used instead of (6.19) the
bias seen in Figure 6.8 is eliminated and the coefficient of variation of F/Fg is
reduced. As the evaluation procedure works this seems to lead to an overestimate
of the required ;. This is an imperfection of the method, which takes deliberate
deviations as random. A recalibration has therefore been done using (6.17). As
(6.19) always is lower than (6.17) the y, derived with (6.17) must be sufficient if
(6.19) is used.

The plot of test results 7. as function of prediction r = Fr according to (6.20) is
shown in Figure 6.16. The mean value correction factor and coefficient of
variation become:

b=1,159
vs = 0,130

The result of the calibration is that :
= 1,02

should be applied to the resistance (6.20) using nominal values of the basic
variables. This is close enough to 1,0, which is the recommended value.
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Figure 6.16: Plot of test results r. as function of prediction r;

The rules for patch loading on webs with longitudinal stiffeners were calibrated in
[15]. The method and assumptions are the same as described in Section 1. The
calibration was done for each set of tests and for all tests together as shown in
Figure 6.17. Some of the calibrations of the individual test sets are not very
reliable as the number of tests is too small. Looking at the calibration of all tests it
would be justified to use s = 1,0.

Figure 6.18 shows the sensitivity plot for webs with longitudinal stiffeners. The
scatter is quite large but there is no apparent bias.

=k
o

Partial safety factor y,*

0.0 —
Ref. [13] Ref.[12] Ref.[11] Ref. [15] Ref. [16] Ref. [19] All tests
n=5 n=5 n=16 n=3 n=10 n=89 n=128
Ss=0,16 S=0,26  S:=0,14 Ss=0,15 Ss=0,15 Ss=0,14 S+=0,15

Figure 6.17: yu*-values for the design model of patch loading for
webs with longitudinal stiffeners; for references see [15]
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Figure 6.18: Sensitivity plot for webs with longitudinal stiffeners with
respect to the slenderness A

6.4 Outlook

In a recently finished research project, Combri, sponsored by RFCS further
studies of patch loading problem have been carried out by the Universities of
Stuttgart and Luled and by SETRA. The studies showed that the design rules of
EN 1993-1-5 were always safe but sometimes too much on the safe side. The
project resulted in several improvements of the design rules for patch loading,
which will proposed for the next edition of EN 1993-1-5.

It was noted in [10] that the design rules for patch loading deviated notably from
other plate buckling rules. The yield resistance was comparably high and the
reduction function was on the other hand low. This has been corrected in the new
proposed rules in the following way.

The yield resistance is lowered by setting m, in formula (6.6) to zero, which
results in

(6.25)

£t

wiw

Fby
[,=s,+2t, |:1+ -

The reduction factor has to be increased and the starting point for this was the
format given in Annex B in EN 1993-1-5 and formula (6.19) should be replaced
by

1
y=—x<12 (6.26)
D +\/¢sz
where
1 _ _
@ :5(1+0,5(/1—0,6)+/1) (6.27)
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The imperfection factor and the plateau length have been calibrated to fit the test
results in the best possible way and the fit is better than to rules in EN 1993-1-5.
At the same time it brings the plate buckling rules for different cases a step closer
to each other. This makes the application of Section 10 of EN 1993-1-5 less
problematic when patch loading is included.

In the Combri project longitudinally stiffened webs were also studied and design
rules based on the model given above were developed. The model works if the
critical force is taken as the smallest of the critical load according to 6.4(2) of
EN 1993-1-5 and the critical load of the directly loaded panel, which can be
calculated with formula (6.13) with A, substituted by b; and kr according to

0,65,+1,21, 05]
+0,

0,85, +1,6¢, a[ a
ky =| =406 (6.28)

a |
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7 Interaction

Bernt Johansson, Division of Steel Structures, Luleda University of Technology

7.1 Interaction between shear force, bending moment and axial
force

The design rules for interaction between shear force and bending moment in
Eurocode 3 are found in EN 1993-1-1 for Class 1 and 2 sections and in EN 1993-
1-5 for class 3 and 4 sections. The rules in EN 1993-1-1 given in 6.2.8 are based
on the plastic shear resistance and if shear buckling reduces the resistance they
refer to EN 1993-1-5. The slenderness limit for which shear buckling starts to
reduce the resistance in an unstiffened plate girder is A/t = 72 &/n and that limit
is normally somewhere between the limits for Class 2 and 3. The rules are stated
differently because different models for the interaction are used. This commentary
deals with both models for the sake of completeness and clarifies their relation.
The derivations and the discussions concerns characteristic resistance and for
design purpose relevant partial safety factors should be introduced, which are
for the plastic resistance and s for the buckling resistance.

7.1.1 Plastic resistance

The lower bound theorem of plastic theory can be used for deriving a theoretical
interaction formula. Two possible states of stress are shown in Figure 7.1, both
compatible with von Mises yield criterion. The stress distributions are valid for
class 1 or 2 cross sections.

_— D V,=1ht,
—_— T = f \/_
h v h ¢ y < Ty y/ 3
pl N
3 _ 2 ( )2
> = —
fo=\f2=3(0V /he,

\4

—

Figure 7.1: I-section of class 1 or 2 subject to combined bending and
shear and two possible stress distributions compatible with the von
Mises yield criterion

With the simplification that the flange thickness is small compared to the beam
depth the left hand stress distribution results in a bending moment:

2
St |V
M =M, == (7.1)

pl

After rearrangement and introduction of the notation My =f;hA4; for the bending
moment that the flanges can carry alone equation (7.1) becomes:
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2
M
M 2| 2o if M>M; (7.2)
M, M, \7,

If the bending moment is smaller than My, a statically admissible direct stress
distribution in the flanges only can carry the bending moment and the web can be
fully mobilised for resisting shear, and there is no interaction. The formula (7.2)
should be understood such that it gives a set of M and V representing the limit of
the resistance of the cross section. For design purpose the equal sign is changed to
“smaller than”.

The stress distribution to the right in Figure 7.1 was used by Horne in a study of
the influence of shear on the bending resistance [1]. It gives the following
interaction formula:

2
M
LY YL Y O A if M>M; (7.3)
Mpl Mpl pl

Equations (7.2) and (7.3) are shown in Figure 7.2 for a girder with My/M,=0,7. It
can be seen that (7.3) is always higher than (7.2), which means that (7.3) is the
best estimate of the plastic resistance in accordance with the static theorem of the
theory of plasticity.

(7.3)
) 03 (7.2)
V_, (7.4)
08
0.4
02 r 'i
1]

o 02 04 06 08 1
MM,

Figure 7.2: Interaction curves (7.2), (7.3) and (7.4) for shear and
bending for a beam in class 1 or 2 with M:/M,=0,7

The interaction formula (6.30) in EN 1993-1-1 is similar to (7.2) but starts the
reduction of bending resistance when V>0,5V,,;. Omitting the partial safety factor
it can be rewritten as:

2
M.
M +[1— ! J(zl_lj =1 if V>0,5V, (7.4)

M, M, e

This formula is shown in Figure 7.2. It can be seen that this interaction formula is
more favourable in part of the range than the theoretically determined formulae.
The justification for this is empirical. There are test results available on rolled
sections showing no interaction at all. This is even true if the increased plastic
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shear resistance 7f,4,, is used, which can be resisted at the same time as the full
plastic bending moment. The reason for this is mainly strain hardening of the
material and it has been documented for steel grades up to S355. In this case the
strain hardening can be utilised without excessive deformations. The reason is that
the presence of high shear leads to a steep moment gradient, which in turn means
that the plastic deformations are localised to a small part of the beam. Formula
(7.4) can be seen as a cautious step in direction to utilise this fact. The
cautiousness can be justified by lack of evidence for higher steel grades and
because of the relatively lower strain hardening for higher grades it can be
expected that such steel would show a less favourable behaviour.

7.1.2 Buckling resistance

When it comes to slender webs for which buckling influences the resistance there
are no useful theories for describing the interaction. An empirical model based on
observations from tests was developed by Basler [2]. The model is similar to the
lower bound theorem of plastic theory but it is here applied to a problem where
instability governs, which is outside the scope of the lower bound theorem. The
model is shown in Figure 7.3 and it can be seen that the assumed state of stress is
very similar to the left one in Figure 7.1. The only difference is that the strength in
shear is not the yield strength but the reduced value yy7y. Actually, Basler of
course used his own model for the shear resistance, which does not coincide with
the one in EN 1993-1-5.

VIVa
| )
My/M, o~ Ty
10 i R/ |
AN
N\ :
| \
! \/ !
| \
|
| \
| \
| \
i \
| \
I ‘1
! | M/M;
1.0 Mp/Mf

Figure 7.3: Interaction between bending moment and shear
according to Basler

As in the case of plastic resistance there is no interaction if the moment is smaller
than Mr and for larger values the interaction curve is a parabola. In this case the
cross section is in class 3 or 4 and the bending resistance Mg is smaller than
plastic resistance. This is represented by a cut-off in Figure 7.3 with a vertical line
at Mr/M;.

The interaction formula used in EN 1993-1-5 is a modification of Basler’s model
as the reduction starts at V/V,,,g =0,5:

2
M,
Mo 22X =1 if V>0,5Vpr (7.5)
M M bw,R

pl pl
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The difference compared with (7.4) is that V3, r is the resistance to shear buckling
of the web according to Section 5. Equation (7.5) goes continuously over in (7.4)
when the web slenderness is decreasing. M, is used also for Class 4 sections. It
means that the formula has to be supplemented with a condition that:

M<M (7.6)

R.eff
where Mp . 1s the resistance calculated with effective cross section.

Formula (7.5) is shown in Figure 7.4 for different geometries of test girders and
the corresponding test results [3]. The girders were simply supported and tested in
three point bending and fitted with vertical stiffeners at supports and under the
load. The webs were mainly in Class 4 and some of the webs were more slender
than the limit for flange induced buckling in Section 8. The interaction formula
(7.5) depends on the geometry of the girder and Figure 7.4 shows the extreme
cases. The curves above V/Vp,r = 1 are examples of the contribution from
flanges, which may be added if M is smaller than M.

v 1°
wa,R B
)8 15690
0,6
04 08355

0,2

0 T T hd 1

0 02 04 06 08 1 12
MIM,

Figure 7.4: Interaction diagrams according to (7.5) for some girders
with different geometries and test results [3]

The plot in Figure 7.4 shows very little of interaction, if any. This has been shown
also in other tests as well as with computer simulations. The difference between
S355 and S690 is noticeable and it reflects the smaller influence of imperfections
for higher grades of steel. The resistance is governed by local buckling and the
effect of a geometrical imperfection of a certain size is smaller for high strength
than for low strength. Also the residual stresses are smaller compared with the
yield strength for a high strength, which contributes to the relative difference.

An example of results from computer simulations is shown in Figure 7.5 [4]. The
simulations were realistic non-linear FE-simulations of typical Swiss composite
bridges and the numbers in the legends refer to the span of the girder in meters.
The solid symbols refer to simulations of the steel girder alone and the open
symbols to simulations including the effect of the concrete slab. In the notation
LiR, the “1” denotes the span in meters. The reference resistance to bending and
shear acting alone, respectively, are from the computer simulations, not from a
design code. It is interesting to note that the bending resistance increases slightly
when a small shear force is added. The reference bending resistance comes from
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simulations with uniform bending and the increase is attributed to the moment
gradient. Similar results have been obtained in [3]. The diagrams show that there
is a small interaction for shear forces exceeding 0,8 times the shear resistance.
These results show clearly that there is no need to consider interaction for small
values of the shear force. The results can not be used for a direct evaluation of the
design rules of EN 1993-1-5 as the reference resistances were taken from the
computer simulations. However, a separate study in [4] compared the predictions
of the rules in EN 1993-1-5 and ENV 1994-1-1 with test results for composite
girders. The comparison showed that the rules were conservative both for bending
and for shear. The results in Figure 7.5 can anyway be taken as a confirmation
that there is no need for considering interaction for smaller shear forces than half
the shear resistance.

1.4 VIV g 14 (V/Vigr —
1.2 i - J N S Y
1.0 : 1.0 f---dmmmmb-
i . S Y 0.8 _____i ':
0.6 F---4-- 0.6 r---- =i }-
1 ] 1
04 f---- 04 boooa—a
= L20R —8-120C ih m L20R
02 | & LSOR —a—L50C ---F-------- 0.2 | a L350R
e LIOOR —e—L100C l M/M ;p e LIOOR
0.0 : . : © 0.0 : :

00 02 04 06 08 10 12 14 00 02 04 06 08 1.0 12 14
a) b)

Figure 7.5: Interaction curves from computer simulations of bridge
girders [4]. a) panel length over web depth =1 and b) =2

A rule given in 7.1(2) of EN 1993-1-5 states that the interaction need not be
checked in cross-sections closer to an intermediate support than half the web
depth. This rule reduces the effect of interaction and it is based on engineering
judgement. The reasoning is that the buckles of the web have an extension along
the girder and that the state of stress close to a vertical stiffener is not relevant for
a buckling check. However, the resistance without reduction for buckling should
not be exceeded at the support. For girders with longitudinal stiffeners the rule in
7.1(2) may be a bit optimistic. Nothing is stated in the standard about how to
interpret the rule. It is here suggested that the rule is interpreted such that the cross
section for verifying the interaction is taken as that at a distance of half the depth
of the largest subpanel as that is governing the size of the buckles.

The presence of an axial force causes further interaction effects. It is taken into
account by reducing Mr and M, for the presence of the axial force.
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7.2 Interaction between transverse force, bending moment and
axial force

The patch loading resistance will be reduced if there are simultaneous bending
moment or axial force. There are two reasons for this interaction. One is that the
longitudinal stresses in the web interact with the vertical stresses due to the patch
load and the resistance of the flange to bending is reduced by the longitudinal
stresses from global bending. Another is that the curvature of the girder due to
bending induces vertical compression in the web, see Section 8, that add to the
stresses from the patch load. This problem has not been analysed in detail and
there are no theoretical models available. The influences have so far not been
separated and the interaction is accounted for by an empirical condition (7.7). It
follows that when the ratio M/Mpg < 0,5, the bending moment has no influence on
the patch load resistance, see Figure 7.6.
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Figure 7.6: Interaction between patch load and bending moment with
254 test results

B oM <14 (7.7)
FR MR

Mg is the applicable resistance to bending, which means the plastic resistance for
class 1 an 2, the elastic resistance for class 3 and the resistance of the effective
cross-section for class 4 sections. Fr is the patch loading resistance according to

Section 6. In addition to (7.7) the individual actions should not exceed My and
Fr, respectively.

Figure 7.6 shows also test results with different combinations of utilisation. The
test results are taken from [5]. The evaluation of them is new and it considers the
differences between the proposal in [5] and the final rules of EN 1993-1-5, see
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Section 6. It is a quite a large scatter, which mainly can be blamed on the estimate
of the resistance to patch load. There are several other proposals for this
interaction but the problem with the large scatter is not solved by any of them.

The presence of an axial force causes an additional interaction effect. As the
criterion is written in eq. (7.2) of EN 1993-1-5 in the second term 7; includes the
direct effect of the axial force. This rule is mainly based on judgement, as the
problem has not been investigated for girders.

The interaction with shear has been dealt with in some studies. It is usually
argued that all tests include at least a shear force equal to half the patch load.
Accordingly, the effect of that shear force is already included in the test result. A
few tests referred in [5] have been performed with high shear forces but they do
not show a significant influence. The conclusion in [5] was that the interaction
could be ignored. A recent study [6] on patch loading of girders with longitudinal
stiffeners reports one test with high shear. It shows a reduction of the resistance to
patch load of 20% compared to a corresponding girder with small shear.
Although the reduction is significant, the test result is still way above the
prediction of EN 1993-1-5. The problem has also been studied by computer
simulations for instance in [7]. The study indicates that there is an influence of
the shear force as well as the bending moment. Interaction formulae were
proposed but they used different reference resistances than EN 1993-1-5.

As indicated in Section 6, there is a need for improvement of the rules for patch
load resistance. This is also relevant for the question of interaction and further
studies are needed in order to separate different influences. However, according
to present results the rules of EN 1993-1-5 are safe and in some cases unduly
safe.
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8 Flange induced buckling ggj 1993-1-5,

René Maquoi, Department M&S, Université de Liege

(1) When an initially straight girder is bent, the curvature is the cause of
transverse compression forces, which are likely to produce web buckling;
after failure, the compression flange looks as having buckled into the web,
therefore the terminology of “flange induced buckling”.

(2) The criterion aimed at preventing flange induced buckling is established
based on the model of a symmetrical uniform I-section girder subjected to
pure bending, so that the loading results in a constant curvature. Because
this loading condition is the worst, the rules derived from this model are
conservative.

(3) The curvature of the bent girder is governed by the variation Ag; in the
strain occurring in the mid-plane of both flanges; it is measured by the
radius R =0,50h / Ag, (Figure 8.1). This expression is based on the

simplification that the flange thickness is disregarded with respect to the
web depth; thus the latter is taken as the distance between the centroids of
the flanges

(4) The limit state of the flanges is reached when the stress o, in both flanges

is equal to the material yield strength f; in all their fibres.

(5) A same residual strain pattern is assumed in both flanges, with a peak
tensile residual strain ¢, = 0.5¢, in the region adjacent to the web-to-flange

junction and lower compressive residual strains (in absolute value)
elsewhere.

Figure 8.1: Transverse compression in a deflected girder subjected
to pure bending
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(6)

(7

(®)

©)

The strain variation A, is the one required to get a complete yielding of the

compression flange, i.e. to reach there the yield strain in compression at the
vicinity of the web-to-flange junction. With due account of the residual
strain pattern, the required strain variation amounts

Ag; =g, +0.5e, =1.5f ; /E. Due to the symmetry supposed for the girder,
the same strain variation occurs in the tension flange and superimposes the

residual strain. That results in a fully yielded tension flange too; the
maximum resultant tensile strain is reached at the web-to-flange junction,

where it amounts to 2f ; /E, which is a still acceptable strain magnitude.

With reference to the deflected shape of the flanges, equilibrium of the latter
- considered as separate elements - requires that radial uniformly distributed
forces ot =1 A /R per unit length are applied by the web onto the
flanges of cross-sectional area 4;; with due account taken of the above
expressions of R and Ag,, one get:

2
c, = 3—Af° fi

A (8.1)

where A =h_t_ is the cross-sectional area of the web.
Uniform transverse compression in the web is induced by the reciprocal
transverse forces (—o,t ); web buckling is prevented by simply requiring

that the magnitude of the corresponding stress o, does not exceed the
elastic critical buckling stress, i.e.:

’E t )
o, S——| — (8.2)
12(1-v ) hy

Above condition of buckling prevention leads to :

h A A
s <0552 | o BT (8.3)
tw fyf Afc f Afc

where:

A, =h t  Cross-sectional area of the web;

w

A, Cross-sectional area of the compression flange, used as reference
flange;

Yield strength of the compression flange material;

k Factor amounting 0,55 (other values apply when substantially
larger strains are required in the flange: 0,40 corresponding to

Ag, =2.8f /E when plastic moment resistance is utilised and

0,30 corresponding to Ag; = 5f, /E when plastic rotation is

required).
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(10)

(an

When the girder is initially curved in elevation with a constant radius r in
the non loaded configuration, above expression is modified according to:

E |A
h fy‘ Afc
t v < K (8.4)
with :

r Radius of curvature of the compression flange in the web plane (r =
for an initially straight flange);

Above limitation does not account for the influence of longitudinal
stiffeners, so that it is especially conservative when such stiffeners are
located in the close vicinity of the compression flange.

In case of a composite compression flange it may have a substantial area
and also a substantial bending stiffness that prevents a very localized
buckling. In this case the transverse compression in the web will be
governed by the tensile force in the tension flange.

The derivation shown above will still be valid but with Ay taken as the
tension flange area.

This interpretation has been introduced in EN 1994-2 and is deemed to be
conservative.

The web may very well buckle from the transverse compression, but as soon
as the buckle grows the curvature of the bottom flange will reduce and the
transverse compression will decrease. It will be a self-stabilizing system that
is not likely to lead to collapse.
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9 Stiffeners and detailing ggl 1993-1-5,

Darko Beg, Faculty of Civil and Geodetic Engineering, University of Ljubljana

9.1 Introduction 5311 993-1-5,

In addition to the plate buckling rules given in Sections 4 to 7, longitudinal and
transverse stiffeners should fulfil the rules given in this Section.
Requirements are given in the following order:

- transverse and longitudinal stiffeners under the influence of direct stresses
from bending moments and axial forces in the plate girder;

- transverse and longitudinal stiffeners under the influence of shear forces in the
plate girder;

- transverse stiffeners under the influence of the transverse loading on the plate
girder.

To check specific requirements for stiffeners an equivalent cross-section
consisting of the gross cross-section of the stiffeners plus a contributing width of
the plate equal to 15¢ ¢ on each side of the stiffener may be used (Figure 9.1),

where ¢ is the plate thickness and € =, /235/ f, (fy in MPa). Contributing width of

plating 15¢ ¢ should be within the actual dimensions available and overlapping is
not permitted.

. 15t ., 15et . 15¢t ., 15t EN 1993-1-5,
“ i | ! o ‘ §9.3
. %/ 7 R 7
t Sl
\AS \ € max2

a) No overlapping in contributing plating

b/2 < 15¢t

\
i
|
LL a LL b LL a LL
a2 x15¢t

b) Overlapping of contributing plating
Figure 9.1: Effective cross-sections of stiffeners
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It is important to note that the contributing width of 15&f is used only for the
additional rules given in Section 9. When stiffeners are directly involved in the
plate buckling checks (Sections 4 to 7) effective widths for the adjacent plating

apply.

9.2 Direct stresses
9.2.1 Minimum requirements for transverse stiffeners

Transverse stiffeners should preferably provide a rigid support up to the ultimate
limit state for a plate with or without longitudinal stiffeners. They should be able
to carry deviation forces from the adjacent compressed panels and be designed for
both appropriate strength and stiffness.

In principle, based on the second order elastic analysis, the following criteria
should be satisfied:

- the maximum stress in the stiffener under design load should not exceed
N yur;

- the additional deflection should not exceed /300, therefore:

fi b

< , w<——, 9.1
" Y 300 ©-1)

where b is the plate width (see Figure 9.2).

Any other relevant load acting on the stiffener (axial force in the stiffener — e.g.
due to directly applied external force — or possible horizontal transverse loading
on the stiffener — e.g. due to in-plane curvature of the girder) should be included.
Also eccentricities of a stiffener should be accounted for in the presence of axial
forces in a stiffener.

adjacent transverse stiffeners

stiffener
to be checked

\
Figure 9.2: Static scheme for transverse stiffener
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The static scheme that should be used to check each individual transverse stiffener
is given in Figure 9.2. The transverse stiffener under consideration should be
treated as a simply supported beam fitted with an initial sinusoidal imperfection of
amplitude wy (Figure 9.2). The adjacent compressed panels and the longitudinal
stiffeners, if any, are considered to be simply supported at the transverse stiffener
and both adjacent transverse stiffeners are supposed to be straight and rigid.

In the most general case (Figure 9.3) a transverse stiffener may be loaded with:

- a transverse deviation force ¢4, originated from longitudinal compressive
force of the adjacent panels Ngy;

- an external transverse loading ¢z, in the horizontal direction;

- an axial force in the transverse stiffener Ny, g4, coming from vertical transverse
loading on the girder ;

- an axial force Ny n, originated from diagonal tension field, developed in shear
(see Eq. (9.48) and Figure 9.17).

f(X) = Wo(x) + W(x)

fo=wytw

9Ed q dev %
fo

Figure 9.3: General loading conditions for the transverse stiffener

To make the design of transverse stiffeners easier for typical cases the
requirements (9.1) can be transformed into a more suitable and explicit form. The
most unfavourable uniform distribution of the longitudinal compressive force Ng,
over the depth of the web will be considered and other distributions will be
discussed later.

The deviation force g4, can be expressed as:

G gy (X) = ]_Fo(x) il [i + ij z_-cm = (Wo (x)+ W(x)) O 9.2)

Ed
b al aZ cr,p

where:
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W, (x) = w, sin[%j,

where o... and o, are respectively the elastic critical column-like buckling
stress and the elastic critical plate-like buckling stress of the adjacent panels (see
4.3.1(5). The ratio o,../o.p 1s introduced into gg., to account for the influence of
plate type behaviour of the adjacent panels that reduce deviation forces.
According to 4.5.4(1) of EN 1993-1-5 the relevant values of the ratio o,../o.,, are
between 0,5 and 1,0. It is to be understood that the same limits apply to the
expression (9.2) although this is not explicitly said in the code. For panels with
large aspect ratios the ratio o../o.., can be very small, but the values below 0,5
are not reasonable because they lead to unacceptable reduction of the deviation
force gue.. As a conservative solution o.../0.,, may be taken as its maximum
value, i.e. 1,0.

When the compressive force Ng; is not constant over the depth of the panel, as it
is usually the case in plate girders, the resultant axial force relative to the part of
the panel in compression is relevant but it is taken as uniformly distributed over
the height of the panel (for the sake of simplicity and on the safe side). In order to
maintain the importance of requirements (9.1) for transverse stiffeners the
compressive force Ng; should not be taken less than the largest compressive stress
times half the effective” compression area of the panel including longitudinal
stiffeners. This limitation may be decisive for instance for symmetric plate girders
in pure bending. When the axial forces in adjacent panels differ, the larger of the
two is taken into consideration.

For the following three cases direct requirement will be derived from
requirements (9.1):

- stiffened panels loaded by longitudinal compression forces Ng; only;

- stiffened panels loaded by longitudinal compression forces Ng; and axial
forces in the transverse stiffener (N gs and/or Ny sen);

- general case.

Stiffened panels loaded by longitudinal compression forces Ngq only

When the transverse stiffener is loaded only by the deviation forces coming from
longitudinal compression force in the panels Ng; the requirements (9.1) are
presumably satisfied by providing the transverse stiffener with a minimum second
moment of inertia /;.

With Ng; uniformly distributed over the width of the panel and w,(x) taken as

sine function from Eq. (9.2), both the additional deflection w(x)and the deviation

force gq.v(x) have a sinusoidal shape too. By taking this into consideration, the
maximum stress o;,,. and the maximum additional deflection w can be calculated
as:
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M b’e b?
O.max — maxemax — qd@V,Oz max — (WO + W)zam emax (93)
]st T Ist T ]st
B qdev,ob4 ~(w, + w)o, b* B c..b’ 9.4)

- 2 - 2 )
7 El, 7kl n°Ee
where:

Mpax 1S maximum value of the bending moment in the stiffener caused by the
deviation force;

emax 18 the distance from the extreme fibre of the stiffener to the centroid of the
stiffener;

Qdevo =(Wotw)oy, 1s the amplitude of the deviation force gge.(x).

Introducing (9.4) into (9.3) results in a relation between [, and Gyygy:

4 2
o (b 7 Ee
I =—2—1|1+w ——m= 9.5
st E (ﬂ'j ( 0 bzo_max J ( )
With due account taken of (9.4), [; can be expressed in terms of w:
4
gfzfi(éi (L+3h]. (9.6)
E\n w

To get minimum allowable values for I, maximum allowable values of
Omax=1/ym1 and w=b/300 are introduced in (9.5) and (9.6), respectively. Because
of (9.4) expressions (9.5) and (9.6) can be then merged into:

o (b)Y 300
I >2m 2 [ 14w 22 9.7
(2] (1em30) o

where:

ﬂ-zEemax]/Ml >
b300f,

When u is less than 1,0 a displacement check is decisive and u is taken as 1,0 in
(9.7), otherwise a strength check is governing.

Stiffened panels loaded by longitudinal compression forces Ngg and axial forces
in the transverse stiffener Nggq (Nst and/or Nt ten)

When in addition to the deviation forces the transverse stiffener is loaded by an
external axial force, then the deviation force is transformed into an additional
axial force ANy, g4 in the stiffener:

2
o,b
72_2

AN, py =

N

(9.8)

107

EN 1993-1-5,
§9.2.1(5)

EN 1993-1-5,
§9.2.1(6)




Commentary to EN 1993-1-5

First edition 2007

lJNst,Ed (effect of dewiation force)

l Ia,Ea(axmial load on the stiffener)

Figure 9.4: Simplified analysis of the axially loaded transverse
stiffener

For this case the mechanical model is shown in Figure 9.3 (excluding gz,). The
stiffener is loaded with a deviation force originated from longitudinal compression
in the panels (Ng;) and axial force Ny, g4 in the stiffener, resulting from the tension
field action (N n — see 9.3.3) and/or from the external loading. The force Ny, g4 is
in most cases not constant and it is a conservative assumption to regard it as
constant. For a concentrated force F introduced at one flange only the resulting
axial force Ny, zq may be taken as an equivalent constant axial force of a reduced
magnitude 0,6F.

Equilibrium differential equation of the stiffener can be written for Ny g4 being a
constant or an equivalent constant as:

Elstw’xxxx +Nvt,Ed (WO XX +W’xx ) = qdev (x) = O-m (WO + W) (99)
or:
_ _ _ _ _ N, o
W, o'W, —aw=a'w, - o'W, , o =—2L g’=— (9.10)
EI, EI,

The sine function:
= wsin 2> (9.11)

automatically fulfils all static and kinematic boundary conditions and can be taken
as a suitable solution of (9.10). A free constant w is easily obtained from (9.10):

o +al
w=— > w, =Kw, (9.12)
LAY
b* b’

Constant K can be rewritten as follows:
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2
K = ﬁﬂ— (9.13)
2
b4
where:
, o, b’
IB = W (Nvt,Ed + AN?I,Ed) a'nd AN?I,Ed = 7 (9 14)

By introducing:
Ny pa = Nypa + ANst,Ed (9.15)

S

and the Euler buckling load of a stiffener:

7’El,
erst T3 ‘ (9.16)
the amplitudes of both the additional deflection w and the total deflection f are:
w=w, _ (9.17)
cr,st 1
ZNS‘I,Ed
f=w +w—w; (9.18)
’ ’ 1_ ZN&‘I,Ed .
N,

cr,st

Comparing (9.17) and (9.18) to the standard solution for the compressed
imperfect bar, it is evident that the deviation force ¢4, coming from longitudinal
compression in the web panels (Ngq) can be replaced by the additional axial force
ANy pa= Gmbz/ﬂ'z in the stiffener. ANy ;s is a small fraction of a longitudinal
compression force Ng, in the plate panels. This solution is very simple and easy to
apply. When the distribution of the longitudinal compression stresses is not
constant (i.e. web panel of a girder under bending moment), the results are on the
safe side.

Both stiffness and strength requirements (see (9.1)) may be checked according to
the following procedure that takes second order effects into account:

w=w, L b (9.19)
cr,st _1 300
Z:]vsz‘,Ed
N 2N e N N e ,
O-max — st,Ed + st,Ed “max f: st,Ed + st,Ed ™~ max WO 1 < f:‘ (920)
Ast ]st Ast 1 Z:]\']st,Ed }/Ml

st 1_
N

cr,st

Note that only the axial force Ny z; needs to be considered in the first term of
(9.20). Rather than being a real axial force, ANy g4 is simply equivalent (for what
regards its effects) to the deviation force ¢4.,. For the case Ny g; = 0, expressions
(9.19) and (9.20) reduce to (9.7). Requirements (9.19) and (9.20) are valid only
for double sided stiffeners.
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For single sided transverse stiffeners the mechanical model is shown in Figure
9.5. The equilibrium equation (9.10) is still valid; only the boundary conditions
change due to end moments Mgx = Ngga €0, Where ¢, is the eccentricity of the
centroid of single sided stiffener relative to the mid-plane of the web. With new
boundary conditions the solution of (9.10) becomes much more complicated than
the solution given by (9.17) and is not suitable for practical use. To overcome this
problem, a simplified approach may be used, based on the expression for
maximum displacements and stresses at mid height of double sided stiffeners
(9.19) and (9.20).

l Nst,Ei

4 *

W) <\ :

(=)

15:t
gt

>

| N: <y} =
e TNst,Ed \

En, W |W ,\—"
f

Figure 9.5: The mechanical model of a single sided stiffener

/),

[
"]

Z———7

It is considered that Ny g is related to the maximum eccentricity e, + w, and
ANy, gq from deviation force only to w,. In this case expression (9.20) rewrites as
follows:

Noyr e 1 1
— st, + max ZN . +N —_ 921
O nax } 3 st,Ed Mo o N, 1 st,Ed €0 o N, ( )
Ncr,st Ncr,st
and after rearranging:
N. N .e W ,
O_max — st,Ed + st,Ed“~max "' 0 X 1 (1+qm) < ﬁ (922)
Ast Ist 1 _ ZN”aEd 7M1
Ncr,st
where:
g = Ny ra €
"IN st,Ed Wo
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If the same amplification factor (/+g¢,,) is applied to the displacements, equation
(9.19) rewrites as follows:

1 b
w=wy————(+gq,) < — (9.23)
N m
oot 300
Z:]Vst,Ed

Expressions (9.21) and (9.22) were tested against the solution of the equilibrium
equation (9.10). Based on an extensive parametric study it was found (Beg and
Dujc [1]), that safe and very accurate results are obtained, when ¢, is multiplied
by a factor 1,11 in (9.22) and by a factor 1,25 in (9.23). This means that single
sided transverse stiffeners may be checked to fulfil the requirements (9.1) with the
following simplified expressions:

o = Due PNolpeo L gy < Le (9.24)
’ Asz Ist 1— ZNShEd ' Vv
Ncr,st
w=wO;(l+l,25q ) < b (9.25)
Now " 7300
ENst,Ed

For single sided stiffeners e, has to be understood as the distance from the web
surface (opposite to the stiffener) to the stiffener centroid, if this distance is
smaller than e,,,. This is due to the fact that the most unfavourable situation is
present when the initial bow imperfection w, extends to the stiffener side of the
web. In this case compression stresses from the axial force and from bending sum
up at the web side of the stiffener.

General case

In the most general case, where besides deviation forces gq, also transverse
loading ¢z, and axial force Ny, g4 act on the stiffener, the deviation force g, shall
be calculated explicitly and then used in the analysis of the stiffener. The
numerical models for double and single sided stiffeners are shown in Figure 9.6a
and b, respectively. The deviation force gq., depends on the additional deflection
w(x) that itself depends on the loads Ngy, Ny k4, qea acting on the stiffener. For this
reason an iterative procedure is required to calculate g e,.

Due to the sinusoidal shape of the initial imperfections and assuming similarly a
sinusoidal shape for the transverse loading gz; (for the sake of simplicity), the
deviation force ¢ ., writes:

4er(X) = 7, (W, + w)sin (%j (9.26)

where w is the additional deflection due to a deviation force that needs to be
determined iteratively (effects of the second order theory) or conservatively be
taken as the maximum additional deflection w = 5/300. With this simplification,
the iterative procedure is avoided, but certainly a displacement check has to be
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performed to make certain that w(que,, ges Nyrs) < b/300. In most cases this
simplification does not result in a significant increase in the stiffener cross-
sectional size.

Instead of the sinusoidal deviation force, EN 1993-1-5 proposes an equivalent
uniformly distributed deviation force that causes the same maximum bending
moment in the stiffener:

qdev,eq = %Gm (WO + W) (927)

Actually, theoretically correct transformation parameter is 8/ 7" instead of 7 /4,
but the difference is only 3%.

In the presence of axial force Ny, s the second order analysis should be performed
even if w is taken as b/300.

- -
I . "] I "] .
| | | | l— 1
| ] l— | e [r—
I I
| - — | - -
| M - | | |
| — — | ] ppe]
| |
| ] " | — ]
| - New -
W Wi q.t‘;d qﬁi — F qmll;d. qu
—HF—
a) Double sided stiffener b) Single sided stiffener

Figure 9.6: Transverse stiffener under general loading conditions

This general approach is easily applicable to the first two cases where only
longitudinal axial force in the adjacent panels (first case) and in addition axial
force in the stiffeners (second case) are present. For the first case for instance
Gdev,eq may be calculated from (9.22) by taking w = 5/300. From the corresponding
bending moments and deflections requirements (9.1) may be checked.

Torsional buckling of stiffeners

When loaded axially, the torsional buckling of transverse stiffeners shall be
avoided. Unless more sophisticated analysis is carried out, the following criteria
should be satisfied:

c, >0f, (9.28)

where:

o 1s the elastic critical stress for torsional buckling;
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6 is a parameter to ensure class 3 behaviour.

For open cross-section stiffeners having a small warping resistance (e.g. flat or
bulb stiffeners) =2 is adopted and (9.28) can be rewritten using standard
solution for o,

o, =Gl Lt L,y f, (9.29)
I, 2(1+v)1,

Ly 5,2£ (9.30)

1, E

In EN 1993-1-5, condition (9.28) is presented in the form of (9.30) with the
constant 5,3 instead of 5,2, where:

I, 1is the polar second moment of area of the stiffener alone around the edge

fixed to the plate (see Figure 9.7);

I; 1is the St. Venant torsional constant of the stiffener alone.

1 I — bzttst tStbst ~ bzttst
™ P 3 12 3
I — bsttzt
‘ 3

I_t_(tst Jz 531,
I, b, E

be T by . [ E _[130(5235)
t, \53f, [10,5(S355)

Figure 9.7: Preventing torsional buckling of flat stiffeners

Stiffeners exhibiting a significant warping stiffness (e.g. T, L sections and
especially closed section stiffeners) should either fulfil the conservative
requirement (9.30) or the basic requirement (9.28) where 6 =6 is recommended.
The critical stress for the torsional buckling does not include rotational restraint
provided by the plating, but includes the warping stiffness of the stiffener.

6 = 2 corresponds to the plateau of the buckling reduction function up to the
relative slenderness 0,7. For flat stiffeners this long plateau, typical for local
buckling, can be justified by the fact that torsional buckling of flat stiffeners is
very similar to its local buckling. It gives similar criteria as for Class 3 cross
sections. @ = 6 corresponds to the plateau length of 0,4 , similar to that of lateral-
torsional buckling of members (in buildings) with end restraints the influence of
which is not explicitly accounted for in the determination of the elastic critical
moment.. For the open cross sections with significant warping resistance it is very
unlikely that the requirement (9.30) will be fulfilled, unless the cross section is
very stocky (b/t of single plate elements less than 9 in the most favourable case)
and Saint-Venant torsion becomes important.

o of open cross-sections with warping resistance may be calculated with the well
known expression:
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GC‘V ]

P

2
! [”ﬁlw(ﬂt} 9.31)

For rather long stiffeners o, calculated according to equation (9.31) also does not
guarantee fulfilment of the requirement (9.30), because the contribution from the
warping stiffness becomes very small and the contribution of Saint Venant torsion
is anyway small.

The possible solution would be to include the plating as a continuous torsional
elastic support and treat the stiffener as a compression element attached to this
continuous elastic support characterized by the rotational stiffness ¢y (see Figure
9.8). A similar approach has been used for the determination of the critical
buckling stress of plates stiffened by one or two stiffeners (EN 1993-1-5, A.2.2).

'_
o)
'_
o
—-r--—t
l_

Figure 9.8: Stiffener and plating

An equilibrium differential equation for one of such stiffeners can be written as
follows (for elastic material and perfect geometry):

EIO" +(Ni’ —=GI,)0" =m, =—c,0 (9.32)
or:
0" + 0’0" +a’0=0 (9.33)

where:
o torsional rotation;

I,  warping cross-section constant;
N  compression axial force in the stiffener;
ip  polar radius of gyration;
, Nip,—GI,
EI

w
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cg  elastic restraint constant.

C
2
a [

CEI

The equation (9.33) can be easily solved by choosing the following expression for
the torsional rotation is chosen:

. mmX
0= Asin

(9.34)

where m is an arbitrary integer and x is a longitudinal coordinate of the stiffener.
Then the critical compression stress o, = N./Ay is obtained in the following
form:

2
m'rw® ¢yl

& ’ m’r’

o, = ]i (EI, +GI) (9.35)

P

From the first derivative of o, (in respect to m) set to zero, a condition for the
minimum value of o, is derived:

m’r’ Cy
—= | 9.36
I El, ©-36)

By inserting (9.36) into (9.35) a minimum value of o, is obtained:
1
Corriv = 1—(2\/cgEIW +Gl,) (9.37)
p

that is valid for long stiffeners, where m > 2. From (9.36) with m = 1 [, writes:

[, = 72'4/EIW (9.38)
Co

For stiffeners longer than /.. equation (9.37) applies and for shorter ones equation
(9.35) with m = 1 does.

As expected the expression (9.37) is not more dependant on the length of the
stiffener / and gives more favourable results than the solution without continuous
restraint (expression (9.31)).

For the stiffened plate on Figure 9.8 the elastic restraint constant cyis given as:

_ 4El , _ E_ﬁ
b 3b

For longitudinal stiffeners the effects of the plating can be affected by longitudinal

compression stresses in the plate and the elastic restraint constant ¢y should then
be reduced accordingly. A reduction by a factor 3 seems to be adequate.

(9.39)

Co

9.2.2 Minimum requirements for longitudinal stiffeners

No additional strength checks are needed because the strength checks of
longitudinal stiffeners under direct stresses are included in the design rules for
stiffened plates (EN 1993-1-5, Sections 4.5.3 to 4.6).
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Requirement (9.28) for preventing torsional buckling also applies to longitudinal
stiffeners.

The following limitations should be considered when discontinuous stiffeners do
not pass through openings made in transverse stiffeners or are not connected to
both sides of the transverse stiffeners:

to be used only for webs (i.e. not allowed in flanges);

- to be neglected in global analysis;

- to be neglected in the calculation of stresses,

- to be considered in the calculation of the effective” widths of sub-panels;
- to be considered in the calculation of the critical stresses.

In other words, discontinuous stiffeners should be taken into account only to
increase bending stiffness of the stiffened plates and in the calculation of effective
widths of sub-panels, but should be excluded from transferring forces from one
stiffened panel to another.

It is important that discontinuous stiffeners terminate sufficiently close to the
transverse stiffeners to avoid undesirable local failure modes in the plating
(Figure 9.9).

iTransverse stiffener iTransverse stiffener

Longitudinal stiffener Longitudinal stiffener
— — o —
a HéHﬁ a<3t t plastic hinge

N

a) Appropriate detail b) Unappropriate detail

Figure 9.9: Discontinuity of longitudinal stiffener

9.2.3 Splices of plates EN 1993-1-5,
§9.2.3
When due to design considerations the plate thickness is changed, the transverse

welded splice should be sufficiently close to the transverse stiffener so that the
effects of eccentricity and welding deformations may be disregarded in the
analysis. Therefore the distance a of the weld splice from a transverse stiffener
should fulfil the requirement given in Figure 9.10. If this condition is not satisfied,
detailed account of eccentricity should be taken in the design.
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Transverse splice of a plate

i Transverse stiffener ; ) ‘b0 1

. b ;= min b
Transverse splice of a plate ( < o o

} a T > 5 b03

a< min%i 4ay

Figure 9.10: Splice of plates

9.2.4 Cut-outs in stiffeners

Cut-outs should be limited in length and depth to prevent plate buckling (Figure
9.11) and to control the net section resistance. In 1971 the well known Koblenz
bridge collapsed during the construction due to a very long cut out in the
longitudinal stiffeners of the bottom flange of the box girder.

pzzzzzzz22z2222)

Ih!
~ VvV Z 2

= = =
S~ —

{1

Figure 9.11: Plate buckling at too large cut-out

Detailed rules are given in EN 1993-1-5, Section 9.2.4.

9.3 Shear stresses
9.3.1 Rigid end post

Besides acting as a bearing stiffener resisting the reaction force at the support, a
rigid end post should be able to provide adequate anchorage for the longitudinal
component of the membrane tension stresses in the web. Anchorage may be
provided in different ways, as shown in Figure 9.12. A short I-beam can be
formed at the end of the plate girder by providing two double-sided stiffeners or
by inserting a hot-rolled section. This short beam resists longitudinal membrane
stresses by its bending strength (Figure 9.12a). The other possibility is to limit the
length g of the last panel, so that the panel resists shear loading for the non-rigid
end post conditions (Figure 9.12b).
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Figure 9.12: End post details

To assure adequate stiffness the centre to centre distance between the stiffeners
should be:

e>0,1h (9.40)

The required cross-section 4, of one flange of the short beam is determined from
bending demands. Hoglund (see 5.4 [3]) showed that the horizontal component of
the tension membrane stresses o in the web (see Figure 9.12) for larger
slenderness parameters /Tw (i.e. the range where post buckling behaviour is

important) can be approximated as:

%— 0;3 (9.41)
¥ W
\ + 44y e -— [ =
s gs i =
9 % —
§§ O =]
s hy o ¢ On i Oh. eq
i i
. b I
] T <_‘ | | <_‘ | LS
TR R R

Figure 9.13: Loads on the end post

By inserting (5.15) into (9.41), the upper bound of the horizontal load ¢, = ot
acting on the short beam is obtained as:
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ek t
qh=16,1fy h‘/is49 hfy (.

w w

wix ©9,34, £=1,0) (9.42)

Because in reality ¢, varies along the depth of the girder and because the
theoretical value of oy, (see (9.41)) is somewhat larger than characteristic values
used for design purposes, a smaller equivalent uniformly distributed load gj ¢, 1s
chosen in EN 1993-1-5:

t2
Gpog =32 fy (9.43)
. 3
With:
qh eqhi
M,y = '8 ) W=4e (9.44)
and:
M, 4t2fyh‘i<f (9.45)
O,y = = < .
e w h,Ade 7
a requirement for 4, is reached:
2
4, >3t (9.46)
e

The other flange of a short beam with a cross-section 4, should be checked also as
a bearing stiffener to carry reaction force R.

9.3.2 Non-rigid end post

When design criteria presented in Section 9.3.1 are not fulfilled, the end posts
shall be considered as non-rigid. The reduced shear resistance of the end panels
shall be calculated accordingly.

Examples of non-rigid end posts are shown in Figure 9.14.

———

L holted connection
e — M
L H I

a) b} c)

Figure 9.14: Non-rigid end posts
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In case a) in Figure 9.14 the stiffener — that should be double-sided — acts as a
bearing stiffener.

9.3.3 Intermediate transverse stiffeners

Intermediate transverse stiffeners that act as a rigid support at the boundary of
inner web panels shall be checked for strength and stiffness. If the relevant
requirements are not met, transverse stiffeners are considered flexible. Their
actual stiffness may be considered in the calculation of the shear buckling
coefficient k. Annex A.3 of EN 1993-1-5 does not give information for such
cases and appropriate design charts or FE eigenvalue analysis has to be used.

Adequate stiffness for an intermediate transverse stiffener being considered rigid
1s:

I,>1,50¢]a*>  for alh, <2

(9.47)
1,>0,75h 1 for alh,>2

Requirements (9.47) assure that at the ultimate shear resistance the lateral
deflection of intermediate stiffeners remains small compared with that of the web.
They were derived from linear elastic buckling theory but the minimum stiffness
was increased from 3 (for long panels) to 10 times (for short panels) to take
account of post-buckling behaviour [2]. These requirements are relatively easy to
meet and do not impose very strong stiffeners.

The strength is checked for the axial force Ngtten coming from the tension field
action in the two adjacent panels (Figure 9.15).

S P
Nitten
N N

\ |

{

Figure 9.15: Axial force in the intermediate transverse stiffeners

A simplified procedure for the determination of Ny, is implemented into
EN 1993-1-5, Section 9.3.3. The axial force in the stiffener Ny ., is taken as the
difference between the shear force Vg, in the panels and the elastic critical shear
force carried by the tension field action.

N :VE __Lz.t.hw&

s on 9.48
VAN o
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[Veal WV

Figure 9.16: Shear force Vg4 (intermediate transverse stiffener)

It was shown [3, 4] that axial force Ny, ., calculated from equation (9.48) is larger
than the actual force induced in the transverse stiffeners, measured in the tests or
calculated in numerical simulations. A reduced (“average”) shear force Vz; may
be taken at the distance 0,54,, from the edge of the panel with the largest shear
force (see Figure 9.16).

If N .n 18 negative, it is taken as 0. Ny, should be accounted for when satisfying
the minimum requirements (9.1) for transverse stiffeners.

Intermediate stiffeners should be checked against buckling in the same way as
bearing stiffeners (see Section 9.4 in EN 1993-1-5). If necessary, the axial force
Nsen should be considered when checking transverse stiffeners to resist the
deviation forces due to compression in the web (see 9.2.1).

9.3.4 Longitudinal stiffeners

No direct strength check is required for the longitudinal stiffeners located in the
panels loaded in shear. Their stiffness is taken into consideration in the calculation
of k. and results in a higher shear resistance. When longitudinal stiffeners are also
under the influence of direct stresses, all the necessary checks should be
performed (see 9.2). When the web panel is loaded in shear, the influence of
longitudinal stiffeners on the design of transverse stiffeners is small and is not
included in the design rules for transverse stiffeners given in 9.3.1 to 9.3.3.

9.3.5 Welds
Web to flange welds should normally be designed for the average shear flow vg,

= Vga/hyw. When the contribution of flanges to the shear resistance is present,
welds should be stronger (full shear plastic strength of the web):

Vi :% when Vg < 2.0t \/g/w
w M1
(9.49)
S S
Vid :ﬂ'tﬁ when VEd >thwtﬁ
M1 M1

The second requirement of (9.49) can be relaxed when the state of stress is
investigated in detail.
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9.4 Transverse loads

When concentrated loads act on one flange of a girder the resistance to patch
loading shall be verified (see Section 6). A transverse stiffener shall be provided
at the location of concentrated loads if patch loading resistance is exceeded. The
out-of-plane buckling resistance of such stiffeners should be checked as shown in
Figure 9.17. Due to non-uniform distribution of the axial force along the stiffener,
the equivalent buckling length may be taken as 0,75k, if the axial force is
considered constant at its maximum value.

cross-section: Fig. 9.1
1j=0,75h, buckling curve c:
0.75h ' (EN 1993-1-1 6.3.3, 6.3.4)

\
t R R X lateral support

Figure 9.17: Buckling check of transverse stiffener under transverse
loading

A longer buckling length /, should be used for conditions that provide less
restraint, i.e. a girder end with an unbraced top flange, top flange braced laterally
at some distance from stiffener location or a concentrated load acting at both ends
of a stiffener. If stiffeners have cut-outs at the loaded end, their cross-sectional
resistance should be checked at that end.

Any eccentricity coming either from one-sided stiffener or from asymmetric
stiffener should be accounted for in accordance with 6.3.3 and 6.3.4 of
EN 1993-1-1.
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10 The reduced stress method EN 1993-1-5,
§101
Gerhard Sedlacek, Christian Miiller, Lehrstuhl fiir Stahlbau und Leichmetallbau, Annex B
RWTH Aachen

10.1 Basic procedure

(1) The basis of the reduced stress method is the design load Fgq4, for which the
amplification factor o, is needed to reach the characteristic value of the
ultimate resistance Fry.

(2) This amplification factor is obtained from:
Oy = P Otk (10.1)

where ok 1S the minimum load amplifier to reach the characteristic value
of resistance without taking into account the out-of-plane
instability;

p s the plate buckling reduction factor depending on the plate
slenderness A to take account of out-of-plane buckling.

(3) The verification reads:

F F

B Tm o (10.2)
Frq O i1 Fra

pi
Ywmi

or:

(04

P Pk g (10.3)
Ymi

(4) The plate bucking reduction factor is obtained in the following way:

a) From ok, which may be obtained from the Mises criterion:

2 2 2
21 — (Gx,Ed J + [Gz,Ed ] _ (Gx,Ed J(Gz,Ed J + 3(TL(1J (104)
ek f, f, f, f, fy

and from o.ir, which is the minimum amplifier for the design loads to
reach the elastic critical load F; of the plate, the slenderness rate:

— F o
pR il VR LTS (10.5)
Fcrit acrit

is determined.
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b) The relevant plate buckling reduction factor p may be obtained as:

~ either pyin as the the minimum of pex, Pez OF Yy

where pcx is the plate buckling factor for hy taking account of the
interaction between plate like behaviour and column like
behaviour in the direction of oy;

pe; 1s the plate buckling factor for hy taking account of the
interaction between plate like behaviour and column like
behaviour in the direction of 6

¥v 1s the plate buckling factor for A for shear stresses.

Where the Mises criterion is used for ok, this procedure would lead
to the verification formula:

2 2 2
Gy Ed + O, kd | Oxga G Ed +3 TEd < plzmn (10.6)
fy am fy 'Y fy /Y fy /Y fy !

- or by an appropriate interpolation between pey, pcz and yy.

Where the Mises criterion is used for the interpolation, this would
lead to:

Gx,Ed
pcxfy /YMI

)

(6)

(7

2 2 2
T 2 A Onra |3 Te | <1 (107)
pczfy /YMl pcxfy /YMl pczfy /YMI vay /YMI

The interaction between plate like behaviour and column like behaviour can
be performed for both the directions x and z in the following way:

P =Py — %) & 2-8) + 10 (10.8)
P, =Py 1.8, 2-8,)+ %, (10.9)
o .
where £ =—"——1 but 0<§& <1
c,crit,x
g o=-Jeit | put 0<E, <1
ac,crit,z
O iy 18 the amplifier for column like buckling of the plate in

direction X;

o is the amplifier for column like buckling of the plate in

¢,crit,z

direction z.

The values a_ ., can be determined for the design load Fgq by using a plate

c,crit
model with free edges along the directions x and z. In case of multiple plate
fields continuous over transverse stiffeners point supports at the edges can
be provided where transverse stiffeners are connected.

Figure 10.1 shows the interaction between plate-like and column-like
behaviour.
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///
// % 7

£=0 E-1

(xcrit < 1 (x‘crit :1 1 < (xcrit < 2 crit — 2 (xcrit > 2
o o

crit,c a crit,c crit,c

Figure 10.1: Interaction between plate like and column like behaviour

10.2 Modification of plate buckling curves
(1) In order to simplify the choice of the relevant plate buckling curve p, or

the various analytical expressions given in EN 1993-1-5, see Table 10.1, can
be harmonised.

Table 10.1: Plate buckling curves acc. to EN 1993-1-5

Plate buckling for ogqg
R R R
A —0,055(3+y) L —0,188
p= = p=—=—
A A
Shear buckling for tggq
stiff end stiffeners flexible end stiffeners
A <0,83/m Aw =M Xw =T
0,83/n<A<1,08 Yy =0,83/ A %, =0,83/ A
x>1,08 %y =137/(0.7+ %) 1. =083/ A
1,0<n<12

(2) This harmonisation follows the way how the column buckling curves have
been derived, see Table 10.2.
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Table 10.2: Derivation of plate buckling curve acc. to EN 1993-1-5,

Annex B
Column bucking curve Plate buckling curve
Ayrton-
_2 f— — —_— f— f—
Perl‘y (l—xc)(l_x‘:;\;c):ac (Kc—Kco)Xc (l_pp)(l_ppkp):ap (}\‘P_kpo)pp
approach
1 1
X Xc = — pp = —
Reduction CDC+1/CDf—7uc O +1lCD§ -Ap
factor 1 o s 1 o _ _
with @, =5(1+ac(xc T 7| with @, - E(H ) (i — o)+ 70 )
(3) The values for a, and Xpo proposed in EN 1993-1-5, Annex B are given in

Table 10.3.

Table 10.3: o, and Xpo for plate buckling curve acc. to EN 1993-1-5,

4

are welded, where a, =034 and Xpo =0,8 (curve b).

)

Annex B
Product predomlilna;lc‘;:uckhng a, }_\4])0
direct stress for v > 0 0,70
hot rolled | direct stress for y <0 0,13
shear (curve ag) | 0,80
transverse stress
welded direct stress for y >0 0,70
and cold | direct stress for y <0 0,34
formed | shear (curve b) | 0,80
transverse stress

Best fit for plate buckling for E4(ox, G5, T) is reached for plated girders that

In the following justifications for using this modified unique plate buckling

curve are presented.
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10.3 Justification of the procedure
10.3.1 Stiffened panels with a stress field oy gq

(1) For a panel with longitudinal stiffeners and a stress field Eq = ox gq as given
in Figure 10.2 a comparison between the plate buckling curve and test
results shows the conservatism of the procedure.

I I
plate buckling curve a0 acc. to annex B

plate buckling curve b acc. to Annex B

------ Karman

e ® symmetr. stiffeners, plate buckling of stiffened plate [
\ o
0,8 L

plate buckling curve b

— 06+

02+

0 05 1 1,5 2 2,5 3
ALl

Figure 10.2: Panel with longitudinal stiffeners

(2) For that case the different eigenmodes for o (plate-like behaviour) and
Olrite (column-like behaviour) may be taken from Figure 10.3.

a) Plate-like behaviour b) Column-like behaviour

Figure 10.3: Plate like and column like behaviour
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10.3.2 Unstiffened and stiffened panels with stress fields 6y g4, 024 and tgq

(1) For test beams as shown in Figure 10.4 various test results are compared

with the plate buckling curves.

0,8 q

plate buckling curve b

— — — Karman

Okumura/Nishino
Fuijii

Fujii/fOkumura
Sakai/Fujii ...
Johansson
Rockey/Skaloud
Rockey/Skaloud
Evans/Tang

+XemepoOoOD

plate buckling curve a0 acc. to Annex B
plate buckling curve b acc. to Annex B

Narayanan/Adorisio

Basler/Yen/Mller/Thiirlimann

A

4
, o8
% e
R 14
e S

AT

\§

02 —

A5
ALl

Figure 10.4: Plate buckling under shear stresses and longitudinal

stresses

2

k|
I
i
|
I

dl
A
!
I
1

I
I
[
|

Al .JII
LT

stiff end stiffeners stlff end stiffeners ‘together
with transverse stiffeners

Figure 10.5: Eigenmodes under shear stresses and longitudinal

stresses
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The eigenmodes for stiff end stiffeners, stiff end stiffeners together with
transverse stiffeners and flexible end stiffeners are given Figure 10.5.
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(3) Table 10.4 gives the yym-values determined from the test evaluation.

Table 10.4: Safety evaluation for buckling under shear stresses and
longitudinal stresses

Input data

vit = 0,08 (geometry and yield strength)
viy, = 0,07 (yield strength)

Results
Standardnormal distribution log-normal distribution
3 f 3
5, g 2
2 t
g 14 S 1
: E
%o ‘ ‘ 2 0
2 oo / 514 19 24| & 2 0,2 0j4 0,6 08
» ]
5 -1 o—C 2 -14
§ 2 é /
(<]
-3 3
relry Inro/r
b =1,141 s5 = 0,088 b =1,154 s5=0,101
vs = 0,0769 (model) vr = 0,1110 (total) vs = 0,0875 (model) vr = 0,0,1185 (total)
w=1234 | Ak=0918 | yv' =1,133 | yu=1180 | Ak=0918 | yu =1,084

10.3.3 Unstiffened panels with stress fields from patch loading

(1) For patch loading situations as given in Figure 10.6 the comparison between
the plate buckling curve and test results may be taken from Figure 10.7.

G

T i

vt 2 ]

PVos Jhw "

= Fr e

' a

a) Single sided patch

loading

Figure 10.6: Patch loading for different loading situations

b) Double sided
patch loading

T

¢) Single sided
patch loading at
beam end
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[m]
\\ o O plate buckling curve a0 acc. to Annex B
\\ [e] plate buckling curve b acc. to annex B
N o ] e plate bucling curve acc. to section 6 of EN 1993-1-5
; ‘oo — — — Karman L
A casea)
O caseb)
O casec
08 + B
plate buckling curvi
Z o6
= ~.0
ANEGUE - o
e
041 9™-2___ o
\l/ \l/ N&
02+ case b) |[ case a) casec))| | el
0 T t t
0 0,5 1 1,5 2 25 3

AL

Figure 10.7: Plate buckling under patch loading for cases a), b) and c)

)

of Figure 10.6

ym-factors for these cases are given in Table 10.5.

Table 10.5: Safety evaluation for buckling under patch loading

Input values

vyt = 0,08 (geometry und yield strength)

viy, = 0,07 (yield strength)

Results
Standardnormal distribution log-normal distribution
2 © 2 ©
g 1,5 / ) ° > +5 /0 °
g ’ 3 1 °
z 5
E 051 3 05 |
£ £
¥ o § : : 2 0 : :
2 0|9 11 1 1,5 1,7 19 3’ -0,2 0 0,4 0,6 0/8
% 0,5 j g -0,5 4
g -14 % 1 S
§ 1,5 ° 5 1,5 °
2 o Q2
relr, In ro/r;
Common evaluation of the tests for three type of patch loading
b =1,298 s5= 0,157 b =1,305 s5=0,168
vs = 0,1201 (model) vg = 0,1451 (total) vs = 0,1291 (model) vg = 0,1519 (total)
v = 1,363 Ak=0856 | vy =1167 | yu=1235 Ak =0,861 | ym =1,064
(3) To check the situation for slender beams with great depths not included in

the tests Figure 10.8 gives a comparison between the results of a FEM-
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analysis using geometrical and material non linearities and imperfections
and the use of the reduced stress method.

1,4 ‘
> ——Karman
a .
12 - - - X (section 5; n=1) i
’ ——p (section 4; g =1)
—p (Annex B; a.p = 0.34, A.p0 = 0.8)
1,0 @ o.ult,k from load-deflection curve [j
O o.ultk restricted to first yielding
0,8 - |
’ O0——5s,=500
0,6 — lP S ®
oo \ $s=1500
lateral support \‘Lik
02 - e s=3000 |
0,0 T T — T
0,0 0,5 1,0 1,5 2,0 2,5 CiO
A

Figure 10.8: Patch loading of slender webs

10.3.4 Stiffened panels with stress field from patch loading

(1)  For the situation given in Figure 10.9 a comparison between the results from
a FEM-analysis using geometrical and material non linearities and
imperfections and the use of the reduced stress method are shown in Figure

10.10.
h, 41000+
h, = 3000 lateral support

(hinged)

Pas 79
e 4000 -

Figure 10.9: Patch loading situation of a stiffened plate
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Fu [KN]

10.3.5 Unstiffened panels with stress field for patch loading, bending and

(1

0.8 +

= 06

0,4

0,2 ¢

Stiffener 300 x 30 mm
a =4000 mm
9.000
8.000 y
4,\

6.000 o
5000 ¢ - " """ o= == oo S o= - u . .
4.000
3.000 1 —e—FEM including initial imperfection = h.w/200
2.000 1 Method section 10 ignoring column-like behaviour
1.000 1 . O Method section 10 with interaction of plate-like and column-like behaviour I

0 T T T T T

0,10 0,15 0,20 0,25 0,30 0,35

ha/hy, [-]

Figure 10.10: Patch loading of a stiffened plate

shear

For beams given in Figure 10.11 which were subjected to combined patch
loading, bending and shear the plate buckling modes are given in Figure
10.12 and the yu-values in Table 10.6. o, has been derived by Finite
Element analysis and the plastic resistance for patch loading is different

from the plastic resistance according to EN 1993-1-5, section 6.

0,40

plate buckling curve
——plate buckling curve
— — — Karman

0O shear only

plate buckling curve b

a0 acc. to Annex B
b acc. to Annex B

A patch load without shear
O combination of patch load with shear

0,5

Figure 10.11

A

: Patch loading, bending and shear
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Figure 10.12: Plate buckling mode under combined patch loading,

Table 10.6: Safety evaluation for buckling combined patch loading,

bending and shear

bending and shear

Input data

vt = 0,08 (geometry und yield strength)
viy, = 0,07 (yield strength)

Results

log-normal distribution

Standardnormal distribution

2
z

1,5

g 1 % 1 :
g 05 °§ g 0.5 1 §
5 o0 o2 2 0 5o
£ ‘17 19 23| & 02 02 fos ° o6 08
® 05 5 -0,5 °
g 3 4
8 1,5 A 15
2 2 /
relry In rg/r,
1. Evaluation for N = 24
b =1,445 s5 = 0,235 b = 1,522 s5= 0,320
vs=0,1629 (model) | vg=0,1815 (total) vs = 0,2105 (model) vr = 0,2252 (total)
w=1623 | Ak=0,827 | ym' =1343 | yw=1387 | Ak=0,848 | ym =1,176

2. Evaluation for N > 30

w=1567 | Mk=0822 | p =1288 |

m=1365 | Ak=0841 | S =1148
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10.3.6 Concluding comparison of test and calculation results

(1

2,5

ro/ry

0,5

The ratios r./r; of test results and calculation results versus the slenderness
rate A are given in Figure 10.13.

A
o & A
on L4 Py
L . &~
A oe » o
o A A LA
A o A a
. ae AAA
oA °
o P A4 4 8
& "y =
Ab A & o Aa
§ g ® ¥ BB, [y o
a0 b a Bt
8 of a_ o o a
8, ] o .
A a o
A o L i h
A o e O °
= o
o plates with longitudinal stiffeners —
A shear buckling
O patch loading
@ shear buckling and patch loading
0 0,5 1 1,6 _ 2 2,5 3 3,5
A

Figure 10.13: Sensivity diagram for all tests on plated structures

examined
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(2) Table 10.7 shows
structures examined.

Table 10.7: Safety evaluation for all tests on plated structures

the ym-value from the evaluation of all tests on plated

examined

Input data

vit = 0,08 (geometry und yield strength)
viy, = 0,07 (yield strength)

Results
Standardnormal distribution log-normal distribution
3 3
é 11 g 11
g £
§o : : g 0 : : :
§ 0/9 M 143 1,5 1,7 1,9 2,1 2|3 % -0.2 /2 0,4 0,6 0,8
31 s ! / |
(<]
-3 3
rory In re/ry
b =1,195 55 = 0,106 b =1221 s3= 0,130
vs = 0,0888 (model) vr = 0,1196 (total) vs = 0,1065 (model) vg = 0,1332 (total)
w=1263 | Ak=0890 | yu'=1,123 | yu=1204 | Ak=0,890 | yu =1,072
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11 Annex A to EN 1993-1-5 — Calculation of critical stresses for

stiffened plates

René Maquoi, Department M&S, Université de Liege

11.1 Case of multiple stiffeners

(M

2

3)

The determination of the buckling coefficient kg for longitudinally
stiffened plate elements is quite complex. Indeed ks depends not only on

the aspect ratio and the support conditions but also on many other
parameters, such as the extensional, flexural and torsional relative cross-
sectional properties of the stiffeners (so-called relative because compared to
the similar properties of the sole plating) and the location of these stiffeners.
Conservatively, the supported edges of plate elements should be supposed to
be simply supported; only such support conditions are indeed susceptible of
enabling the amount of post-critical strength which is implicitly exploited
by the design rules of EN 1993-1-5.

The calculation of ks may be conducted in several ways:

- From charts or tables;
- From simplified expressions;
- By using appropriate software or numerical techniques.

Whatever the way, it shall be reminded, as said above, that the equivalent
orthotropic plate element with smeared stiffeners is explicitely exploited by
the design rules of EN 1993-1-5.

The so-called buckling charts due to Kloppel et al ([3], [4] in section 4.4)
are surely the best known and the most widely spread amongst the
practitioners. Unfortunately, they contain only a small number of charts
established for smeared stiffeners. Moreover, the limits of the graphs make
them unpracticable in many situations encountered in practice. Last, the
torsional relative rigidity of the stiffeners is disregarded in the Kloppel
charts.

For rectangular stiffened plate elements of length a and width b, such that
a=a/b>05, with at least three equally spaced longitudinal stiffeners, the
plate buckling coefficient ks for global buckling of the equivalent

orthotropic plate may be approximated from the following expressions
deduced from the theory of orthotropic plates:

2((1+a2)2+7/—1)

ey v A 4 (D
4(1+4fy
“-P:(WL)(HL) i axyy (112
with:
y=22>05 Extreme stress ratio across the width b;
o1
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y = % Relative flexural rigidity of the stiffeners;
P
5= ZAAS' Extensional relative rigidity of the stiffeners;

p

o; Larger edge stress;
o, Smaller edge stress;
> lg Sum of the second moment of area of the whole stiffened plate;

I, Second moment of area of the sole plating for bending out-of-plane

(=bt2/12(1-v2)=bt3/1092 );

ZM Sum of the gross cross-sectional areas of the individual longitudinal

stiffeners (without adjacent parts of plating);

A, Gross area of the plating (= bt ).

p

It shall be noticed that this expression reduces to the exact one
ko = (0 +1/af* when the plate is not longitudinally stiffened (Ag =0 and
y=1) and is subjected to uniform compression (y =1).

NOTE A quite useful software, designated EBPlate, has been developed by
CTICM in the frame of a RFCS research contract, in which several of the
authors of the present document have been involved. This software provides
critical buckling stresses of rectangular plates with various boundary
conditions. It is designed such, that it is possible to suppress local plate
buckling; it deals not only with open section stiffeners but also with closed
section stiffeners. It will be soon available free of charge on the web site of
CTICM (www.cticim.com).

11.2 Case of one or two stiffeners

(M

2

3)

The elastic critical plate buckling stress oy may be computed based on the
column buckling stress o,y of a stiffener strut on an elastic foundation.

The gross cross-sectional area of this strut is composed of:

- The gross cross-sectional area A ; of the stiffener;

- The cross-sectional area of adjacent parts of contributive plating

The adjacent parts of the contributive plating are as follows (Figure 11.1):

- A proportion (3 -vy)/(5-vy) of the subpanel width b, - where yis the

extreme stress ratio relative to the plating subpanel in consideration -
when the latter is fully in compression;

- A proportion 04 of the depth b of the compression zone of the plating

subpanel when the direct stress in the latter changes from compression
to tension.
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“

[oF
H—T 3-v
1?‘ =
= by
be b 04 be
a b,
i
e——

Figure 11.1: Model when a single longitudinal stiffener in the
compression zone

The equilibrium differential equation of a pin-ended strut having a length a,
a flexural rigidity Ely; and a cross sectional area A ;, lying on an elastic
foundation of rigidity ki and subjected to an axial force N writes:

d%v d?v

—+N—+kv=0 (11.3)

El
dx* dx?

sl,1

where N 1is the axial compression force and Vis the buckling deflection.
Choosing the latter as composed of m half sine waves of length a/m
(Figure 11.2), where m is an integer:

v =A sin(mnx / a) (11.4)
so as to fulfil the end support conditions, leads to:

2 4
n“El k. a
Nor =] M2 +— (11.5)
m2n*El,

This equation gives the critical load as a function of m, which depends on
the properties of both the stiffener and the elastic foundation.

A 4
. by by
B

Section XX

Figure 11.2: Compressed strut supported by an elastic foundation

The rigidity ks of the elastic foundation provided by the transverse bending
of the plating is given as the reciprocal of the transverse displacement of a

plating strip of thickness t, unit width and span (b, +b, ) subjected to a unit

transverse line load considered as the reaction of the stiffener on the plating.
It amounts to:
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)

- 3
b12b22 (b, +b, )Et
k; = = 5 (11.6)
3(b, +b,)El 3,64 b2b?

plating

When there is no foundation or when the rigidity ki of the foundation is
small, m must be taken equal to 1. This means that the elastic foundation is
still sufficiently flexible to enable buckling without an intermediate
inflexion point. The critical load is:

_mEl,  Et(b+b,)a?
“~"az ' 35020703

(11.7)

By gradually increasing ki, one reaches a condition where N becomes
smaller for m = 2 than for m = 1; then the buckled stiffener has an
inflection point at the middle. Increasing ki furthermore leads to more half
waves (m =3, 4, ...) and (m-1) intermediate inflexion points. Then, ki
being given, there is a length a which, for each value of the integerm larger
than 1, minimises the value of N; it is drawn from the condition 6N/om=0.
The latter gives:

sut (11.8)

Replacing a by above expression in the expression of N leads to:

T 105 E [ 3. .
Ncr,min =2,k Elsl,l - |s|1 t* (b, +b,) (11.9)
bl b2

This minimum value is clearly a constant that is independent of m. It is
taken conservatively as the critical load when m>1, i.e when a>ac, where

ac is the value of a for m=1:

(11.10)

As a conclusion, it shall be distinguished between two cases: a; <a, where
there are indeed several half sine waves (m>1) along the length a, and
a. > a, where the buckling length is forced to be equal to the length a and
m =1. In terms of critical stresses, one has:

105 E
Ifa>a;, oy g=——ly; % (b, +b,) (11.11)
Agt by b,
2 3 2
n° El Et° (b, +b,)a
Ifa<a, oyg=— 5+ 2 (11.12)

Ag; a° 3592 Ay, bZ b3

The above procedure, fully described for a single stiffener, can be extended
to the case of two longitudinal stiffeners in the compression zone as follows
(Figure 11.3). Each of these two stiffeners, considered separately, is
supposed to buckle while the other one is assumed to be a rigid support; the

procedure for one stiffener in the compression zone is thus applied twice
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with appropriate values of section properties and distances b;and b,,
designated here b; and by ; this results in two values of the elastic critical
buckling stress designated respectively o7 and ogs1.

be| _ T
Stiffener | Stiffener Il Lumped stiffener
Cross-sectional area Asi1 Asio Asi1+ Agio
Second moment of area /g4 I 2 Isi 1% I 2

(6)

(7

Figure 11.3: Model with two longitudinal stiffeners in the
compression zone

Then, as a conservative approach, a fictitious lumped stiffener is substituted
for the two individual stiffeners. It is such that:

- Its section properties (cross-sectional area and second moment of area)
are the sum of the properties of the individual stiffeners;

- Its location is the point of application of the stress resultant of the
respective forces in the individual stiffeners;

That results in a third value of the elastic critical buckling stress,
designated. o, s 1+11-

The use of lumped stiffeners frequently gives over-conservative results (see
for instance the worked example in section 17 of the present document). The
use of appropriate software, such as EBPlate (see section 11.1), can be used
to overcome the problem.

For consistency with the fibre used as reference for o, ,, which is the edge

with the highest compressive stress, the stress o, which refers to the
location of the stiffener in consideration, needs to be extrapolated up to the
same edge according to:

b
c70r.p:C’cr.sITc (11.13)

where b, is the depth of the compression zone and b the location of the

above stiffener measured from the fibre where the direct stress vanishes.
This fibre is the neutral axis when the girder is subjected to bending only.

In the case of a single longitudinal stiffener in the compression zone, this
formula applies directly with b =bc (see Figure 11.1). In the case of two
longitudinal stiffeners in this zone, three values og.q; (i = I, Il, 1+l) are
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calculated based on the following pairs of values: o.q; and, b = E] , Ocrsil.

and b =b,,, Gursi+n and b =b,,, (see Figure 11.3); the lowest one is kept.
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12 Annex C to EN 1993-1-5 — Finite Element Methods of
analysis (FEM)

Bernt Johansson, Division of Steel Structures, Luled University of Technology

Christian Miiller, Gerhard Sedlacek, Lehrstuhl fiir Stahlbau und Leichtmetallbau,
RWTH Aachen

12.1 Introduction

The Finite Element Method (FEM) is widely used in design of structures. FEM
can be used with different degrees of sophistication for different purposes as
indicated in Table 12.1 (Table C.1 of EN 1993-1-5). Most common is linear
elastic analysis (1 in Table 12.1) and also geometrically non-linear elastic analysis
(4 in Table 12.1) of frames. Such analyses give load effects and together with
limiting criteria from codes it forms a design method for structures. These
methods are well established for frames using beam elements. The imperfections
needed for a non-linear analysis are bow and sway imperfections, which are given
in EN 1993-1-1.

Table 12.1: Assumption for FE-methods

) ) Imperfections
Material t ’
No ateria Geomg "¢ see EN 1993- Example of use
behaviour behaviour
1-5,C.5
. . elastic shear lag effect,
1 linear linear no . .
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 e1a§t1c plate buckling
resistance
. . elastic-plastic resistance in
5 non linear non linear yes ULS

In order to deal with plate buckling problems the structure has to be modelled
with shell elements or solid elements, which gives models with many more
degrees of freedom (DOF) than using beam elements. Non-linear FE simulations
(number 5 in Table 12.1) are usually needed in order to describe the behaviour at
ULS. Such methods are today used mainly as a research tool. It is fairly time
consuming to create a proper model and in cases where instability governs the
results may be quite sensitive to the assumed imperfections. Also, the computer
power needed for solving large problems used to be a limitation. With modern
computers this restriction seems to be disappearing and it is today possible to
solve most problems on a PC. Another breakthrough which facilitates use of FEA
is object oriented pre-processing and efficient coupling between CAD programs
with a pre-processor of computational software. Furthermore, new versions of
computational software are more user friendly, with icon based options and very
powerful documentation. For this reason it is to be expected that non-linear FE
simulations will become a design tool in the near future.
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The methods 2 and 3 in Table 12.1 may be used for generating input to the design
method described in Annex B. Method 3 is also used to calculate critical stresses
of plate element for determining the slenderness parameter used in the
conventional design rules.

The rules in EN 1993-1-5 should be seen as a first attempt to codify the use of non
linear FEM for design purpose. The rules aim at making design using FEM
comparable with the conventional design by formulae concerning reliability.
Although some of the content is normative much of text is at the level of
guidance. The rules are not as far developed as the rules in the main text of the
standard. It is therefore important that the rules are supplemented by the
experience and good judgement of the designer.

12.2 Modelling for FE-calculations

As already stated the size of the model (DOF) is frequently a problem and it is of
interest to limit its size. One way out is to model only a part of the structure. This
requires some care in order to get the boundary conditions correct. If the expected
behaviour is symmetric this can be used to model only half the structure and using
symmetry boundary conditions. If individual plates forming part of a member are
analysed separately the common assumption is hinged support along the edges
connected to other plates, which is compatible with conventional design. This
assumption requires that the supporting plate does not deform significantly in its
plane. For instance, a small edge stiffener of a plate can usually not be modelled
as a support but it has to be included in the model as it really is.

At the member level it is usually conservative to neglect continuity and assume
hinged ends at supports as far as the resistance is governed by instability. This is
also valid in case of interaction between local and global instability.

Another question that is essential for the size of the model is the meshing. A too
coarse mesh may lead to unconservative results when local buckling governs. The
common way of checking, if experience of similar structures is not available, is to
successively refine the mesh until stable results are achieved. However, a too fine
mesh increases the numerical errors so there is a limit for how fine the mesh can
be made. A rule of thumb for shell elements is that there should be at least six
elements in the expected half wavelength of a buckle.

Shell elements are commonly used for modelling plated structures. They usually
give accurate enough results if the structure is properly modelled. An example is
where essential stresses and gradients occur over the thickness of plate like a
concentrated load on a flange. For such a case solid elements may have to be
used, at least three over the thickness.

12.3 Choice of software and documentation

A host of software is available on the market and the suitability for different tasks
varies. In order to solve non-linear problems properly the following features are of
importance:

- Robust solver for solving a system of non-linear equations, for example Riks
method (arch-length method);

- A simple way to define initial imperfections (geometrical and structural).
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It is essential that the simulations are properly documented. In principle all
information necessary for reproducing the simulation should be available in the
documentation. It is also important that the results are reviewed by an experienced
designer who should check that they are reasonable. A good advice is to compare
results with approximate analytical methods that create upper and lower bounds of
a solution.

12.4 Use of imperfections
12.4.1 Geometrical imperfections

The model has to include imperfections corresponding to the most likely
instability modes. For plated structures the imperfections can be either local or
global. Local imperfections are buckles in a plate or twist of a flange or stiffener.
Global imperfections or bow imperfections consist of a bow deformation of a
stiffener or the whole member. The imperfections guide the subsequent
deformation and they should be directed such that the worst case is achieved. This
means that it is sometimes necessary to check different directions of imperfections
for unsymmetric plates.

Usually the imperfections are introduced as eigenmodes that are scaled to a proper
magnitude. The critical mode is easily obtained for simple cases. Figure 12.1
shows the case of an I-girder loaded in three point bending; there the web
buckling dominates. If the magnitude of the largest web buckle is set to a
prescribed design value the whole deformation pattern is defined. Assuming that it
is not clear if buckling of the web or the flange is governing, it may be necessary
to increase the flange buckle to its design value. This can be done by superposing
another eigenmode where the flange buckling dominates. However, this will also
change the deformation pattern of the web. An alternative method is rotating the
flange without considering the compatibility with the web.

Figure 12.1: a/ Initial deformation of a beam loaded in three point
bending, b/ failure mode

If there are many elements in the structure that may suffer instability, this method
becomes inconvenient. It may very well happen that some relevant eigenmode
will have a very high modal number and will be hard to find. It may be simpler to
use the pre-knowledge of what are the possible instability modes and to use a sine
function shape of initial deformation. This approach makes it possible to choose
the amplitude of the deformation of each plate element individually.
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An example of a longitudinally stiffened plate is shown in Figure 12.2. It includes
three components of imperfections. Figure 12.2a shows the global bow
imperfection of the stiffener and the plate deformation that is a consequence of the
stiffeners deformation. Figure 12.2b shows the local plate deformation, which in
this case is two half waves in the longitudinal direction and a nodal line along the
stiffener. The number in the longitudinal direction should be chosen to fit the
length of the plate. Figure 12.2c shows the initial local deformation of the
stiffener. It is shown as compatible with the plate deformation but it may also be
chosen independently. Figure 12.2d shows all the initial deformations added
together.

The global imperfection of longitudinal stiffeners require some care. If the
distance between transverse stiffeners is long and the plate is narrow it is possible
that the global buckling of the stiffener will take place in two or more half-waves.
The assumed imperfection should have the correct number of half-waves. This
may be found by analysis of eigenmodes and the one giving the lowest critical
load is the most likely one. The amplitude should be a fraction of the length of the
half-wave rather than the total length.

The magnitude of the initial deformations is often taken as the tolerance limits for
fabrication. This may seem rational but it is not necessarily the right choice in the
context of a probabilistic safety concept. The characteristic resistance is intended
to be a 5% fractile taking all the scatter of the influencing parameters into account.
Assuming that the statistical distribution of the initial deformations were known it
would be possible to calculate a design value to be used. Systematic
measurements of initial deformations are however rarely published so there is a
lack of reliable data. The suggested level of imperfections equal to 0,8 times the
tolerance limit is based on engineering judgement. Some justification can be
found in a study there the resistance of uniformly compressed plates supported
along all edges according to the Winter formula has been compared with
computer simulations [1]. It showed that computer simulations taking geometrical
imperfections equal to the tolerance 5/250 and residual compressive stresses 0,2f;
in compression into account gave a resistance more than 15% smaller than the
Winter formula. In order to get the same resistance as the Winter formula the
imperfections had to be reduced considerably. One set of such imperfections was
no residual stresses the geometrical imperfection 5/420; another one is residual
stresses in compression 0,17, and 5/500. These are more favourable assumptions
than the recommendations in EN 1993-1-5. On the other hand the study concerned
only a simple case and the recommendations are intended to be general. It is
however likely that further studies will lead to improved recommendations.
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a/ global initial deformation of the stiffener

b/ local initial deformation of the plate.
¢/ local imperfection of the stiffener.
d/ total initial deformation.

Figure 12.2: Initial deformations of a longitudinally stiffened plate

12.4.2 Residual stresses EN 1993-1-5,
C.5(2)
Residual stresses are present in most plated structures. They are mainly caused by
the welding and it is in most cases impractical to anneal the structure. The
magnitude of the residual stresses varies systematically and also randomly. The
known systematic variation depends on the heat input or the weld size and has
been investigated, see e. g. [2]. There is a substantial scatter in residual stresses
from fabrication and this has to be considered when choosing the design values in
the same way as discussed in the previous paragraph. The proposal to use mean
values is deemed to be reasonable in that context.

Residual stresses are sometimes taken into account by fictitious additional initial
deformations as those suggested in Table C.2 of EN 1993-1-5. This does work
reasonably well for flexural buckling of a column. For plate buckling it may lead
to over-conservative results. The levels of equivalent imperfections given in the
code have been chosen to cover the worst case of plate buckling. It is however
possible to include the residual stresses in the model with modern FE codes. This
is the most adequate way to get their influence correct and in some cases this
influence is negligible for slender plates.
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Figure 12.3: Distributions of residual stresses from Swedish design
code BSK [3]

Figure 12.3 shows residual stress patterns from [3] for rolled sections and welded
sections. For the welded sections the compressive stress o. should be determined
such that equilibrium with the tensile stresses is achieved for each part of the cross
section. Some recent studies have shown that the assumption that the tensile stress
is equal to the yield strength tends to overestimate the residual stresses, see
summary in [4]. No firm conclusion has been drawn but as a temporary
recommendation it is suggested to use 500 MPa as an upper limit even if the
actual yield strength is higher.

12.4.3 Combination of imperfections

As mentioned in 12.4.1 taking the magnitude of imperfections equal to the
tolerances leads to a too low characteristic resistance. This is even more
pronounced in case where several imperfections interact. The combination should
be done in a probabilistic manner and the method suggested in EN 1993-1-5 is a
first attempt to apply the same method as for load combination. The rule states
that one leading imperfection should be taken with full magnitude and the others
may be taken as 70% of the full value. The rule should be applied such that one
imperfection a time is tried as leading, which means that several combinations
have to be investigated.

An application of the rule on simulation of the patch loading resistance of a girder
with a longitudinally stiffened web that had been tested has been published in [5].
The elementary imperfections are shown in Figure 12.4 and their magnitudes were
chosen according to Table C.2 of EN 1993-1-5. They were realised by loading the
panels with a lateral pressure where p; was applied to the smaller upper panel, p;
to lower panel and ps as a line load along the stiffener. Table 12.2 shows results
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from the simulations and also a comparison with the test result. It is interesting to
note that the worst combination almost coincides with the test result and that other
combinations show a varying degree of overprediction of the resistance.

amnmm , £
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™" with stiffener outside the buckle — case 2| p,™ with stiffener inside the buckle — case 3

Figure 12.4: Elementary imperfections from study in [5]

Table 12.2: Result of FE-simulations with different combinations of
geometric imperfections compared to test result [5]

FENM E
Case Description E:N] Eff]'
0 Mo geometric imperfection 811.9 +12.8
A py only — upper sub panel — buckle opposed to stiffener 718.6 -0.2
B pz only — lower sub panel — buckle opposed to stiffener 796.7 +10.7
C py + po — initial deformation similar to future collapse 7258 + 0.8
D like case C but initial deformation opposed to the future collapse | 738.4 +286
2 ps™" only - stiffener outside buckle 813.0 +12.9
3 pa"™ only — stiffener inside buckle 811.5 +12.7
4 (with C) (P1+pa)+07.p ™ =case C+0.,7.case 2 731.2 +16
5withC)  |ip1+p2) +07 . pa™=caseC+0,7.case3 721.0 |+ 0.1
6 (with C) pgw' +0,7 . (p1+pzi=case2+07 .case C 753.0 +46
7 (with C) pa + 0.7 . (py+ pz) =case 3+ 0,7 . case C 7381 +25
1 py + pz — upper and lower buckles on the same side of the web 716.9 -0.4
4 (with 1) (p1 +p2) + 0.7 . pg"”l =case1+0,7. case?2 703.3 -2.3
5 (with 1) (P1+pa)+ 0.7 .pa- =case1+0,7.cased 7224 |+03
6 (with 1) pg““' +0,7 . (p1+p2)=case2+ 07 . casel 892.5 +24.0
7 (with 1) P+ 0,7 . (p1 + p2) =case 3+ 0,7 . case 1 746.5 + 3.7
first mode first buckling mode 768.5 +6.7
exp. experimental result 720.0 /
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12.5 Material properties

First it is worth considering the fact that, in most structural elements with
compressive stresses, local buckling will occur, either above or below the yield
strength. If it appears after that the yield strength is reached over the whole panel,
the strength increase above the plastic is usually small but the local buckling will
still limit the deformation capacity. In order to get a model that can manage both
stocky and slender plates, the material properties have to be modelled reasonably
well. The most commonly used model is based on an incremental theory of
plasticity and isotropic hardening. The only input that is needed concerning the
material is a uniaxial stress-strain relation.

In Figure C.2 of EN 1993-1-5 some examples of uniaxial stress-strain curves are
shown. The alternative a) is the elastic-perfect plastic relation that is frequently
used in theoretical studies of steel structures. It can be used in cases like column
buckling where the primary stresses and the secondary stresses due to instability
have the same direction and the strains at failure are small. The horizontal plateau
may cause numerical problems when used in FE-simulations. The alternative b)
with nominal slope of the plateau can be used to solve such problems.

In model a) and b) the yield plateau is modelled with continuous strains. The
actual material behaviour is however discontinuous and the plateau is caused by
narrow Liiders-bands propagating through the material. The material is
accordingly in either an elastic state or a strain hardening state. This does not
matter when the secondary stresses due to buckling have the same direction as the
primary stresses but for plate buckling it may have implications. In plate buckling
the secondary stresses caused by buckling include bending stresses in both
directions of the plate and shear stresses. The state of stress is biaxial and the
Liiders-strains occur mainly in the direction of the primary strains. The
consequence of modelling the yield plateau as continuous is that a plate loses too
much of its bending stiffness as soon as yielding from the primary stresses starts.
This will result in a prediction of local buckling occurring too early. As there are
no material models available that take the discontinuous yielding into account
some trick is required. One such trick is to neglect the yield plateau completely as
in model c) in Figure C.2. This helps to get the correct resistance but it means also
that some deformation capacity is neglected. If redistribution of moments to other
parts of the structure is of importance it may be necessary to add some artificial
deformation capacity. However, there is no established method of doing this. If
this problem is neglected there is no danger, the results will be conservative. The
slope of the strain hardening part of the curve, £/100, is reasonable for all steel
grades and moderate strains, say smaller than 5%. In most cases this is sufficient
for reaching the maximum load when buckling is governing. A precaution to
avoid unconservative results could be to apply the suggested limitation of tensile
stresses to 5%, see 12.7, also for compression. Another solution is to use the full
true stress-strain curve according to alternative d) in Figure C.2.

The assumption of isotropic hardening may in special cases cause problems. It is
known that this assumption is wrong as it neglects the Bauschinger effect, which
is of importance if large enough strain reversals occur. There are several proposals
for material models that more correctly describe the material response. Most of
those have the drawback that they contain a lot of parameters that have to be
determined by testing. A reasonably correct material model containing only a few
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parameters is described in [6]. This model has also been implemented and tested
in some FE codes. If this problem is neglected, the results may be unconservative.
It is most likely to occur for material that is cold worked through stretching and
the conservative solution is to use strength values from compression tests in the
predominant stress direction.

12.6 Loads

Several different situations may occur depending on the purpose of the FE-
simulation. In case that a separate component is studied it is common to run the
simulation in displacement mode and record the whole load-displacement curve.
In such a case the load effects have to be obtained by analysis of the whole
structure and compared with the response.

If the simulation concerns a whole or part of a structure it should be loaded by the
design loads including relevant load factors and load combination factors. This set
of loads is then increased by a load multiplier « in steps until failure. The use of a
single load multiplier is a simplification. The different loads have different
probabilities of occurrence with high values, which would call for different load
multipliers. Methods for taking this into account are however not available. The
use of a single load multiplier is consistent with the normal design procedure.

12.7 Limit state criteria

The ultimate limit state criteria should be used as follows:
1. for structures susceptible to buckling:

attainment of the maximum load of the load deformation curve;
2. for regions subjected to tensile stresses:

attainment of a limiting value of the principal membrane strain, for which a
value of 5% is recommended.

12.8 Partial factors

The load magnification factor agq in the ultimate limit state should be sufficient to
achieve the required reliability. The partial facctor yy; should consist of two
factors as follows:

1. yc to cover the model uncertainty of the FE-modelling used for calculating
ok and orit. It should be obtained from evaluations of test calculations, see
Annex D to EN 1990. Where the FE-model proves to be sufficient from bench

mark tests y, may be taken as 1,00.

2. yr to cover the scatter of the resistance model when this is compared with test
results.

The partial factor reads as follows:
™M1 = YC TR (12.1)

For the rules given in EN 1993-1-5 and yc = 1,00 , ym; takes values between 1,00
and 1,10 where instability governs.
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Where FE calculations are used to determine the limit state for structural
components in tension associated with fracture, then yy; should be substituted by
YMm2.
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13 Annex D to EN 1993-1-5 — Plate girders with corrugated
webs

Bernt Johansson, Division of Steel Structures, Luled University of Technology

13.1 Background

This section will give background and justification of the design rules for girders
with corrugated webs. The rules have been developed during the drafting of
EN 1993-1-5 and the background has not been published. For this reason this
section will be quite detailed giving the reasoning behind the choice of design
rules for shear resistance.

Girders with corrugated webs are marketed as a product from specialised
fabricators or as one-off structures. One example of the former is Ranabalken,
which has been on the Swedish market for about 40 years [1]. Its main use is as
roof girder. It has a web geometry that is fixed because of the production
restraints. A vertical section through the web is shown in Figure 13.1. The
thickness of the web is minimum 2 mm, which is governed by the welding
procedure. The welding is single sided, which is important for the
competitiveness. The maximum depth is 3 m.

In Austria the company Zeman & Co is producing similar beams named Sin-beam
but with sinusoidally corrugated webs with the web geometry also shown in
Figure 13.1. The web depth is limited to 1500 mm and the web thickness is from 2
to 3 mm. The web has single sided welds.

Y N T e P P ¥E
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Figure 13.1: Geometry of web plate of Ranabalken, Sweden and Sin-
beam, Austria

Corrugated webs have been used for bridges in several countries, including
France, Germany and Japan. In France at least three composite bridges have been
built of which one was doubly composite with box section. The corrugated steel
web was provided with very small flanges, just enough for fixing the shear
connectors. The concrete slabs were post-tensioned and when it is important that
the steel flanges do not offer too much resistance to the imposed strains. A similar
but larger bridge has been built at Altwipfergrund in Germany. It is a three span
bridge built by cantilevering with a central span of 115 m and the depth varies
from 2,8 m in the span to 6 m at the intermediate supports. The use of single sided
welds is not recommended for bridges as it would cause problems with the
corrosion protection and the fatigue resistance is not documented.
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13.2 Bending moment resistance

As the web is corrugated it has no ability to sustain longitudinal stresses. The
conventional assumption is to ignore its contribution to the bending moment
resistance. This is the basis for the rules in D.2.1. For a simply supported girder
supporting a uniformly distributed load the bending resistance is simply the
smallest axial resistances of the flanges times the distance between the centroids
of the flanges. This axial resistance may be influenced by lateral torsional
buckling if the compression flange is not braced closely enough. Reference is
given to the rules in 6.3 of EN 1993-1-1. There may be a positive influence of the
corrugated web on the lateral bucking resistance compared to a flat web as the
corrugation gives the web a substantial transverse bending stiffness. This should
reduce the influence of cross sectional distortion but this influence has not been
studied in detail and there is no basis for giving rules. There is also an increase in
warping stiffness that may be utilized.

Figure 13.2: Geometry and notations for girders with corrugated
webs

If there is a substantial shear force in the cross section of maximum bending
moment there may be an influence of the flange axial resistance from lateral
bending. Rules for this have been included in the German design rules [2]. A
model for calculating these secondary bending moments is shown in Figure 13.3.
The shear flow in the web will be constant V7/A,, and its effect can be modelled as
shown in the lower part of Figure 13.3. The maximum transverse bending moment
M max Occurs where the inclined part of the web intersects the centreline of the
flange. It becomes:

o =3 Ca+a) (13.1)

w

where V is the coexisting shear force and other notations are according to Figure
13.2.
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Figure 13.3: Action model for calculating secondary lateral bending
moments in a flange caused by a corrugated web

In [2] the reduction of the bending resistance is expressed by the factor:

6Mz,max 7/MO
fyfb/%'tf

This reduction is not large and actually it has not been considered in the Austrian
and Swedish design rules. From a theoretical point of view these bending
moments are required for reasons of equilibrium. However, it is questionable how
important they actually are in real life. They have been included just as a
precaution but for sinusoidially corrugated webs the factor is put to 1,0.

£, =1-0,4 (13.2)

In case yielding of the flange governs the bending resistance becomes:

f, fb,t t, +t
M,, =M(hw +L) (13.3)
¥ ™Mo 2

where b/; should be taken as the smaller of by#; and byt.

Local flange buckling is of importance for the bending resistance. It will
obviously be influenced by the geometry of the web. The question is to define the
flange outstand ¢ to be used for calculating the slenderness. There is little
information on this question in the literature. One of few published studies is by
Johnson & Cafolla [3] who suggested that the average outstand could be used if:

(a, +a,)a,

<014 (13.4)
(a, +2a,)b,

where b, is the width of the compression flange and other notations are according
to Figure 13.2. It is not stated what to do if this criterion is not fulfilled but
presumably the idea is to use the larger outstand. The average outstand was
defined as the average of the smaller and the larger outstand each calculated from
free edge to the toe of the weld.
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Figure 13.4: Notations for flange geometry

The design rules for Ranabalken states that the outstand should be taken as half
the flange width minus 30 mm. This is actually smaller than the smallest outstand,
which seems quite optimistic. The corresponding rule for the Sin-beam is half the
flange width minus 11 mm.

The flange buckling may in general take place in two different modes. One
possibility is a plate type buckling of the larger outstand and another is a torsional
buckling where the flange rotates around the centreline of the web. General rules
without restrictions on the geometry have to consider both possibilities. The first
mode may be relevant for a long corrugation in combination with a narrow flange
for which the larger outstand will govern the buckling. However, the flange will
be supported by the inclined parts of the web. Assuming an equivalent rectangular
plate supported along three edges a safe approximation of the relevant length
should be a = a; + 2aa, see Figure 13.2 and Figure 13.4. The buckling coefficient
of such a plate assuming conservatively a hinged support along the web is
approximately [4]:

ks = 0,43 + (c/a)* (13.5)
with:
¢ = largest outstand from weld to free edge
a=a; +2ay

For a geometry with small corrugations compared to the flange width the flange
will buckle in a mode of rotation around the centreline of the web. Then c is taken
to 0,5b. A corrugated web will however give a stronger restraint than a flat web.
The buckling coefficient ranges from 0,43 for simple support to 1,3 for fixed. A
solution for elastic rotational restraint is given in [4] but it is not easy to use. A
simplification in form of a reasonably conservative value is instead suggested,
which is also used in [2]:

ks = 0,60 (13.6)

The rules for flange buckling in 4.4 (1) and (2) of EN 1993-1-5 are used with the
buckling coefficients given above together with the relevant outstand c. In
general, both (13.5) and (13.6) have to be checked and the most unfavourable case
governs.
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13.3 Shear resistance
13.3.1 Introduction

The shear resistance of corrugated webs has attracted interest from many
researcher. Accordingly, there are several proposals for the shear resistance e. g.
Leiva [5], Lindner [6], Hoglund [7] and Johnson & Cafolla [8]. These will be
compared with 70 test results presented in Table 13.1. The formulae for the shear
resistance actually used in EN 1993-1-5 were developed during the evaluation.
This work was done in close co-operation with Professor Torsten Hoglund of the
Royal Institute of Technology, Stockholm. He was in charge of the corresponding
rules in EN 1999-1-1, which are now harmonized with EN 1993-1-5.

Notations for the corrugated web are shown in Figure 13.2. For the sinusoidally
corrugated web the measures a3 and 2w are relevant and the developed length of
one full wave is denoted 2s. For the trapezoidal web the following relations and
definitions apply.

a = asz/sino.

a4 = azcoto
w=a;+ay
s=a;ta

t,» = thickness of web
h,, = depth of web
Amax = Max(aj,ay)

There are two shear buckling modes; one local governed by the largest flat panel
and one global involving one or more corrugations. The critical stress for local
buckling is taken as that for a long plate, which can be written as:

a

max

2
t
T, =483 E{ w } (13.7)

For a sinusoidally corrugated web the local buckling is less likely to occur. A
formula for critical shear stress for local buckling of webs with dimension as
given in Figure 13.1 can be found in [19] and reads:

2 2
0, =] 53448 |_TE (t—Wj (13.8)
" e 1202 Us

This formula was developed for the type of corrugation used in an Austrian girder
but it has turned out that the formula is not general enough and the formula may
give large errors if the dimensions are different to those given in Figure 13.1. For
this reason sinusoidially corrugated webs have to be designed by testing with
regard to local shear buckling where dimensions other than those given in Figure
13.1 are used. There is also a possibility to calculate the critical shear stresses for
local buckling with FEM and to use it in the design rules given here.

The critical stress for global buckling is given by [9]:
_ 324 up b (13.9)

cr,g
* ot by
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where:
Et] Et]
D= W__ SZh &4t (13.10)
120-v°) s 12(0-v7) a, +a,
E 2
D. - EI. _Et,a; 3a, +a, (13.11)
w 12 a,+a,

The first versions of the formulae (13.10) and (13.11) are relevant for sinusoidally
corrugated webs where [, is the second moment of area of one half wave. The
second versions are relevant for trapezoidally corrugated webs.

Both critical stresses are valid for simply supported long plates. The global
buckling stress is derived from orthotropic plate theory, see e. g. [9]. Some
authors have defined D, without the factor (I- V ) in the denominator. It is
theoretically more correct to include it as in (13.10). In [9] there is also a solution
for restrained rotation along the edge. For fully clamped edges the coefficient 32,4
in (13.9) increases to 60,4. This has been used for evaluating tests e. g. in [5] but it
is hard to believe that this corresponds to the actual conditions at tests. The
flanges are not likely to be rigid enough to provide a rotational restraint for such a
stiff plate as a corrugated web. In this evaluation (13.9) will be used throughout.

Table 13.1: Data for test girders and test results (The shading shows
the governing model and Vi and Vg, are according to the
EN 1993-1-5 as described in 13.3.6)

Test hy tw fw a a az YV, L A A Vi Vii Vi/ V2
No original ref® mm mm MPa mm mm kN
0 L1A 5 994 1,94 292 45 140 48 280 0,860 0,931 0,558 1,370 0,860
1 L1B 5 994 259 335 45 140 48 502 1,007 0,747 0,556 1,442 1,007
2 L2A 5 1445 194 282 45 140 50 337 0,737 0915 0,774 1,964 0,737
3 L2B 5 1445 2,54 317 45 140 50 564 0,839 0,741 0,768 1,197 0,839
4 L3A 5 2005 2,01 280 45 140 48 450 0690 0,880 1,092 1,068 0,778
5 L3B 5 2005 2,53 300 45 140 48 775 0,881 0,724 1,067 1,244 0,962
6 B1 10 600 2,1 341 45 140 50 208 0,837 0,929 0,347 1,332 0,837
7 B2 10 600 2,62 315 45 140 50 273 0,954 0,716 0,315 1,340 0,954
8 B3 10 600 2,62 317 45 140 50 246 0,854 0,718 0316 1,202 0,854
9 B4b 10 600 2,11 364 45 140 50 217 0,815 0,956 0,358 1,315 0,815
10 M101 10 600 099 189 45 70 15 53 0,817 0,734 0,750 1,160 0,817
11 M102 10 800 0,99 190 45 70 15 79 0,908 0,736 1,003 1,292 0,912
12 M103 10 1000 0,95 213 45 70 15 84 0,718 0812 1,342 1,069 1,101
13 M104 10 1200 0,99 189 45 70 15 101 0,778 0,734 1,501 1,106 1,428
14 L1 11 1000 2,1 410 30 106 50 380 0,764 0,772 0,616 1,110 0,764
15 L1 11 1000 3 450 30 106 50 610 0,782 0,566 0,590 0,996 0,782
16 L2 11 1498 2 376 30 106 50 600 0,921 0,776 0,894 1,343 0,921
17 L2 11 1498 3 402 30 106 50 905 0,867 0,535 0,836 1,081 0,867
18 1 12 850 2 355 33 102 56 275 0,788 0,731 0,459 1,118 0,788
19 2 12 850 2 349 38 91 56 265 0,773 0642 0466 1,036 0,773

? ref = bibliographical reference where the test results can be found
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Test

No original ref’

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

V11
V1/2
V1/3
V2/3
Cwa3
Cw4
CW5

1/5

1711
121216A
121221A
121221B
121232A
121232B
121809A
121809C
121832B
122409A
122409C
122421A
122421B
122432B
181209A
181209C
181216C
181221A
181221B
181232A
181232B
181809A
181809C
181816A
181816C
181821A
181821B
181832A
181832B
241209A
241209C
241216A
241216B
241221A
241221B
241232A
241232B

13
13
13

h,
mm
298
298
298
600
440
440
440

1270

1270
305
305
305
305
305
305
305
305
305
305
305
305
305
457
457
457
457
457
457
457
457
457
457
457
457
457
457
457
610
610
610
610
610
610
610
610

ty
mm
2,05

2,1

3,26
2,97
2,97

0,64
0,63
0,78
0,64
0,78
0,71
0,63
0,92
0,71
0,66
0,68
0,78
0,78
0,56
0,61
0,76
0,61
0,76

0,6
0,75
0,61
0,62
0,63
0,74
0,63
0,74
0,61
0,75
0,62
0,63
0,63
0,79
0,61
0,76
0,62
0,76

MPa
298
283
298
279
284
222
222
331
225
676
665
665
665
641
572
669
562
586
621
621
638
634
689
592
679
578
606
552
602
618
559
592
614
552
596
689
580
606
621
592
587
610
639
673
584

45
45
45
45
45
45
45
62
62
45
55
55
63
63
50
50
63
50
50
55
55
63
50
50
45
55
55
63
63
50
50
45
45
55
55
63
63
50
50
45
45
55
55
63
63

144
144
144
144
250
250
250
171
171
38
42
42
50
50
20
20
50
20
20
42
42
50
20
20
38
42
42
50
50
20
20
38
38
42
42
50
50
20
20
38
38
42
42
50
50

mm
102
102
102
102
45
45
63
24
24
25
33
33
51
51
14
14
51
14
14
33
33
51
14
14
25
33
33
51
51
14
14
25
25
33
33
51
51
14
14
25
25
33
33
51
51
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kN
68
70
81
235
171
154
141
260
220
50
46
73
41
61
63
55
53
58
58
43
61
49
81
89
119
62
98
52
80
82
78
75
96
56
93
53
79
71
79
76
133
77
127
69
101

0,646
0,684
0,789
0,810
0,726
0,918
0,841
0,535
0,666
0,656
0,623
0,798
0,546
0,692
0,880
0,740
0,581
0,791
0,803
0,578
0,695
0,562
0,795
0,933
0,873
0,666
0,806
0,594
0,671
0,823
0,852
0,761
0,800
0,610
0,798
0,477
0,687
0,536
0,573
0,578
0,813
0,587
0,742
0,469
0,645

A

0,917
0,872
0,940
0,606
0,976
0,947
0,947
1,223
0,974
1,165
1,298
1,048
1,741
1,403
0,509
0,620
1,113
0,515
0,570
1,162
1,027
1,395
0,708
0,602
0,984
1,250
1,027
1,692
1,414
0,615
0,576
1,108
0,961
1,182
1,046
1,859
1,388
0,599
0,597
1,108
0,880
1,284
1,055
1,808
1,374

A2

0,099
0,096
0,100
0,175
0,218
0,198
0,156
1,483
1,267
0,583
0,501
0,475
0,391
0,365
0,829
0,924
0,328
0,839
0,880
0,475
0,466
0,363
1,446
1,312
0,839
0,706
0,684
0,542
0,535
1,341
1,270
0,821
0,803
0,684
0,683
0,603
0,525
1,765
1,780
1,096
1,032
0,968
0,938
0,792
0,701

Vi'Vai

1,021
1,054
1,262
1,060
1,184
1,475
1,350
0,987
1,085
1,477
1,190
1,352
1,255
1,386
1,078
0,978
1,018
0,973
1,026
1,036
1,165
1,122
1,111
1,219
1,430
1,244
1,350
1,340
1,349
1,085
1,093
1,329
1,294
1,104
1,351
1,145
1,368
0,699
0,746
1,009
1,259
1,114
1,261
1,104
1,276

Vi/Virz

0,646
0,684
0,789
0,810
0,726
0,918
0,841
0,963
0,935
0,656
0,623
0,798
0,546
0,692
0,880
0,740
0,581
0,791
0,803
0,578
0,695
0,562
1,373
1,382
0,873
0,666
0,806
0,594
0,671
1,262
1,200
0,761
0,800
0,610
0,798
0,477
0,687
1,292
1,400
0,656
0,848
0,587
0,742
0,469
0,645
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Test hy, te  fow a a a3 V., Hu A A2 V/Vri V/Vr2
No original reff mm mm MPa mm mm kN
65 Gauche 16 460 2 254 305 0 126 139 1,029 1,494 0,121 2,142 1,029
66 Droit 16 550 2 254 305 0 126 109 0,675 1,494 0,145 1,405 0,675
67 Sin1 17 1502 2,1 225 2w=155 40 370 0,902 0433 1,108 1,046 1,038
68 Sin2 17 1501 2,1 225 2w=155 40 365 0,890 0433 1,108 1,032 1,025
69 Sin3 17 1505 2,1 225 2w=155 40 353 0,859 0,433 1,108 0,996 0,989

Slenderness parameters are defined by:

/i
A = -
l Tcri\/5

for i = 1,2,3 there 1 and 2 refers to equations (13.8) and (13.9) and 3 to equation
(13.14) below.

(13.12)

Values for the slenderness parameters A; and A, for the test girders are given in
Table 13.1. The characteristic shear resistance is represented by:

£
Ve =3—2h,t, (13.13)

NG

where y is the minimum of the reduction values y; determined for A; and A,.

The ultimate shear resistance V, in the tests can be transformed to the non-
dimensional parameter y, by equation (13.13) and it is also given in Table 13.1.

The parameters defined above are general and will be used throughout the
analysis. The features of the different models will now be described briefly and
evaluated.

13.3.2 Model according to Leiva [5]

Leiva does not fully develop a design model but his main concern is the
interaction between local and global buckling, which is based on observations
from tests. His idea is to consider this interaction by defining a combined critical
stress 7.3 as:

=y (13.14)

n n n
Tcr3 T T

crl cr2

Leiva discussed only in case n=1 but the equation has been written more general
for later use. He also considered yielding as a limit for the component critical
stresses in an attempt to make a design formula. The idea of Leiva will not be
evaluated but it will form the basis for a model that will be presented later called
"Combined model".

13.3.3 Model according to Lindner [6]
Lindner made an evaluation of test results 0 to 23 in Table 13.1. He discussed

different options for taking the interaction between local and global buckling into
account, including using (13.14) with n=2. His conclusions were however that the
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interaction could be taken into account implicitly by correcting A,. Lindner’s
model has been introduced in German recommendations [2]. The reduction factor
for the resistance:

0.588

Xir = 1

1

is used for both local and global buckling. 4, is as defined in (13.12) but A, is
changed according to:

2f,
Tch\/5

The model has been evaluated with results shown in Figure 13.5 and in Table 13.2
where yr is the smallest of y ;. and y,L according to (13.15). The right hand
diagram in Figure 13.5 shows that the model has a slight bias with respect to A,. It
is an under-prediction of the resistance that increases with the slenderness for
global buckling. Further the model includes discontinuities in the prediction
because of the stepwise correction in (13.15).

(13.15)

2,2 = if0.5< 7 0/12 < 2

(13.16)

3 1
o]
o
25 o »51@
A X
2 o] can(ud) - 2
Z,' anfu Z; Glgn(gt;)
I I e & T islooi®riol
Lo
1 ? 1 Oo o
0.5 0.5
0 05 1 1.5 2 2.5 0 05 1 1.5 2 2.5
A A

Figure 13.5: Test over prediction as function of 4; and A, according to
Lindner’s model

13.3.4 Model according to Johnson [8]

The model according to Johnson involves three separate checks; one for local
buckling, one for global buckling and one for combined local and global buckling.
The check for local buckling is done with the post-buckling resistance predicted
by:

0,84

X = <10 (13.17)

For the global buckling the critical stress (13.9) is used but with a coefficient 36
instead of 32,4 and without (1-1#) in the denominator of D, which gives more or
less the same results. The design strength is taken as 0,5 times the critical stress,

which includes a partial safety factor of 1,1. Considering theses differences the
characteristic reduction factor becomes:
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_ 0,61
2J /15
if A, is defined by (13.12) and (13.9).

Finally, the interaction between local and global buckling is considered with the
critical stress 7.3 according to (13.14) with n=1. The resistance is taken as the
critical stress with a reduction factor 0,67x1,1, which leads to the reduction factor:

4 =074
3J ig

where 43 is defined by (13.12) and (13.14) with n=1.

(13.18)

(13.19)

The evaluation is shown in Figure 13.6 and Table 13.2. y; is taken as the lowest
value from the three separate checks. The right hand diagram depicting the
combined check shows a clear bias for under-prediction for high slenderness
values, which is caused by the use of reduced critical stresses as design strength.
The scatter in the quotient test over prediction shown in Table 13.2 is also fairly
high.

X .
A 3

y
A

A3

Figure 13.6: Test over prediction as function of 4, and A; according to
Johnson’s model

13.3.5 Combined model

The basic idea of this model was to define the resistance by a single reduction
factor. A reduced critical stress will be defined by (13.14) in order to take the
interaction between local and global buckling into account. This critical stress is
used to calculate the slenderness parameter A3 from (13.12). It is used in
combination with the strength function:

_ 12 <10
0.9+ 4,

b

(13.20)

Xc

The results for n=2 are shown in Table 13.2 and in Figure 13.7. Also n=4 has been
checked and the result is quite similar considering the statistical parameters. Both
alternatives represent a quite weak interaction and the interaction becomes weaker
the higher value of n is used. It can be seen that this model improves the
prediction. However, the model is symmetrical in the influence of local and global
buckling. It could be expected on theoretical grounds that the post-critical
resistance is more pronounced for local buckling than for global. In the latter case
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it is questionable if there is any at all. On the other hand the influence of
imperfections in the range of medium slenderness can be expected to be smaller
than for local buckling. This became clear when the tests with sinusoidialy
corrugated webs were included in the comparisons, which was done quite late in
the work. This reasoning led to the model described in the next section.

2.5

9 (0]

A
Ac

A3

Figure 13.7: Test over prediction as function of 1; according to model
Combined check, n=2

13.3.6 Model according to EN 1993-1-5

The model is based on the one proposed by Hoglund [7]. It has two separate
checks, one for local and one for global buckling. It has been modified in [18] and
further modification has been done here as will be discussed below. The reduction
factors for local and global buckling, respectively, is given by:

1.15
= <1.0 13.21
X1.EN 09+ 1 ( )
1.5
Yoo = <1.0 (13.22)
2N T 05422

The reasoning behind the two checks is that the local buckling is expected to show
a post-critical strength, which should not be present in the global buckling. This is
reflected by A, appearing linear and 4, is squared in the reduction factor. In [18]
the reduction factor for local buckling has no plateau but the global buckling has
the same reduction factor as (13.17). There is however one more difference. The
restraint from the flanges to the global buckling is included in [18] and an increase
of the buckling coefficient to 40 is suggested if a certain stiffness criterion is met.
The predictions were compared with the test results in Table 13.1 and also with
some tests on aluminium girders. The prediction is marginally better than the one
using (13.21) and (13.22). The idea of increasing the global buckling coefficient
has also been discussed by Leiva and it may very well be true. It has however not
been included in the model in EN 1993-1-5 for simplicity and as an additional
safety measure. The reduction factors (13.21) and (13.22) are shown in Figure
13.9 together with the Euler curve and the von Karman curve.

There are no test results that make it possible to evaluate the length of the plateau
length for local buckling. Equation (13.21) has a plateau until A; = 0.25, which is
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very small compared to other buckling problems. For instance the design rules for
flat webs give A = 0.83 for the plateau length with 7 = 1. This question will
remain unsettled until further experiments are available. It is believed that (13.21)
is conservative enough.

The evaluation results are found in Figure 13.8 and Table 13.2. The notation ygn
is the minimum of (13.21) and (13.22). The prediction is quite good with all the
results between 1 and 1,5, except for test 65, which stick out in all the evaluations.

25
X *
Zi;‘.\"
8
1 (=
|:| 5 ................................................. Dj
| I 0.5 1 L5 2 . 1 0.3 1 1.5 2
/1] Az
Figure 13.8: Test over prediction according to the model in
EN 1993-1-5
125 ............... _ _ _ ................ ............... ’ ................. _
1
4
073
0245

o 02 05 0735 1 125 /11.5 1795 2

Figure 13.9: Reduction factors according to EN 1993-1-5; global
buckling solid and local buckling dashed. As reference the Euler
curve 1/4* is shown as dash-dots and the von Karman curve 1/4 as
dots

Figure 13.10 shows the test results for which local buckling is supposed to govern
and Figure 13.11 there global buckling is supposed to govern. The predictions
gives almost the same statistical characteristics, mean 1,22 and 1,23 with
coefficient of variation 0,15 and 0,14 for local and global buckling, respectively.
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125

o 02 03 075 1

Figure 13.10: Reduction factor for local buckling together with 59 test
results where local buckling is supposed to govern

1.23

1
A

a7sr

0.5
0 | | | | | |
o oix os 0 1 145 1.x 135 2

A

Figure 13.11: Reduction factor for global buckling together with 11
test result where global buckling is supposed to govern

Table 13.2: Evaluation of design models showing mean value,
standard deviation and coefficient of variation of the quotient

Xul Xprediction
Model Lindner Johnson Combined EN1993-1-5
n=2
Mean 1.48 1.62 1.26 1.22
Stand dev 0.34 0.65 0.19 0.18
Coeffof var |0.23 0.39 0.15 0.15
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13.3.7 Discussion

The test data base is quite large and covers a range of parameters for instance:
190 < f, <690 Mpa

140 < h,/t,, <1200

30° <o <63°

Most of the tests are normal I-girders tested in three or four point bending. The
exceptions are test 27 and 28, which were racking tests on container walls with an
unsymmetrical corrugation. The report included one more shear test that has been
discarded because the web was not continuously welded. Test 65 and 66 had a
triangular corrugation (a; in Figure 13.2 equal to zero) and the girder had flanges
of cold-formed channels. Test 65 showed a very high resistance compared to
prediction, which to some extent may have been influenced by the flanges
carrying some shear. However, it is not the whole truth as test 66 does not stick
out. The tests by Hamilton [15] included four more tests with the remark “support
induced failure”, which are not included in Table 13.1.

The normal procedure for dealing with buckling problems is to use the critical
stress for defining a slenderness parameter as in (13.12) and to find a reduction
factor that depends on this slenderness parameter. In all the models studied here a
post critical strength is recognized for the local buckling. It is however less
pronounced than for a flat web. This is likely to be so because the folds of the web
are less efficient in supporting tension fields than the flanges of a girder with a flat
web. One question is how small the angle o between adjacent panels can be made
before the fold becomes insufficient as a support for the panels. The smallest
angle in the tests is 30°. This has been taken as lower limit until further evidence
is available.

The next question is interaction between the two buckling modes. This has been
considered by most of the authors except Hoglund. His reasoning is that the
interaction, if any, is so weak that two separate checks are sufficient. The
evaluation in Table 13.2 supports this opinion as the EN 1993-1-5 model based on
Hoglund’s ideas, shows the lowest scatter. The suggestion of Lindner to increase
the slenderness parameter for global buckling if the critical stresses for local and
global buckling are close to each other is hard to justify and it creates an unnatural
discontinuity. Using (13.14) for defining a reduced critical stress would give a
continuous procedure that gives the highest interaction when the two critical
stresses are equal. This seems intuitively reasonable. It will however be
symmetrical in 7, and 7, which is not likely to be true as indicated in the
discussion in 13.3.5. Because of this theoretical objection and that the prediction
of the test results is as good with the separate checks this was chosen.

For some low value of the slenderness the shear yield resistance of the web should
be reached. The test results do not indicate at which slenderness this will be safely
met. From Figure 13.10 it can be seen that the lowest slenderness there local
failure was governing is 4,=0.5. Judging from experiences of other plate buckling
phenomena (13.21) will be very safe with A4; = 0.25 for reaching the yield
resistance as discussed in 13.3.6.

The design model presented in EN 1993-1-5 has been shown to be a step forward
compared to other existing or possible design models. It is certainly not the final
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answer to the question of shear resistance of corrugated webs and future research
will hopefully improve the model.

13.4 Patch loading

No rules for patch loading resistance are given in EN 1993-1-5. The rules for flat
webs may be used but this is in most cases quite conservative, especially if the
loaded length is larger than one half corrugation w. The patch loading resistance
has been studied by several authors [10], [20], [21]. The results have however not
been collated and merged into a design model. In [1] the design rule for patch
loading includes only a check of the yield resistance. For sinusoidally corrugated
webs for the patch loading resistance has been studied in [22] and [23].
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14 Annex E to EN 1993-1-5 — Refined methods for determining
effective cross sections

Bernt Johansson, Division of Steel Structures, Luled University of Technology

14.1 Effective areas for stress levels below the yield strength

The modified Winter formulae in 4.4 of EN 1993-1-5 have been developed in
order to describe the ultimate limit state where the stresses at the supported edges
are at the level of the yield strength. At lower stress levels the effective width gets
larger. Partially this effect is considered in 4.4(4) of EN 1993-1-5 by the use of
the reduced slenderness parameter, which can be written

Z _ I Ucom,Ed _ Jcom,Ed}/MO
pred — “7p f / - .
¥y 7/M0 cr

The reduced slenderness parameter takes into account that the stress level is
smaller than the yield strength. However, the Winter formula gives the minimum
effective width corresponding to the highest stress and strain. The strain at the
edge of the plate does vary along the plate in such way that it is largest at the crest
of the buckles and smallest at the nodal lines between the buckles, which is
illustrated in Figure 14.1.

(14.1)

_________ 2] e
Vg e
i '\-\.1 = h_
/ ;’:_:‘“,\ . |
[ 11
r
i N A Tmax
[ N | |
e T
\H-'\-\.___.-"-. |
————————— C ORI S | Fi

() Gy

Figure 14.1: Stress distribution in a longitudinally compressed
slender plate

Where deformations are of concern the average strain along one buckle is
relevant. The average strain is always smaller than the strain calculated with the
Winter formula, also when the maximum stress is equal to the yield strength. An
example where both strength and stiffness are of importance is coupled global and
local instability. This is illustrated in Figure 14.2 showing results from tests on
studs with thin-walled C-section under compression together with calculated
results using different expressions for the effective width [1]. In the left hand
diagram, showing load versus deflection, it is shown that the Winter formula
(14.3) gives too large deflections and too low resistance. The calculated curve
labelled [1] is based on expressions developed in [1] and forming the basis for the
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formulae in Annex E. The right hand diagram shows the strains at mid span
(compression positive) and calculated values with the two different effective
widths described above. It can be seen that (14.3) gives an overestimate of the
stresses. This is a combined effect of that the effective width is underestimated for
stresses lower than the yield strength and that the average stiffness is
underestimated, which causes larger deflections. This in turn increases the
bending stresses due to axial force times deflection.

40 . .
f!ii?&'i“n‘;“{f"‘ Mutt _369 i —— Effective width[1]
kN [ L smmmm — o — — 1 (14.3)
\ —e— Test result
\ L P ro— o
AN €./ Specimen:  |Ny[t= |
e/ty |
%, A 104 E.s kNI 1l |
08— | e

/" “Effective width
according to

(14.3)

LN

|N

-

L
_0_2! L [

0 10 vimml 20 0 10 20 40

30
N [kN]

Figure 14.2: Results from tests on studs with thin-walled C-section
under compression together with calculated values with two different
estimates of the effective width [1]

The formulae (E.1) and (E.2) of EN 1993-1-5 were developed during the drafting
of ENV 1993-1-3 based on the proposal in [1]. The original formulae were
thought to be too complicated to introduce in a code. It takes about a page to
present them so the reader is referred to [1]. A comparison is shown in Figure
14.2 for the case of a uniformly compressed plate supported at all edges. For this
case (E.1) becomes:

ﬂvp - zp,red )

_ 1—0,22//1p,red + 0,18(

p= = — (14.2)
ﬁp,red (ﬂp - 0,6)
Figure 14.2 also shows as reference the Winter formula:
1-0,22/2
D= £ p.red (14.3)

A p,red

The Figure 14.3 shows three examples of different slenderness /Tp =1,2and 3. It

can be seen that (14.2) is a good approximation of the original formulae for

Aprea > O,H—,p. Translated to stress level this means that the approximation is good

down to stresses larger than half the yield strength.
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It should be noted that the effective width according (14.2) depends on the actual
stress in the plate, which in turn depends of the effective width. This means that
the calculation becomes iterative but the convergence is quite rapid. The
procedure in E.2 described below is an alternative that can be used for a direct
calculation.

Figure 14.3: Comparison between the effective width formulae
developed in [1] with the approximation in Annex E and with the
Winter formula for stresses below the yield strength

14.2 Effective areas for stiffness

For common plated structures like bridge girders it is praxis in many countries to
ignore the loss of stiffness due plate buckling. The justification is that for
economical reasons the flanges are designed to be fully effective or with only a
small reduction for local buckling. For webs it may be economical to accept a
larger reduction because the web contributes relatively little to the bending
stiffness. As EN 1993-1-5 is not only written for bridge girders there was a need
to formalise some kind of rule that limits this praxis. The rule in 2.2(5) of EN
1993-1-5 states (accepting the recommendation in Note 1) that the loss of stiffness
may be ignored if the effective area at ULS is not less than half the gross area of
an element in compression. For a web where the stresses change sign the rule
should be applied to the compression zone.

If the limit in 2.2(5) 1s not met or for some other reason a more accurate analysis
is required the rules in E.2 may be used. This is a simple idea based on
engineering judgement that was first introduced in the Swedish bridge code [2] for
stress calculation. Here it is used for a wider purpose including global analysis
and calculation of deflections.

The formula is a simple interpolation according to:
o
ar
Ieff = Igr - (]gr - Iejj" (Gcom,Ed,ser )) (14.4)
Gcom,Ea' ,ser

The idea is that the formula should be used without iterations such that
Lo OcomsEdser) Should be calculated assuming a stress level that is not smaller than

OcomEdser- As a safe guess the yield stress can be used and it gives a too low
second moment of area.
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14.3 References

[1] Thomasson, P-O, Thin-walled C-shaped Panels in Axial Compression,
Swedish Council for Building Research, Document D1:1978, ISBN 91-540-
2810-5.

[2] Bro 88 (Swedish Bridge Code 1988), Swedish National Road Administration
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15 Worked example — Launching of a box girder
Bernt Johansson, Division of Steel Structures, Lulea University of Technology

The bridge has been built at Vallsundet in central Sweden. It has dual
carriageways and is designed as composite. It was erected by incremental
launching schematically shown in Figure 15.1. The verification for patch loading
and bending at support 2 will be shown in this example.

Just before the launching nose reaches support 3 the load effects including load
factor at pier 2 are:

M= 80,5 MNm
R=4,0 MN

£ £

Temporary
support
62600 68200

| |
Figure 15.1: Schematic view of bridge during launching

The cross section is a box with dimensions shown in Figure 15.2 for the section
that will be at pier 2 during launching. All measures refer to the centre lines of the
plates. During launching the top flanges are connected by a trapezoidally
corrugated sheet acting as a tie and diaphragm. It is also used as lost formwork for
casting the concrete at a later stage. Note that the girder is slightly hybrid with top
flanges in S460 and the rest in S420.

| 4500 |
| |

- = ———— PL27xF30 3460 Panel length due to

distance hetween

vertical stiffeners:
a=F4m

PL 22x2B46 S420

ash
-l gy |

|
| t [
2 %
_'_'_._._._,_,_.—-—'—" PL 263300 5420 ' L B |
Fon
| 3100 | | |

Figure 15.2: Cross section at pier 2 when the nose reaches pier 3

2774

150 |
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15.1 Patch loading
The support reaction is carried by both webs and the component in the plane of
the web becomes:

4,0
2cosl4

=2,06 MN

Ed

There is also a horizontal component of the support reaction, which acts as a patch
load on the bottom flange:

F,,, :4’0t—;n14:(),50 MN

The launching shoe is assumed to have a length:
s, =0,5m

From Figure 6.1 of EN 1993-1-5 and the inclined width of the web according to
Figure 15.2 we get:

2
ky =6+2{2’816} =6,30

9

Formula (6.5) gives:

0,022°

F, =0,9-6,3-210000 =4,45 MN

b

Paragraph 6.5(1) gives a limitation of the width of the flange to be taken into
account to:

15¢t, =15, /2-0,026 =0,292 m
420

on each side of the web. On the outside where is only 100 mm so the width
becomes:

b, =0,292+0,1=0,392 m.

0392
' 0,022

2
m, =0,02| 2320 | _ 549
0,026

2

17,8

The effective loaded length is given by formula (6.10):
l[,=0,5+2-0,026(1+/17,8+240)=1,38 m

The slenderness parameter is given by (6.4):

A :\/1,38-0,022-420 _ 169

4,45

Here it is noted that Ay is larger than 0,5, which is a condition for the formula used
for m,.
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The reduction factor for the effective length is given in (6.3):

0,5

= =0,296
1,69

Xr

Finally, the patch loading resistance is given by (6.1):

420-0,296-1,38-0,022
FRd: 11

=3,43 MN

2,06
3,43

The resistance is clearly larger than the load effect and the first verification is OK.

=0,60<1,0

n,

The horizontal components of the patch loads produce an opposite patch loading
and can obviously be resisted according to the model above as the bottom flange
is thicker than the web and is stiffened by longitudinal stiffeners. However, there
is a significant compression in the bottom flange from global bending, which will
be calculated later. The transverse compression spreads quite rapidly and it is
deemed sufficient to check for local yielding at the junction with the web:

04, =—360 MPa (from second last paragraph of this worked example)

Gy =220 __38 MPa
’ 0,5-0,026

O oy = \3607 +38° —360-38 =343 <420 MPa.

15.2 Bending

The gross section properties of the cross section in Figure 15.2 are:

A, =0,2686 m’
1,=0315m'

W =0,185m’

gr.top

/4

gr,bottom

=0,294 m’

The effective section is calculated according to 4.5 starting with the effective
section of the bottom flange, which is assumed to be loaded in uniform
compression.

Bottom flange, panel width & = 700 mm.

E= Jﬁ =0,748
420

Z _ 0,7/09026 :0’63<0,67_)ploc:1

7 28.4.0,748/4
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It is clear that also the 500 mm wide panels are fully effective for local buckling
and hence the whole bottom flange. For the stiffeners we get for the top:

T 0,35/0,008 _

7 28,4-0,748-2
~1,03-0,22

PIOC—LOT

b, =0,763-0,35=0,268 m

5

=0,763

The inclined web has a width of 391 mm and for simplicity it is considered to be
uniformly compressed:
T 0,391/0,008 _
’28,4-0,748-2
_1,15-0,22
Ploc = 115

=0,703

b, =0,703-0,391=0,274 m

The edge strips of the bottom flange that need not be reduced for stiffener
buckling are with reference to Figure 4.4 and formula (4.5) of EN 1993-1-5:

Zbedge,eﬁ't = (091 + 07 25) . 2 ° O, 026 = 0, 01 82 m2
The central area of the bottom flange is depicted in Figure 15.3 and its effective

area is:

A

c.eff doc

=0,0806 m’
ﬂ 250 700 700 __790_ , “’l 250 r
/~ M\ I~ M\

—_f— —\—— e — . — /- \_GEL

30 —»

Figure 15.3: Effective cross section of central part of the bottom
flange with respect to local buckling

For calculation of critical stresses the gross properties are needed. The cross
section in Figure 15.3 but with fully effective stiffeners has the following data:

A, =0,0858 m2
e=0,051 m
1,=1,08-10"° m*

i=4/1,08/85,8 =0,112 m.
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The critical column buckling stress is calculated with formula (4.8):

o 72210000-1,08-107°
et 0,0858-7,4>

=475 MPa

The critical plate buckling stress can be calculated with formula (A.2). The
formula gives a critical stress lower than that for column buckling. The formula
(A.2) is a too crude approximation for this case. A better estimate can be found
with the theory of buckling of bars on elastic foundation, see 11.2. The method
described in A.2.2 is based on this theory but the formulae are not suitable for the
present application. Instead the basic theory will be used with a model according
to Figure 15.4.

A
y
A
vy
A

Y

A
4

Figure 15.4: Model for deriving the spring stiffness k=1/6

The two stiffeners are assumed to buckle simultaneously and the stiffeners are
concentrated to their centres of gravity as shown in Figure 15.4. The bending
stiffness of a 1 m wide strip of the bottom flange is:

Do 210000-0, 026
10,92

The deflection of two unit loads (1 MN/m) becomes:

2
5o 1-0,85 3,1_4 0,85
2-0,338

=0,338 MNm

}:2,10 m?/MN

The spring stiffness becomes:

k= % =0,476 MN/m’

For buckling in one half-wave the critical axial force becomes, noting that each
stiffener has an area and second moment of area equal to half the values
calculated for the overall plate:

EI =210000-0,0054 =113 MNm®

7r2113( 0,476-7,4*
= 1+

1 2 4
cr 7’4

=23,0 MN
77113
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For two half-waves it becomes:

72'2113( 0,476-7,4*
= 4+

= =82,1 MN
SR 4;:*113}

The stiffeners buckles in one half-wave and the critical plate buckling stress
becomes:
23,0

o, = =536 MPa
”0,0429

The reduction factor for plate buckling o can now be calculated according to
4.5.2:

80,6
===-=0,939
Pa 85.8

2

1= /0,939-420:0,857
? 536

~0,857-0,22
0,857

=0,868

The reduction factor . for column type buckling is calculated according to 4.5.3:

- /0,939~420 0,911
475

e=0,191 m (between GC of stiffener and GC of stiffened plate)
i=0,112 m
a =0,34 (closed stiffener)

L 009
0,112/0,191

x.=0,594 (from EN 1993-1-1 6.3.1.2)

a, =0,34

e b

The reduction factor p. with respect to interaction between plate and column
buckling is calculated from 4.5.4:

£=230_1_0128
475

p.=(0,868-0,594)-0,128-(2-0,128)+ 0,594 = 0,660

The effective area should also be reduced for shear lag effects, if any. In 3.1(1) a
criterion is given:

L,=2-68,2=136,4 m
L,/50=2,73 m
b,=3,1/2=1,55<2,73 m, no reduction for shear lag.

The effective area of the compression flange is given by formula (4.5). Its two
parts will for practical reasons be kept separate as they have different distances to
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the centre of gravity. The reduction of area by p. is thought of as uniform
reduction such that its centre of gravity is maintained, see Figure 15.3.

Central part: A, =0,660-0,0806 =0,0532 m’, e = 30 mm from centre of

bottom flange.

Edge parts: 4, =2-0,026-(0,1+0,25)=0,0182 m’, ¢=0.

The rest of the cross section is so far the gross section shown in Figure 15.2 and
the properties of the effective area is shown in Figure 15.5. Next step is to
determine the effective area of the webs. This is done according to 4.4 assuming
that the yield strength is reached:

4500 |

———= A=0,0394 e=2,774 flanges

1569

A=0,1252 e=1,386 webs

2774

1-6C Ymmmmm
250“ 2600 | 250
" A=0,0532 =0,030 central part
vy — - : — A=0,0182 =0 edge part
edge | central | edge % €=U edge parts
100»‘ ‘F 3100 10 Total A=0,236 m?

Figure 15.5: Effective cross section after reduction of the bottom
flange

y o L569-00135 o
1,205-0,013

k, =7,81+6,29:1,30+9,78-1,30° = 32,5

£= ‘/ﬁ =0,748
420

~ 2,846 1 ~
70,022 28,4-0,748-/32,5

1,07

~1,07-0,055(3-1,30)
1,07?

Inclined depth of the compression zone (1,205-0.013)/cos(14)=1,229 m
=0,853-1,229 =1,048 m.

=0,853

b,

This leaves a hole of 1,229-1,048=0,181 m in the webs located with its centre at
distance from centre of the bottom flange of

e, =0,013+(0,4-1,048+0,181/2)cos14=0,507 m
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The reduction of the web areas becomes
AA=2-0,022-0,181=0,00796 m>
The effective area of the cross section now becomes

4, =0,236-0,00796 = 0,228 m’

and the GC shifts to

1
0,228

e =

(0,236-1,205-0,00796-0,507) =1,229 m

The second moment of area and section moduli calculated with respect to the
centroid of the respective flanges for the final effective section becomes:

4
1,=0,275m

W, =22 (98 oy
P (2,774-1,229)
- 0,275

= =0,224 m’
eff ,bottom 1’ 229

The bending resistance will be the lowest of:

M =460-0,178 =81,9 MNm

Rd ,top

M =420-0,224 =94,0 MNm

Rd ,bottom

According to this calculation the top flange governs the bending resistance.
However, the girder is hybrid with webs and lower flange in S420 and there will
be partial yielding in the webs before the flange stress reaches 460 MPa. This is
allowed according to 4.3(6) of EN 1993-1-5 but the bending resistance has to be
corrected for yielding in the webs. When the stress 1s 460 MPa in the centre of the
top flange the stress at the top of the web should be 456 MPa but it can only be
420 MPa. This means that 456-420=36 MPa is “missing”. The depth of the
yielded zone is 126 mm and the missing force is:

AF=%2-36~0,022~0,126=0,10 MN

As this is a small correction the shift of the neutral axis is neglected and the
corrected bending resistance becomes:

M,, =81,9-0,10-(1,545-0,027/2-0,126/3) =81,75 MNm.

The actual design bending moment is 80,5 MNm and:

80.5
_ 805 985
=375

From the check of patch loading resistance we have:

n, =0,60

The final verification is for interaction according to 7.2:
0,60+0,8-0,985=1,39<1,4 OK
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The actual stress in the bottom flange is:

o, = 3031229 _ 300 \pg

0,275
instead of 420, which was assumed calculating the effective cross section. A
recalculation using the actual stress would give a higher bending resistance.

The design criterion for interaction is empirical and it has been developed from
tests on doubly symmetric I-beams. As it was applied above, the bending
resistance was determined by yielding in the unloaded tension flange. Using that
bending resistance in the interaction formula is most likely conservative because
the interaction must be caused by the state of stress in the neighbourhood of the
patch load where the bending stresses are lower.
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16 Worked example — Orthotropic plate with trapezoid stiffeners

Darko Beg, P. Skuber, L. Paviovcic, P.Moze, Faculty of Civil and Geodetic
Engineering, University of Ljubljana

16.1 Data

The orthotropic plate is a part of a bottom flange of a two span continuous box
girder at the interior support. The height of the girder is equal to hy, = 3,8 m. Each
of the adjacent spans L are 91 m long. The plate is loaded at the edges with

compression stresses Ogq from bending moments and shear stresses 1, from

torque all related to the gross cross-section. Shear stresses 1, from shear forces

in the webs are shown for equilibrium reasons and are not relevant for the design
of the orthotropic plate for global buckling but for checking the subpanels, see
7.1(5) of EN 1993-1-5.
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Figure 16.1: System and loading
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Figure 16.2: Stiffener
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Material $355  f, =355 N/mm® =355-10°N/m* &= ,/% =0,814

Mo = 1,00 ; 1 = 1,10 .

Geometric characteristics of sections were calculated by the use of AutoCAD
2000.

16.2 Direct stresses
16.2.1 Subpanels - calculation of effective® areas of subpanels

Panel I (plate between two longitudinal stiffeners): b, = 450 mm = 450 10°m

b/t (450-10*3)/(12-10*3)

"84efk,  28,4-0,814-4

=0,811

X, —0,055(3+y) 0,811-0,055(3+1)
AL - 0,811°

P = =0,899

b =p;b, =0,899-450-107 =405-10°m

Ag =P A = 0,899-450-107 12107 =4,855 10~ m’

Panel 11 (plate between one longitudinal stiffener): b;; = 300 mm

-3 -3

)LPH _ b, /t _ (300-107)/(12-10 )=0,541<0,673:>pn 10—
To284e k., 28,4-0,814-4/4

Aeff,II :AII’ beff,H :bII

No reduction for local buckling.

Panel 111 (stiffener — inclined web): by;; = 288 mm =288 10°m

- b, /t,  (288-107)/(6-107)
}\’p m = — = =1,038
28 4e k. 28,4-0,814-4/4

o = tem ~0,055(3+y) 1,038-0,055(3+1)
! o 1,038’

=0,759

b =Py =0,759-288-107 =219-10m

A = PuAy =0,759-288-107-6-107° =1,312:10° m?
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Panel IV (stiffener — part parallel to plate): by = 135 mm =135 10°m

3 3

Xplv _ b, /t, _ (135-107)/(6-10 ):0,487<0,673:>
Vo284e k. 28,4-0,814-4/4

Aeff,IV = AIV’ beff,IV = bIV

No reduction for local buckling.

16.2.2 Stiffened plate

Relevant cross section

NnOALREA T

L 450,300, 450 300, 450 stoL 450, 300 , 450 300 , 450

f 4200 ‘L

A=71,40-10"m’ , I.= 580,25-10°m’

Figure 16.3: Gross cross section

- A- 66 00-10° i -

135
buy bettv-ts

‘ [\ B M “0_\ \ ‘
20.5bam g
/ \?& Ry S N /R

Aceffloc 59 06 10 m

Figure 16.4: Cross section considered and Ac e 1oc

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 16.4

Z applies to the part of the stiffened panel width that is in compression

except the parts begge etr, see Figure 16.4

Acettioc 1 the effective’ section areas of all the stiffeners and subpanels that are
fully or partially in the compression zone except the effective parts
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supported by an adjacent plate element with the width begge cfr, see Figure
16.4.

Agerr 1S the sum of the effective® section according to EN 1993-1-5, 4.4 of all
longitudinal stiffeners with gross area Ay located in the compression
zone (see Figure 16.4)

bejoc 1s the width of the compressed part of each subpanel

Ploc is the reduction factor from 16.2.1 for each subpanel.
A=71,4-10"m*, 1 =580,25-10"m"
A, =71,4-107-450-107-12-107° = 66,0-10°m’

Ac,eff,loc = Asl,eff + Z plocbc,loct = (Sbeff,lvtsl + 1Obeff,llltsl ) + 5 (‘beff,lt + beff,llt)

A =59,06-10"m’

c,eff loc

Plate type buckling behaviour

Calculation of kg
Z I, 1isthe sum of the second moment of area of the whole stiffened plate;

I, is the second moment of area for bending of the plate
bt bt
12(1-v*) 10,92

Z A, is the sum of the gross area of the individual longitudinal stiffeners;
A, is the gross area of the plate = bt;
3 lel 10,921, 10,92-580,25-10° _

- 3 8731
I bt 4.2-(12-107)
A . 1073
8:2 31:54,2 10_3:0’417
A, 4212410
a=2- 2 0952205
b 4.2
eﬂj: Ga \L—
'\ AS=420107m

Figure 16.5: Cross section of single stiffener
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a=0,952< {‘/? =5,44 = (using equation (A.2) of EN 1993-1-5)

2((1+0c2)2+y—1) 2((1+0,9522)2+873,1—1)

= = =681,9
ol (y+1)(1+3) 0,952% (1+1)(1+0,417)

=k

k,, was calculated using the Equation A.2 from EN 1993-1-5. k,  may be

o,p
determined in several ways: by simplified analytical expressions (e.g. Eq. A.2), by
using suitable charts (e.g. Kloppel charts) or by FE analysis. The results can be
substantially different depending on the accuracy of the tool used and on the
accuracy of the boundary conditions taken into account.

Calculation of elastic critical plate buckling stress
©’Et®  n?-210-10°-(12-107)

— . 6 2
12(1—V2)b2 - 12(1_0,32).4’22 =1,55-10" N/m

O =

6., =k, ,0p =681,9-1,55-10° =1,057-10° N/m’

Slenderness of stiffened plate

Ac,eff,loc _ 59: 06 : 10_3
A, 66,0107

_ f :355-10°
- Bact, _ [0,895-355 910 =0,548<0,673=p=1
. 1,057-10

cr.p

Bae= =0,895

No reduction for buckling of a stiffened plate.

Column type buckling behaviour

Critical stress of a stiffener

Aq1 1s the gross cross-sectional area of the stiffener and the adjacent parts of the
plate according to Figure 16.6

Ig, is the second moment of area of the stiffener, relative to the out-of-plane
bending of the plate according to Figure 16.6

Lu=113,17-10°" m'

Aw=13210"m’

*Gy

, 225 /\L 150 /\L 150 /\L 225
bI.inf bII.sup b]I,inf bI.sup

Figure 16.6: Cross section of single stiffener and adjacent parts

2 b, =0,5b,
~y

Lsup =

by = 2L b, =0,5b, b
- S—W
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3- 2
bII,inf = W bH = 0: Sbu b —bH = 0, SbH

1I,sup = 5

Ay, =13,2:10" m?, I, =113,17-10° m*

> sl

’El 2910-10° - 1076
Gcm:n “;‘=n210 10 1}33’13 10 =1,111-10° N/m?
YA 13,2-107° -4

There is a stress gradient along the panel that increases the critical column
buckling stress. That effect was not taken into account in the given calculation,
but can be easily included as the relevant information is available in handbooks.

Extrapolation of elastic critical column buckling stress to the edge of the
panel

bc :bsl,l (Wzl)
b

C

cjcr,c = b cScr,sl =0
sl,1

=1,111-10° N/m’

cr,sl

Gere 18 slightly larger than o, which is theoretically not possible. This results
from the approximation of the mechanical model of the stiffened plate.

Slenderness of a stiffener as a column

Agerr 1S the effective cross-sectional area of the stiffener with due allowance
for plate buckling, see Figure 16.7

Literr = 104,44-10° m'
Asvier=11,81-10" m’

, 2025 300 , 2025
Tboar 27 ban | bew /2]

Figure 16.7: Effective cross sectional area of stiffener

Agrer _11,81-107

= = =0,895
Pa A, 13,2:10°
_ f . .10°
7= Bacfy _ 0,895-355 910 0,535
G 1,111-10

Reduction factor y

1 .10°¢
P R 113,17 1(_)3 ~92,6-10° m
13,2-10
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e = max (e;, e) is the 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 16.8.

Gsl GSI

. Gsp

WL 225 /[L 150 /[L 150 ﬂb 225
bl,inf bl].sup bI],inf b[.sup

Figure 16.8: Distances e and e;

o = 0,34 (curve b) for closed section stiffeners
e=max (e,;e,) =max(114:107;53-107 ) =114-10" m

0,09 0,09
o, =0+ =

=0,34+ =0,451
‘ i/e 92,6-107/114-107

$=0,5/1,0+0,(%,—0,2)+7? |
$=0,5[1,0+0,451(0,535-0,2)+0,535" | = 0,719

1 1

e = =
G402 =22 0,719+4/0,719> —0,535>

=0,834

Interaction between plate and column buckling

e O g 1,057-10
o L111-10°

cr,c

2
J —1=-0,095.
Therefore the case § = 0 applies, see Figure 4.5.

P, =(p—xc)&(2—§)+xc =(1,00—0,834)~0-(2—0)0,834=0,834

Verification for uniform compression

Acefr 18 the effective cross-section area in accordance with EN 1993-1-5, 4.5.1(3);

Ac,eff = pcAc,eff,loc + zbedge,efft =
=0,834-59,06-107 +0,899-450-10°-12-10° =54,111-10° m?

Effect of shear lag

If b, < ?—5 , shear lag in flanges may be neglected.

L, =0,25(2L)=0,25-2-91=45,5m
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L
bO:E:2,1m>—°:45’5:0,91m 4|
2 50 50

_[5-4,2:107

byt; 2,1:12-107

ab, 1,345-2,1
L 45,5

[

-1 -1
B= 1+6,0(K— ! j+1,61<2 =|1+6,0 0,062—; +1,6-0,062
2500k 2500-0,062

B=0,747

=1,354

K= =0,062

A=A, B =(54,111-107)-0,747"" = 53,14-10” m’
Ay =5314-10"m’ > A_f=54,111-10"-0,747=40,4-10"m’ ™

Verification for compression at the most compressed edge

Ny, _  o©xA  220-10°-71,4-10°

_ = - i —=0883<1,0 ¥
£ VvoBear Ty /TaoAeer  355-10°/1,0-53,14-10

m

The compression stress check was performed for the largest stress at the edge of
the panel. It is allowed (EN 1993-1-5, 4.6(3)) to carry out the verification for the
stress resultants at a distance 0,4a or 0,5b (whichever is smaller) from the panel
end with largest stresses.

16.2.3 Minimum requirements for longitudinal stiffeners

No check of torsional buckling is needed for closed stiffeners (see 9.2.1(7) and (8)
of EN 1993-1-5).

16.3 Resistance to shear

8355, n=1,2

16.3.1 Stiffened plate

Ig is the second moment of area of the longitudinal stiffener about the z-axis, see
Figure 16.9. For plates with two or more longitudinal stiffeners, not
necessarily equally spaced, lg is the sum of the stiffness of the individual
stiffeners.
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L 146 ¢ 146 |, 146 6 146 %F
T1set T o1set 77156t 1 156t 1

L 298 Ll 298 L
1 11 7

Figure 16.9: Cross section of stiffener

h, =b=42m
b, =156t =15-0,814-12:10" =146-10° m

b, =156t =15-0,814-12-10" =146-10" m

) 3
4 zlsl > 291 3 ZISI ,
t’h,, t \ h,
2 -6\2 -6
k. =9 4,2 » 5 107,}37310 049,924 > 2,173 i 5-107,17-10 8.8
' 4 (12-107) -4,2 12-10 4,2

h Y 4,2Y
k, =4,00+5,34] = | +k_, =4,00+5,34 " +249,924 = 259,811
a
-3
7 h, /t 4,2/(12-107) 0713

3745k, 37,4-0,814-,/259,811

16.3.2 Subpanels

Subpanel 1
h,,=b,=450-10" m

k.. =0 —no stiffener in the subpanel

Tl,st

h Y 107

k., :5,34+4,oo(—mj +k, :5,34+4,00(%} =5,391
. :

- h,,/t :(450-10*3)/(12-10*3)

_37,4-8- k 37,4-0,814-4/5,391

=0,531

wl

tl
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Subpanel 2

h,,=b,=300-10" m

k_, ., =0 —no stiffener in the subpanel

12,8t

300107

2
k., = 5,34+4,00(h“} +k, = 5,34+4,00(

2
] =5,363
a

— _ h,,/t  (300-107°)/(12:107) _
" 37,460k, 37,4-0,814-/5,363

0,355

16.3.3 Shear buckling factor

max (X,: ik, ) = max(0,713;0,531;0,355) =%, = 0,713 =

wl?

shear buckling of the stiffened plate is critical:

0,83 0,83
n 1,2
0,83 0,83

=y, === =1,16
L, 0,713

=0,69<L, =0,713<1,08=

16.3.4 Verification

Vi T 128:-10°-11-43
b V, ra £ 1,16-355-10°

2
YMl\/g

=0,592<10 ™
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16.4 Interaction M-V-N

A flange of a box girder should be verified using the following equation:
7, +(2m; —1)2 <L0 (EN1993-1-5,7.1(5))

where M, is calculated as in 0, but at the cross section at a distance h,/2 from the
interior support and T, is calculated based on average shear stress in the panel
(but not less than half the maximum shear stress).

Compression stress at the cross section located at a distance hy/2 from the interior
support:

3,8
4,0--"
Opy . = (220—151)—A+151 -10° :187,2-10"’£2
i 4,0 m
Average shear stress in the panel:

(128—107

Teq

6
£107 [10° =117,5.10° 2 5 Tme 128107 _ 60 150 N
m 2 2 m

Verification of interaction within the flange

oA 187,2:10°-71,4

- - ~0,709<1,0 ™
b £y Va0 Ae 355-10°/1,0-53,14
f . 106
Toy =%y —2 =1,16 355-10 =216~106£2
YMl\/5 151'\/5 m
ﬁ3=i=ﬂ=o,544
Tpg 216

i, +(27, —1)" =0,709+(2-0,544 1) =0,717<1

Additional verification of shear buckling of the subpanel, assuming the
longitudinal stiffeners are rigid. The most unfavourable subpanel is Subpanel I
(see 16.2.1 and 0).

b, =450-10°m =1, =0,531
- 0,83 0,83

A, =0,531< =%, =n=12
n 1,2
f 10°
Tra = X~ _1,232210 =223,6-106£2
YwV3  LIA3 m
A=t U7 55 m
Toa  223,6
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17 Worked example — Plate girder

Darko Beg, P. Skuber, L. Paviovcic, P.Moze, Faculty of Civil and Geodetic

Engineering, University of Ljubljana

17.1 Data

(JEd

A PP A A A A A AR A

IMH M II

a' a

1=5a+3a'

1=5a+3a'
R

L Cross-section 1 L Cross-section 2
1

R

L Cross-section 1 L
1

i

Figure 17.1: Overview and numbering of panels with cross section 1,

2and 3
S 235=f, =235 MPa
235 \/235
€= = _1
fy [N/mrn } 235
Mo = 1,0
v = 1,0
Cross-section 1 Cross-section 2
I?zbﬂ/tfl l;—g‘vb:z/tm
/hw/t\V
/h“/t N
T T T T ba/ts
ha/ta
hs hW2 + ﬁ?sl/tgl hs
hat ha/ts
:gl/tn [bn/tn

Figure 17.2: Cross sections

192

i

a =3m
a' =2m
Il =2Im
Qe =85 kN/m

b, /t;, =400/20 mm
b, /t;,=600/40 mm
h,/t, =2000/8 mm
b,/t, =120/8 mm

h,/t,=80/8 mm

h, /by /t,, /t,, =180/180/10/201
h,, =500 mm
h , =1000 mm

Transverse stiffener
Y

nm
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A two span continuous plate girder is selected in this numerical example to enable
us to illustrate the design rules for the panels at the exterior and interior support as
well as in the mid span. The example is not intended to show an optimal girder
design but to illustrate the application of several design rules. The design loading
geq includes self-weight of the girder and all other relevant permanent and
variable loads.

1200 1V [kN] 1139
900 -
647
600
300 X [m]
0 ‘ ‘ )
300 4 3 27 30 33 3 39
-600
-900 -
-1200 -
Figure 17.3: Shear force
-5167
-5200 7 M [KNm]
-4608
-4200 -
-3200
-2200 -
X|m
-1200 - [ ]
3 6 9 12 15 18 21 24 27 30 33 36 39 42
-200 . L 755 . | . . | . . . . ;
20,5
800 -
1800 1 1557

2459

Figure 17.4: Bending moment

Shear force and bending moment were calculated by the use of Esa Prima Win
version 3.30. An elastic global analysis based on gross cross-section properties
was performed. All the calculations further in the text were calculated by
Microsoft Excel.

17.2 Shear lag in the flanges

If b, < ];—6 , shear lag in flanges may be neglected.
17.2.1 Elastic shear lag (serviceability, fatigue)
Lo = 0,851, =0,85-21=17,85 m,

e = O,25(Ll + L2) = 0,25(21+ 21) =10,5m

midspan: b, = % = 0’240 =0,20 m < % - 17,85

=0,357m, B,=1,0 ™
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L
support: b0=h=0,40:0,20 S—G=M=O,21m, B1=1,O 4|
2 2 50 50
bo:bT: ,60 IO’SO:O,ZIm
/ =/1+0 =1
o _ayby/2 1 0,30 _ 4 029
Le L, 10,50
1 -1
B2: 1+6,0| x— +1,6K2
2500«
1 -1
B=B,=[1+6,0{ 0,029 -——— +1,6-0,029° | =0,918
2500-0,029

Both flanges of cross-section 1 and the lower flange of cross-section 2 are fully
effective at SLS. The upper flange of cross-section 2 is partially effective at SLS.

17.2.2 Elastic — plastic shear lag (ULS)

Only the upper flange of cross-section 2 need consideration at ULS.

o, = ; ~J1+0=1
0
_oyby _ayby, /2 1:0,30 —0.029
L L 10,50

€ €

-1
| +1,6%*
2500k

1
2500-0,029

-1
B=(1+6,0(0,029— j+l,6-0,0292] =0,918

Ay =ALB =A,,-0,918"" =0,998A,, ~ A,,
M

Both flanges in both cross sections 1 and 2 are fully effective.

17.3 Panel | (at the exterior support)

V,, =647-10° N (at the support),

M,, =1557-10° Nm (at the end of panel I — x = 3 m)

Interaction M-V is checked with maximum values of shear force and bending
moment existing in the panel, but not located in the same cross section (a
conservative approach).

194




Commentary to EN 1993-1-5

First edition 2007

17.3.1 Rigid end post

The end post is designed to be rigid. Therefore it must fulfil the following criteria:

e>0,lhy;,=0,1.2,0=020m chosen:

end plate dimensions: |b,, /t.q =320/15| double sided

end ®

2 2
A, =2-0,16-0,015+0,008-0,015 = 4,92 .10 m® > 41ty _ 4 2:00-0.008

e 0,20
A, =4,92-10" m*>>2,56-10" m’
Beng = 0,160 =10,7 <14e =14 — Class 3, therefore fully effective.
t,s 0,015
15| 15
tend t.
146146
200 3000 +—300—+
e a Dena
H H%Tbmd °°th“
RES T

Figure 17.5: Panel | — rigid end post

17.3.2 Shear resistance

Contribution from web

k. =0 —no longitudinal stiffener, n=1,2 (steel grade S235)

2 3005
. 2,00
2 2
kT=5,34+4(h—Wj +k”t=5,34+4~£2’08j +0=7,118
a ’ )

h—wzﬂzzsozﬂs\/ﬁzﬂ-l- 7,118 =69 =  verification of shear
t, 0,008 n 1,2

w

buckling is necessary

R, =
Y374t 8k,
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Ay = 290 2,505 1,08 g, =~ = D3 _
37,4-0,008-1-7,118 0,7+%, 0,7+2,505

0,427

%W fuhyt, 0,427-235-10°-2,00- 0,008

YW W OW

Viwrd =
T 3 L1-43

=843-10° N

Contribution from flanges

: 4

e

Figure 17.6: Panel | — tension band

1,6-b,, -2 -f

; 1,6-0,40-0,02%-235-10°
o y}:3,00[0,25+
w w yw

0,008-2,00”-235-10°

c:a[0,25+ j=0,774m

b, =0,40 m<2-15¢et, +t=2-15-1-0,02+0,008 = 0,608 m
235-10°

f
M; po = (hy, +t)A; i ——=(2,00+0,02)-(0,40-0,02)- BT 3798-10°Nm

Mo 5

b, -t -f ’ ’ ° Y
v by ety £ 1 M, _0,40-0,027-235-10 1— M —37.10°N
bf,Rd — - 3 -

f,rd

Flanges do not significantly contribute to the shear resistance; indeed Vygrqg is
substantially smaller than Vpy rg.

17.3.3 Verification for shear resistance

f h t
Vb,Rd = wa,rd + be,Rd < lew%
Vi V3

1,2-235-2-0,008

1,143

10°=2368-10°N ™

Vyra = (843+37)-10° =880-10°N <

Vg, =647-10° N< 'V, ,, =880-10°N ™
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17.3.4 Verification of bending rersistance

M,, =1557-10° Nm < M, ,, =3798-10° Nm M

The direct stresses may thus be transferred by the flanges only.

17.3.5 Verification of interaction M-V

Flanges take bending moment and the web takes shear force. There is no need for
a verification of M-V-interaction.

17.4 Panel Il (at midspan)

Cross-section of panel II is the same as panel 1.
V., =137-10° N (at the edge of panel Il — x = 6 m),

M,, =2459- 10° Nm (maximum value within the panel, at 7,55 m from the left
support)

17.4.1 \Verification of shear resistance

Panel II is the same as panel I and has also the same shear resistance of the web.
Neglecting the contribution from the flanges because of high moments gives:

Vi =137-10° N<V, , = 880-10° N

Vi rq 1s calculated in Section 17.3.3.

17.4.2 Verification of bending resistance

M,, =2459-10° Nm < M, , = 3798:10° Nm M

Mg rq is calculated in Section 0. The direct stresses may thus be transferred by the
flanges only.

17.4.3 Interaction M-V

Flanges take bending moment and the web takes shear force. There is no need for
a verification of the M-V-interaction.

17.5 Panel lll (at the interior support)

V,

E

. =1139-10° N (at the interior support)
Mgq = -5167-10° Nm (at the interior support)
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These are the maximum values of shear force and bending moment in the panel
located in the same cross section at the interior support. For the sake of simplicity
in the further design checks the absolute value of the bending moment at the
interior support was used.

17.5.1 Calculation of normal stresses

Geometric characteristics are calculated ignoring the contribution of longitudinal
stiffeners, which are not continuous.

A=b,t, +by,t,+h t, =0,4-0,02+0,6-0,04+2-0,008=48,0-10" m’

2 2 2 2
—bfltﬂ+bf2tf2(hw+tf2]+hwtw _0,4.0:92 +0,6-O,O4(2+0’40j+20, 08
L 2) 2 2 2 )72

S A 48,0-10°

h, =1,342m

bfltil+bf2t?2 tfl ’ tf2 ’
[= SRR bty b+l | by ot | by —hy

3 2
Sl g (R h ) 230863,87.10% m?
12 2

- £, -235.10°
M _ S167 10° = 211.10° N/m? > — = ~23310

Gl — — . =
I 32863,87 1,1
AS 4342 Ymo

=-214-10° N/m*

=)

M,, -5167 6 6 >
_ _ 10° =-132-1
(ST % 32867,87 0 32:10° N/m
(h,—h,,) (1,342-0,5)
M, -5167 0 6 >
— = '1 = — 4'1 N
G / 32863,87 0 54-107 N/m
(h,—h,,) (1,342-1)
_ £
o, =M _ >167 10° =103-10° N/m® < —— = 214-10° N/m”
% 32863,87 Y Mo
(h,—h,) (1,342-2)
5, h 1,342

S
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17.5.2 Local buckling of an individual web subpanel

658
658

co [\l
on <
I 3 3
S 1
N S
& @ 2
=
:” :: Gsll
© = Z
= D @ =
° o
Figure 17.7: Panel lll — cross section and distribution of longitudinal
stresses
Web subpanel 1
b, =hwl—%51:0,5—0’008 =0,496 m
c h,—h 1,342-0,5
==l o =0,627
o, h, 1,342
- 82 _ 8,2 _ 4,890
LO5S+wy, 1.,05+0,621
- b/t
1/t,  0,496/0,008 —0.987 > 0,673

" T 284e )k, 284144890

Ay —0,055(3+y,) _0,987-0,055(3+0,627)
Al 0,987’

P, = =0,808<1

Gross widths
2 5 2

b = =
bedee 5y, 5-0,627

0,496 =0,227m

_3-w _3-0.627

b, . = -
M sy 50,627

0,496 = 0,269 m
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Effective widths
b, = p,b, =0,808-0,496 = 0,401 m

2 2

b, cgerer = 5_—Wlbl,eff =3 0.627

-0,401=0,183 m

3-y, 3-0,627

Linfeff — 5—\|]1 Leff — 5—0,62

-0,401=0,218 m

Xieff = Bl —b, .+ =0,496-0,401=0,095 m

Effective section Gross section

——.Z— /|

c,eff,loc

Xl,eﬁ:\ b b\/bl
bl Ledge.eff] b 1,edge
Figure 17.8: Panel lll — effective and gross cross section

Web subpanel 2

b,=h_,—h_, —t,=0,50-0,008 = 0,492 m
64, h,—h,, 1342-1,000

g, =2 = = = 0,406
o, h,—h, 1,342-0,500

82 82 s
1,05+, 1,05+0,406

- b/t 0,492/0.008 _ oo (73

"8 4e )k, 28.4-1-45.632

Jepy —0,055(3+y,) 0,912-0,055(3 +0,406)
», - 0,912*

P, = =0,871<1

The calculation of the slenderness parameter sz may be done with the lower

stress that occurs when subpanel 1 reaches yield stress at the most stressed edge
(EN 1993-1-5, 4.4(4)).
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Gross widths

2 b 2

bZSup: h = 0,492:0,214m
’ S5-v, 5-0,406
-y, - -0,4
b, —oVap 370400 0 0278 m
’ S5—-vy, 5-0,406
Effective widths

b, .+ =p,b, =0,871-0,492=0,429 m

2supeff=L Zeﬁ=#'0,429=0,187m
sl =S T 570,406
Dy et = 3V, 30,406 -0,429=0,242 m

5y, > 5-0,406

Xoeff = E2 —b, 4 =0,492-0,429=0,063 m

Web subpanel 3

0,008

b, =h,—h_,—t,/2=1,342-1,000- ~0,338 m
bs=h,—h,, —t,/2=2,000-1000-— 0,008 _ 0,996 m
\V3 = 62 — hs_hw _ 17342_25000 __1’924

6, h —h, 1342-1,000

k., =598(1-y,)" =5,98(1+1,924)" = 51,128

- b,/t, _ 0,338/0,008

P28 4k,  28,4-1./51,128

=0,208<0,673

p, =1 no local buckling occurs

Gross widths

b, =0,4b, =0,4-0,338=0,135m

3,sup

b, .. =0,6b, =0,6-0,338 = 0,203 m

3,edge
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Effective widths (are the same as gross widths because p, =1)

b3,eff =p,b;,, =1-0,338=10,338 m
b3,sup,eff = 0’ 4b3,eff = 034 ° 0,338 = 0,135 m
b3,edge,eff = 09 6b3,eff = 096 ° 0, 338 = 0,203 m

Verification of section class of longitudinal stiffeners

%:%:15£338=33 The flange is Class 1.

sl

}tlSl :8—80:10£108:10 The web is Class 1.

sl

The most slender longitudinal stiffener (upper stiffener) is thus Class 1. The other
(lower) stiffener is thus also Class 1.

17.5.3 Stiffened web

Elastic critical plate buckling stress o, is calculated according to EN 1993-1-5,
A2.

Lower stiffener (see Figure 17.9):
Asl,I = (bl,inf +b2,sup
A, =(0,269+0,214+0,008)-0,008+(0,120+0,080—0,008)-0,008=5,464-10" m

(hsl_tsl)'tsl. t7W+bsl_t7Sl +bsltsl tl+b51
2 2 2 2

+tsl)‘tw+(bsl +hsl _tsl).tsl

X =

sl,I ASLI
(0,080-0, 008)-0,008-(0’ 008 1 0,120~ 008j+ 0,120-0, 008(0’ 008 | 0’122(’)
X =
o 5,464-107
Xy, =0,024 m
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slLI —

12 12 12
+(O,269 +0,214+0, 008)0,008 -0,024° +

0,008 0,008

2
+(0,080—0, 008)0, 008(0,120+ -0, 024) +

0,008 +0,120

2
+O,120-0,008( —0,024j =10,28-10° m*

Upper stiffener (see Figure 17.9):
Ay, =4,904-10" m’

Xy =0,027 m

I,,=9,92-10° m*

Gross section

—

b3,su Fsl,II

*
b2,int
bZ,su

1 Fsl 1
b 1,inf]

" ’ hw,lumped

Figure 17.9: Panel lll — Stiffener | and Il

A =A,, +A,,;=10,368-10" m’

sl,lumped sL,1

Isl,lumped = Isl,l + Isl’H = 20, 20- 10_6 m4
1:Sl,I = Asl,IGsll = 55 464 : (_132) . 103 = _72 1, 2 . 103 N
Fin= Asl,llelz =4,904- (_54) 10’ =-264,8-10° N

_ R e 264,8

hw,lumpcd - F. +F

h,,)+h,, =——————.0,500+0,500 = 0,632 m
B 721,2+264,8

203
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Lumped stiffener

Stiffener I Stiffener 11
— Oo—— — Oo—— ——
/ I
/ /
/ /
/ /
bie| ! /
/
. brumpedz /
Bu |
/
l Brumped
/
. /
bl“ 1 / o Asl,lumped = Asl,l + Asl,ll
i % :U Isl,lumped = Isl,l + Isl,ll
\

Bi

*
blnmpedl = hw.lumped \

Figure 17.10: Panel lll — Stiffener | and Il and lumped stiffener

Case 1: Buckling of lower Stiffener

b, =h_, =0,500 m
b,=h,_,-h_, =0,500 m
B, =b;, +b,, =0,500+ 0,500 =1,000 m

I b*Zb*2 . -6 2 2
a, = 4,333 g 33,[10:28:10 05000300 _y sg5 0 pmom
: £ B 0,008’ - 1,000

2 *

_ mEl, Et]Ba"”
Gcr,sl,I_A a.2"'4_ 2(1-v2)A_ b 2b .2
T v %0 O

sl,I

210-10%-0,008’ -1,000- 2,000

n*-210-10°-10,28-10°° N
4x? (1—0,32)~5,464~10‘3 .0,5007 -0,500°

(@) =
wek5,464-107 42,0007

G, ., =1010-10° N/cm?

cr,sl,I

. 1=Locr3”=L~1010-106=1610~106 N/m’
™ hy—h, 7 1,342-0,500

w

(0}

Case 2: Buckling of upper Stiffener
b, =h,,—h, =0,500 m

by, =h, —h_, =1,000 m

B;ﬁl = b;n + b;z =0,500+1,000=1,500 m
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| O 1070 z. 2
a,, = 4,334 0m 202 _ g 33,9:9210 0,300 LOO0" _ 5 g0y 1 yroom
’ “Bu 0,008 -1,500
m'EL, Et,B,a"”
cycr,sl,ll = ’,2 + 2 2 * 91 %k )
Agpd 4m (I_V )Asl,nbm by,
_ n’-210-10°-9,92-10°° 210-10”-0,008’ -1,500-2,000°

o = +
T 4,904-107-2,000°  4n’(1-0,3%)-4,904-107 0,500 -1,000°
Gy =1063-10° N/m’

cr,sl,II

h 1,342

S

:—G _
Pl —hy, M 1,342-1,000

w

o 1063-10° =4171-10° N/m?

Case 3: Buckling of lumped stiffener

*
blumpedl = hw,lumped = O’ 632 m
*
blumpch = hw _hw,lumpcd = 1’368 m
*
B}, e =, =2,000 m
* 21.* 2
_ 4 33 Isl,lumpedblumpedl blumped2
ac,lumped - 4 t3 B*
w " lumped

20,20-10°-0,632%-1,368*
ac lumped = 4’ 33 : 3
: 0,008 -2,000

n°El

o =
cr,sl,lumped A

=8,485m>a'=2,000 m

*

3 12
Et w B lumped a

*

sl,lumped

12 2 2
sl,lumpeda 4’”; (1 -V )A

Zb* 2
sl,lumped = lumped!l ™~ lumped2

_ 7?-210-10°-20,20-10°° .\ 210-10°-0,008° - 2,000 2,000
ersblumped = 10,368-107-2,000° 47%-0,91-10,368-107 -0,632% -1,368>
=456-10° N/m>

(¢

(@

cr,sl,lumped

h 1,342

_ s G =~ = . 1013-10° =1915-10° N/ m?
el h —h e 1,342-0,632

(¢}

w,lumped

Critical plate buckling stress:

G, =min(o = min(1610;4171;1915)-10° =1610-10° N/m?

(o) (&)

cr,p,I® ~ cr,p,II 2 ~ cr,p,lumped )
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17.5.4 Plate type behaviour

Ac

2

C

Ac,eff,loc

Aglefr

bc,loc
ploc

A,=(h,-b

is the gross area of the compression zone of the stiffened plate except
the parts of subpanels supported by an adjacent plate, see Figure 17.8 or
Figure 17.11 (to be multiplied by the shear lag factor if shear lag is
relevant, see in EN 1993-1-5, 3.3)

applies to the part of the stiffened panel width that is in compression

except the parts begge.cfr, see Figure 17.8 or Figure 17.11

is the effective® section areas of all the stiffeners and subpanels that are
fully or partially in the compression zone except the effective parts
supported by an adjacent plate element with the width beggeerr, se€
Figure 17.8 or Figure 17.11

is the sum of the effective® section according to EN 1993-1-5, 4.4 of all
longitudinal stiffeners with gross area Ay located in the compression
zone

is the width of the compressed part of each subpanel
is the reduction factor from EN 1993-1-5, 4.4(2) for each subpanel.

Effective section Gross section

1 1

b},edge,e;Jj b3,ed%
-

Ac

b 1,edge,eff] b 1,edge

—r——— —r—————

Figure 17.11: Panel lll — effective and gross cross section

1,edge - b3,edge)tw + 2(bsl + hsl - tsl )tsl =

= (1,342 —-0,227 - 0,203)0,008 + 2(0,120 +0,08 —0,008)0,008
A,=10,368-10" m’

Ac,eff,loc = Asl,eff + z plocbc,loct
c
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DAy =D Ay =2(by+h;—t;)t; =2-(0,120+0,08-0,008)-0,008 =3,072-10| m’

Ac,eff,loc = Z Asl,eff + (bl,inf,eff + b2,sup,eff + b2,inf,eff + b3,sup,eff + 2tsl ) tw

A =3,072-10"° -1-(0,218-1—0,187-1—0,242+0,135+2-0,008)-0,008=9,456-10"3 m’

¢,eff,loc

P — Ac,eff,loc — 99456 —
AAL 10,368

_ Pf +235-10°
7 = [Pads =\/0’912 25107 _ 0365 <0,673 =
o 1610-10

p=1

0,912

17.5.5 Column type behaviour

The lower stiffener, that is the most compressed, is concerned.

Agll is the gross cross-sectional area of the stiffener and the adjacent parts of
the plate according to Figure 17.12

L is the second moment of area of the stiffener, relative to the out-of-plane
bending of the plate according to Figure 17.12

Ag1err 18 the effective cross-sectional area of the stiffener with due allowance
for plate buckling, see Figure 17.12

A= 5,464-10"m’
[4:=10,28 10*°m' s s
Asiier = 4,84 107 m

|
L ‘ R |
b2,su ‘ ‘
} b2,sup,eff ‘
\
ES -’_l s
G e
\ \G
biint } Diinter |
|
| €

_ \
- #4 =€ #7

Figure 17.12: Panel lll — e, and e, — lower stiffener

Asl,l,eff = (bl,inf,eff +b +1 1)'tw +

2,sup,eff s

-3
—3’0722 10 4.840.107 m?

Ay = (0, 218+0,187+0, 008) 0,008 +

3,072-107

Ay, = (0,269 +0,214 + 0,008) -0,008 + =5,464-10" m’
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I,,=10,28-10° m*

B — Asl,l,eff — 4784 — 0 886
MOA,, 5464

_m’Ely, 7’-210-10°-10,28-10°°
oA A" 5,464-107 2,000

o =975-10° N/m?

Elastic critical column buckling stress has to be extrapolated to the most
compressed edge of the web.

Oue ™ , Oug = ___ L2 975-10° =1554-10° N/m’
’ 1,342 -0,500

BACy /0886 25 _ (366
1554
L _ [10.28- 103 10
A,, \5.464-10

e, =X, =24-10" m - see section 17.5.3 and Figure 17.12 and Figure 17.13

b t
N 21‘[ +(h tsl)tﬂ( 51—21J+_W_e
1 (bsl + hsl - tsl)tsl ’
2
0,120 0, 008+(0, 080-0, 008)0, 008| 0,120 - 0,008
0,008
e = + +0,0024
(0,120+0,080—0, 008)0, 008 2
€ = 61-10° m
e= max(el;ez) = max(6l;24)-10‘3 =61-10° m
: G‘:l
C1 .
bzﬁlq 74;62
Gs;)—H]I
b].inf
Figure 17.13: Panel lll - e; and e;

o =0,49 — curve c (open cross section stiffener)
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0,09

i/e

0,09

o, =0+ =0,49+ 73-61-10_3=0,618
43-10

¢=0,5(1+aE(XC —0,2)+X§):0,5(1+0,618-(0,366—0,2)+0,3662)= 0,618

0,5

1. = [<I>+(d>2 —Xi)o’T - [0,618 +(0,618°0,3667) }1 ~ 0,896

The upper stiffener has the same cross section as the lower one, but due to vicinity
to the neutral axis it is not decisive. Critical stress extrapolated to the compressed
edge of the web is much higher than for the lower stiffener.

17.5.6 Interaction between plate and column buckling

g:ﬂq:%—l:op%
(e)

cr,c

pe =(P—x)E(2—€)+ 7. =(1-0,896)-0-(2-0)+0,896 = 0,896

(1-0,896)-0,036 - (2 —0,036)+ 0,896 = 0,903

17.5.7 Calculation of effective geometric characteristics

At 1s the effective” area of the compression zone of the stiffened plate
Acer =PAcarioe + D Doggeert = 0,903-9,456-107 + (0,183 +0,203)- 0,008
A =11,627-107m?

According to EN 1993-1-5, 4.5.1(7), for the calculation of effective second
moment of area of the whole I section, effective’ cross sectional area for local
buckling A efr10c may be uniformly reduced (see Figure 17.14) by multiplying the
thicknesses of web and stiffeners with p

ty g =Pety = 0,903-8:107 m
tgea = Pely = 0,903-8-107 m
h, .+ =1,339m

I, =32626,17-10° m*

W, I,  32626,17-10°

= =24185-10° m’
h ffg% 1,339+0,01
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According to EN 1993-1-5, A.2.1(4) the following requirement has to be met:

Mg (h,—h,) 5167-10°(1,342-0,500)

G —_
com,Ed Icff 32626,17 . 10—6

=133-10°N/m’

235-10°

p.fy =0,903 =193-10° N/m>*> o, ., =133-10° N/m> ™

b

Otherwise further reduction of effective’ area is necessary.

17.5.8 Verification of bending resistance

Bending check at maximum moment

f .10°
My =——W, = 235-10 -24185-10° =5683-10° Nm
YMO B
M 10°
m, =—+ 107 103 =0,909<1 &
M,, 5683-10
f .10°
GEd,max :Th . :05909 235 10 = 214106 N/l’l'l2
yMO ’
cSc,max = GEd,max = 214 : 106 N/m2
[
18
b3,edge,e{ B 78
7.2
h (@\|
b
+
7.2
hs,eff ﬁ;72
~
Ry
+
7.2
8
bl,edge,eft B
Figure 17.14: Panel lll — effective geometry
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Bending check at “average” bending moment in the panel

If verification at maximum bending moment cannot be fulfilled then, it is allowed
to carry out the plate buckling verification of the panel for the stress resultants at a
distance min (0,4a'; 0,5b) from the panel end where bending moments are the
largest (EN 1993-1-5, 4.6(3)). For stiffened panels b should be taken as the
maximum subpanel height.

x=min(0,4a"; 0,5(h, —h,,))=min(0,4-2,0; 0,5(2,0-1,0))

x =min(0,8;0,5)=0,50 m

M,, = 4608-10° Nm

M., 4608-10°

= = = <

" W 235'107 .24185-10°° pEsI=l B
Tmo o 1,0

In this case the gross sectional resistance needs to be checked for the maximum
bending moment.

I 32863,87-10°

W = =24308-10°m’
b+t 13404 202
2
3
/W 235'10/0'24308-10“’
Ymo ?

17.5.9 Resistance to shear

Vi = 1139:10° N, see Figure 17.3.

Contribution of the web

Stiffened panel
L
| ’ | Ad=3,5210°nd
8 5 15¢t. .
7 “ h [1=8,5510"m
hW : Longitudial stiffener - 15¢t
hwl ‘
€ o~ #sl
Figure 17.15: Panel Ill — longitudinal stiffeners
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A, =(by+hy—t )t +308et] +t,t, =3,52-10" m’

t t t +b
. _(hsl_tsl)tsl(5+bsl_;j_'_bsltsl( W2 .

sl A

j =0,037 m

sl

_ (308‘[W + tsl)ti, N (hsl _tsl)t; + tyb
sl 12 12 12

+(hsl - tsl)tsl [bsl + tW ;tSI

+(30et,, +1t,)t, x5+

};a_ = % =1<3, two longitudinal stiffeners =

2!
6,3+0,1845
I
k. =41+ il 490 2.l

-6
6,3+0,18. 2 32210~ 2855107
k. =41+ 0.008 -2.00 | 55., e
(2) 0,008’ - 2,000
2
k. =19,03
oo b/t _ 2,000/0,008 o

Y37, 4sf 37,4-1-4/19,03

Individual panel
The panel with the largest aspect ratio (at equal lengths) is critical.

8 )

= =

& =

T 2 Longitudial stiffener 2 hw
= =]
S E
hw2 Longitudial stiffener
hw

Figure 17.16: Panel lll — critical panel
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k., =0 —No stiffener within the panel.
' _ 2
a—=g=221 = k,=5,34+4,00 L Y =5,34+4 1 =6,340
h,-h, 1 a' 2
= 1,000/0,008
w = /0, =1,327
37,4-1-4/6,340

Design shear resistance

Aw =1,532 > At =1,327 Buckling of stiffened panel is critical.

Aw =1,532>1,08 =

o =31 LT 64
0,7+%, 0,7+1532

Aulwhyt,  0,614-235-10°-2,000-0,008

yw

Viwrd =
bw,Rd YMI\/g 1’1\/5

=1212-10°N

Contribution of flanges

c
Figure 17.17: Panel Ill — contribution of flanges

2

f ty +tp, ) f
Mf,Rd:min(308tf+tw;b“)tf(hw+%) y =bf1tﬂ(hw+ f1 fzj_y

¥ mo Ymo

6
M; rq =0,400-0,02-(2,000+0’02+0a04j 235-10

1,0
Mtra = 3816-10° Nm
M,, =5167-10° Nm > M;gq = 3816-10° Nm

and
Mgd = Mgq = 5167-10° Nm (see 0)
be,Rd =0
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because the flange resistance is yet completely utilized in resisting the bending
moment.

Verification of shear resistance
n=12 (S235)

nf,h,t, 1,2-235-10°-2-0,008

T3 L1\

VirRd = Vowrd T Vbird = 1212:10° N < =2368-10°|N

3
= 3910060402100 m
Vou | 1212-10

17.5.10 Interaction M-V

Interaction should be verified at all sections other then those located at a distance
less than hTW from the interior support, see EN 1993-1-5, 7.1(2). For stiffened

panels hy, should be taken as the maximum subpanel height.

V., =1096-10° N (see Figure 17.3)
M,, =4608-10° Nm (0,5(hy — hy,) from the interior support — x = 20,5 m)

o= 1096904505
v 1212

bw,Rd
The interaction between Mgq and Vg needs to be checked.

A =A+2(b,+h,—t,)t, =51,072-10" m’
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Cr A2

T

wzzZZZZZEZZZZZZZZ fy

Figure 17.18: Panel lll — plastic stress distribution

A
2ﬁm _bfztfz
S :t—:0,192 m

w

h —s)'t
b, t, hW—s+h +7( ¥ S) Y o+
B 2 2

r = bty +(h, —s)t, +2(b, +h, —t )t

sl

+ bsltsl (2hw - hwl - hw2 - 25) + (hsl - tsl )tsl (2hw - 28 - hwl - hw2 + hsl) +

byt +(h, —s)t, +2(by, +hy —t,)t,

t s’t
b,,t;, (s + ;2) 4w

2
+
b,,t., +st,
c; =1L416 m
-3
= Ay ¢, = >1,072-10 1,416 =36,159-10" m’
2
f 106
M, o = W, — =36,159-10 - 235-10° _ ¢497.10°Nm
MO )
f, 235-10° .
M; rg = A ynhy ——=0,40-0,02-2,03- ————=3816-10"Nm
MO )
n = My =@:0,542
M 8479
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n + [1 ~ Mirg J (2n, —1f

pl,Rd
0,542 +| 1 - 3816 (20,904 —1)* =0,902<1 ™
8497

In areas of strong moment gradients this rule is usually not decisive.

17.5.11 Minimum requirements for longitudinal stiffeners

To prevent torsional buckling of stiffeners the following two checks may be
performed.

Simplified check neglecting warping stiffness

>53,
E

=

-

P

p

where

I, 1s the polar second moment of area of the stiffener alone around the edge
fixed to the plate;

I; 1s the St. Venant torsional constant for the stiffener alone.

L %Zbitf Zé(bﬂ +hy—t,)t = 0’12+0’28_0’008 10,008’ =32,77-10” m*

t,b) ) (hy—t, t, )’
Iy: SI3SI+ 1( 112 1)+tsl(hsl_tsl)(bsl_?sl]

_0.,008-0,12° 0, 008*(0,8—-0,008)
Y3 12
I,=12,36-10° m*

3 ) 2
IZ = bSItSI + tSl (hSl tSI) + tsl (hsl - tsl )[&]
12 12 2

2
+0,008-(0,8—0,008)(0,12— 0 008)

10,008 0,008-(0,8—0,008)’ ’
12=0J21%008 ; (12 ) +0Jm8-UL8—0JXB)(%fj =1,18-10° n’

L=1+1, =(12,36+1,18)-10_6 =13,54-10° m*

10°° f
L_w:o,ooz4zs,3gy=o,oos9

I 13,54:10°

With only Saint Venant torsional stiffness taken into account minimum
requirement for longitudinal stiffeners is not satisfied.
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Warping stiffness is considered

If also warping stiffness is considered, the criterion is
c,20- fy .

The recommended value of ® is ® =6.

The well known expression for G, at torsional buckling reads:

2
Gcr :i(Glt + T E;IW ] 9
I

b a

where
I, is warping constant,

a 1is length of the stiffener

2
[bsl _tzlehfl o) t (bsl _tzslj hitsl
IW = tsl - 4 A bsl — 1’lsl =
2 3 2 3
2
(0,12— 0, (;08) 0,08 -0,008
[ = =18,372-10° m°

v 3
1

Gcr = —

13,54-10°°

2 9 -9
(80,77.109.32,77'109+n 210-10"-18,372-10 j

2,00

o, =899-10°N/m* ¥ 6f, =6-235-10°=1410-10° N/m’

Minimum requirement for longitudinal stiffeners is still not satisfied.

EN 1993-1-5 does not give the formula for o, but to fulfil the requirement

G, 2 6f,

the critical stress for torsional buckling of the stiffener o, may be calculated
taking into account restraining from the plating. The stiffener is considered as a
column on the continuous elastic torsional support cg , see EN 1993-1-5, 9.2.1.
Similar approach is used Annex A.2 of EN 1993-1-5 for the calculation of critical

plate buckling stress for plates with one or two stiffeners. cg can be taken as (exact
value for large number of stiffeners)

4EIplate Et3
Ce = ,
b 3b

where

b is the distance between stiffeners.

For this case the critical stress G is given as:

1 2_2 12
o =—[E1Wm7T +-28 +Gltj,

2 2 2
. I | m’n
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where

m is number of buckling half waves,
I is length of the panel (b=a).
The minimum value of critical stress is

G =Ii( ¢oEl, +G,).

p

This formula is valid for stiffeners longer then 1.

W

Co

l =m4

cr

For shorter stiffeners with the basic expression for . applies with m = 1.

Et; 210-10°-0,008

) =71,68-10°N
3b 3-0,50

9 -9
1, =ma El, :n</210 10-18,372-10 =1,513m<a'=2,000m

71,68-10°

o =;6(2\/71,68-103 210-10°18,372-10° +80,77-10° -32,77-10*9)
13,54-10

=2652-10°N/m’ > 6f, =6-235-10°=1410-10°N/m*> ™

Gcrfmin

Consequently, the minimum requirement for the longitudinal stiffeners is
satisfied.

17.5.12 Intermediate transverse stiffeners

The transverse stiffeners are checked for the most severe conditions at the location
close to the interior support. It can be easily shown that the same stiffener cross
section fulfils the relevant requirements also in midspan region where the web is
not stiffened with longitudinal stiffeners.

One-sided T stiffeners: |h, /by /t,  /t,,=180/180/10/20 mm|(class 3)

tst,w
€1
hst i Gst
%St’f €2
bt

Figure 17.19: Intermediate transverse stiffener
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A, =ht  +b_t

st “st,w st “st,f

=0,18-0,01+0,18-0,02=5,40-10" m’

h? ty :
Bag cabgt [ hy et | 918 6140.18-0,02( 0,18+ 292
2 = ’ 2 ) 2

A 5,40-107

st

e, =h +t . —¢ =0,18+0,02-156,7-107° =43,3-10°m

e = j=156,7-103m

15¢etw 15¢ty

R
tW ———

o €'1= Cmax
hst ol GSt

%5‘ £ Tsw Sp)
b

st

Figure 17.20: Intermediate transverse stiffener with adjacent parts

AL =A,+(2:15et, +t,, )t, =5,4-10° +(2:15-1-0,008+0,01)-0,008 = 7,4-10~° mf

, 1 t2 h, toe
el = A_' (2 . 158tw + tst,w )74’ hsttst,w tw +7 + bsttst,f tw + hst +7 =

st

0,008’

(2~15-1~0,008+0,01) +0,18-0,01(0,008+0’218j+

1
7,4-107°

+O,18-0,02[0,008+0,18+ O,;)Zj

¢/ =121,2:10°m

e, =t,+h,+t, —e =0,008+0,18+0,02-121,2-10° =86,8:10°m

(2-158t, +t,, )¢t LR

2

t

I = W ssta | Tl (9 5t 1y )t | €] -
‘ 12 12 12 : 2

2 2
hs ts,t,f
+hsttst,w (e; - 2t _twj +bsttst,f(e’2 - >

(2-15-1-0,008+0,01)-0,008° 0,18*-0,01 0,18-0,02°
= + +

* 12 12 122
+(2-15-1-0,008 +0,01)- 0,008(121,2 107 —Mj

0,18

2 2
+0,18- 0,01(121,2 107 — — 0,008) +0,18- 0,02(86,8 1070 = —0’§2j

', =54,66-10°m*
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Torsional buckling

Second moments of areas around the point of stiffener-to-web junction:

h 3t b t 3 h 2 t ?
Iy = St125t7W + S[IS’f +hsttst,w e1 _781 +bsttst,f eZ - szt,f +A5telz

3 3 2
p - %18-0,01, 0,18-0,02 +o,18-o,01(156,7-103—0’18j
y 12 2
5 0,02 ’ -3 -3)? 6.4
+0,18-0,02| 43,3-10 - +5,40-10 -(156,7-10 ) =149,58-10°m
h,t?, b h,, 018-0,0° 0,18°-0,02 y
I = — + = + =974-10" m

‘ 12 12 12 12
=1+ =149,58-10°+9,74-10° =159,32"° m*

b ’t ) 3, ’
I =y e | OIS 00200 15, D02 350 805,10 m"
12 2 12 2
I, =l(hsttstw3 +b,t, 2):1(0,18-0,013 +0,18-0,02°)=540-10" m*
3o 3
2
c —i[GIt nEiwj26f
cr h y
P w
1 n*-210-10° -350,892-10°°

80,77-10°-540-107 + >
2,00

Gcr=m ]=1415-106N

o, =1415-10°N/m* >6-235=1410-10° N/m’ M

The check of torsional buckling is decisive in this case (see the subsequent
checks). However, axial forces in transverse stiffener are usually small and the
check o, >6f is usually very conservative. To overcome this problem the

limiting slenderness may be calculated with the maximum design compressive
stress G,z 10 the stiffener replacing f, . In this case the torsional buckling

com,E

check changes to

cycr 2 6 ’ cycom,Ed YMI

Minimum requirements for transverse stiffeners (shear)

a/hw=2=00=1<ﬁ:

2,00

3.3 3 3
I = 54,66-10°m* > 1,511’\;‘[W _ 1,5-2,00 2(), 008
a 2,00

=1,536-10° m*

Transverse stiffeners act as rigid supports for web panel.
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Additional compression axial force in transverse stiffener from the tension field
action

V., =1054-10° N (0,5h,, from the edge of the panel — x = 20 m, see Figure

17.3)
Slenderness parameter A, for shear is calculated in section 17.5.9 (Design shear
resistance).
L, =1,532

Intermediate rigid stiffeners may be designed for an axial force equal to Ny ga
according to EN 1993-1-5, 9.3.3(3). In the case of variable shear forces the check
is performed for the shear force at the distance 0,5h,, from the edge of the panel
with the largest shear force.

h tf . . .10°
NstEd=VEd—_2W&= 1054_103_2,00 0,008-235-10 2132.10°N
’ A2 y3 1,5322-1,1-4/3
Nst,Ed
Y \ "
\% e I h.

L ar=a' L a=a' L
\ 1 1

. 0,5h. |

Shear force in 10° N

Figure 17.21: Intermediate transverse stiffener — shear force

Axial force from the deviation forces

c 108 c
cr,c =1554 106 :1,80213 cr,c =1
c,, 862-10 oo,
szh.h L+L :lh l+i
Gcr,p hw al a2 hW a’l a2

. =214-10°N/m?* (see 17.5.8)

¢,max

A 107
N, =0 %:214.106%=123%103N

¢, max

221




Commentary to EN 1993-1-5 First edition 2007

3
Gm:1-1235 U D =617,5-10° N/m’
2,00 (2,00 2,00
2 3 2
AN, = Zolt” _OI73 1002000 550 5400 N
' T T

Strength and stiffness check of the stiffener at ULS

IN, g = Nygg +AN ;= 213,2:10° +250,3-10° = 463,5-10° N

Single sided transverse stiffeners are not treated explicitly in the EN 1993-1-5. In
this numerical example relevant stress and displacement checks

i

NS

w

w <
30

are performed according to the interaction formula given in 9.2.1 of the
commentary to EN 1993-1-5. This interaction formula is based on the second
order elastic analysis and takes account of the stiffener eccentricity and
simultaneous action of deviation forces and the axial forces from the tension field
action.

m’El, 7°-210-10"-54,66-10"°

Ncrst = 2St - ) :28322103N
*7 hy 2,00

e, =¢ =121,2.10"m

eo=emax—%:121,2-10‘3—wﬂn,z-mﬂn

wo:min[i;a—z;h—wj:min(z’oo;2’00;2’00]:6,7-103m
300 300 300 300 300 300

q = Nipc€  2132-10°-117,2:107°
"YNgpw,  4635:10°-67-107

Nst,Ed + N

st,Edemax

W, f
cymax - ' ' . 1+1,11qm < —
Al I [ EN kg ( ) Vami
Ncr,st
3 3 -3 -3
o _ 2132 103 +463,5 10°-117,2 106 6,7-107 1 : (1+111-80)
7,40-10" 54,66-10" . 436,5-10
28322-10°
235-10°

Gmax = 98,0-10° N/m? < =213,6-10°N/m> M

b

h
W=WON;(1+1,25qm) < ﬁ
st

Z:Nst,Ed
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1
28322-10° B
463,5-10°

2,00

w=67-10" (1+1,25-8,0)=1,2-10"m < 00 =6,7-10°m M

Consequently, the minimum requirement for the transverse stiffness is satisfied.

17.6 Web to flange weld

Web to flange weld may be designed for nominal shear flow:

f
V;I = % H lf VEd < thwtw ’YL\/g >
w M1

else the weld should be designed for the shear flow:

4 —
VII -

f
nitw_
YMl\/§
Vi =1139-10° KN <V, o, =1212:10° N

1139-10°
v;lz%zsmlm N/m

b

t, = 0,8 mm = The throat thickness is chosen as a, =3 mm.

a
a

Figure 17.22: Web to flange weld

v _V;l <f _ fu
nm— - ,d_
2.az a BWYMZ\/g
3 6
vy =0 g5 105N /me <t =—0 10 _208.10° Nim*  ®
2.3-10 40,8-1,25-43
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17.7 Flange induced buckling

9 -3
by _ 200 50k B [Au g 55210 106‘/16 10_3 =695 ™
t, 0,008 £ A, 235.10° \ 8-10

yf

Ay, is the cross section area of the web,

Ag.  1s the effective cross section area of the compression flange,

A, =h_ -t =2,00-0,008=16,0-10" m*>  — cross section area of the web

A, =b,-t, =0,40-0,02=8,0-10" m* — cross section area of the compression
flange

The value of the factor k should be taken as k = 0,55 (elastic moment resistance is
utilized).

17.8 Vertical stiffener above the interior support

B,, =2-1139=2278-10° N

| bst
tst,fg:
hs 15ty || 15¢tw
1 +
. ‘
Totow
hat

R E——

Figure 17.23: Vertical stiffener above interior support

Ay =(30st, +t,)t, +2(t b, +t, h)

st,w st
Agp :(30-1-0,008+0,01)0,008+2-(0,02-0,18+0,01-O,20)
A, =12,810"m’

_ By, 2278-10°

A

f .10°
=178-10° N/m* < — =235 10 =235-10°N/m> &

12,8:107 Yoo 1,0

st,B
Buckling length of the stiffener:
1,=0,75h, =0,75-2,00=1,50 m
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Verification of buckling design resistance of column:

b, (2h, +2t,, + tw)3 ) (b, —t,, ) (20, +t,)

[~
B 12 12
3 3
0,18(2-0,18+2-0,02+0,008)" (0,18-0,01)(2-0,18+0,008) 1 .
S - =312,75-107 m
: 12 12
I 10°¢
P LR 312,75 12 _156.3-10° m
: A 12,8-10
1
== 1,50 =9,597 A, =93,9=93,9
i, 0,1563
K=£=9’597=O,1oz = y=1
A, 93,9
f 10°
Nira = XAy 5 — =1-12,8~10‘3-&=2734-103N
Ml B

Ny, =By, =2278-10° N <N, ,, =2734:10° N M
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