Institut fir Konstruktion und Entwurf
Stahl- Holz- und Verbundbau

Universitat Stuttgart

Stability of steel plates
under combined loading

Benjamin Braun

Mitteilungen

Oktober 2010 Nr. 2010-3







Stability of steel plates
under combined loading

Von der Fakultidt Bau- und Umweltingenieurwissenschaften
der Universitat Stuttgart zur Erlangung der Wiirde eines Doktors der
Ingenieurwissenschaften (Dr.-Ing.) genehmigte Abhandlung

Vorgelegt von

Benjamin Thorsten Braun

aus Stuttgart

Hauptberichter: Prof. Dr.-Ing. Ulrike Kuhlmann
Mitberichter: Prof. Dr. Bernt Johansson
Prof. Dr. Joél Raoul

Tag der miindlichen Priifung: 13. Oktober 2010

Institut fir Konstruktion und Entwurf der Universitit Stuttgart

2010



Mitteilungen des Instituts fiir Konstruktion und Entwurf; Nr. 2010-3

Benjamin Braun Stability of steel plates
under combined loading

Herausgeber Prof. Dr.-Ing. Ulrike Kuhlmann
Pfaffenwaldring 7
70569 Stuttgart
Germany
Telefon: +49 (0)711 - 685 66245
Telefax: +49 (0)711 - 685 66236

Redaktion Dipl.-Ing. Bernadette Froschmeier

D 93

© Institut fiir Konstruktion und Entwurf; Stuttgart 2010
Alle Rechte vorbehalten.

ISSN 1439-3751



Vollkommenbheit entsteht nicht dann, wenn man nichts mehr
hinzuzufiigen hat, sondern wenn man nichts mehr wegnehmen kann.

Antoine de Saint-Exupéry
Terre des Hommes (1939), I1I: L’Avion, S. 60






Vorwort

Die vorliegende Arbeit entstand wihrend meiner Tatigkeit als wissenschaftlicher Mitarbei-
ter am Institut fiir Konstruktion und Entwurf der Universitat Stuttgart. Frau Professorin
Ulrike Kuhlmann, Direktorin des Instituts, danke ich sehr herzlich fir das entgegenge-
brachte Vertrauen und die Ubernahme des Hauptberichts. Dariiber hinaus bedanke ich
mich recht herzlich fiir ihre stetige Unterstiitzung und die Forderung meines Forschungs-
aufenthalts an der Lulea Tekniska Universitet, Schweden.

Mein aufrichtiger Dank gilt auch Herrn Professor Bernt Johansson, Lulea Tekniska
Universitet, Schweden, und Herrn Professor Joél Raoul, Ecole Nationale des Ponts et
Chaussées (ENPC), Paris, Frankreich, fir ihr Interesse an meiner Arbeit, die kritische
Durchsicht und die Ubernahme des Mitberichts.

Ein Teil dieser Arbeit stiitzt sich auf experimentelle und theoretische Untersuchungen,
die im Rahmen des Forschungsprojekts ,Competitive Steel and Composite Bridges for
Improved Steel Plated Structures® (COMBRI) durchgefiihrt wurden. Ich bedanke mich
fir die finanzielle Unterstitzung durch den Research Fund for Coal and Steel (RFCS),
Briissel, Belgien, und die inspirierende Zusammenarbeit mit allen am Projekt beteiligten
Partnern.

Zu groflem personlichem Dank verpflichtet bin ich dem Deutschen Akademischen Aus-
landsdienst (DAAD) fiir die finanzielle Unterstiitzung meines richtungsweisenden For-
schungsaufenthalts an der Lulea Tekniska Universitet, Schweden. An dieser Stelle danke
ich Herrn Professor Schew-Ram Mehra, stellvertretender Leiter des Lehrstuhls fiir Bau-
physik der Universitiat Stuttgart, fiir die Erstellung des Gutachtens zu meiner Person.
Des Weiteren bedanke ich mich recht herzlich bei der Deutschen Forschungsgemeinschaft
(DFG) fur die finanzielle Unterstiitzung zur Teilnahme an zwei Konferenzen in Brisbane
und Sydney, Australien.

Ein Dank gilt auch meinen Kolleginnen und Kollegen am Institut fiir Konstruktion
und Entwurf fir die Anregungen und die gute Zusammenarbeit. Dies gilt insbesondere
denjenigen, ohne die die Zeit nur halb so schon gewesen ware.

Ein ganz besonderer Dank gilt meinen Eltern und meiner Frau fiir ihre stetige Unter-
stiitzung und ihr Vertrauen, sowie der Geduld und Toleranz bei der Anfertigung dieser
Arbeit.

Stuttgart, im Juni 2010 Benjamin Braun






Kurzfassung

Ziel der Arbeit ist es, das Interaktionsverhalten stabilitdtsgefahrdeter, stdhlerner Platten
fiir ausgewéahlte Beanspruchungskombinationen zu analysieren und Bemessungsgleichun-
gen zu entwickeln, die Unzulédnglichkeiten von EN 1993-1-5:2006 beheben.

o Platten unter biaxialem Druck und Anwendung der Methode der redu-
zierten Spannungen basierend auf einem einzigen Plattenschlankheits-
grad. Bislang wurde die Interaktionsgleichung fiir biaxial druckbeanspruchte Plat-
ten lediglich anhand sehr weniger Ergebnisse iiberpriift und im Vergleich zu den
bewahrten Regelungen nach DIN 18800-3:1990 weicht sie deutlich ab. Das Interakti-
onsverhalten wird daher fiir die Basislastkombination ,biaxialer Druck® untersucht
und die Plausibilitétskriterien zur Ubertragbarkeit der Ergebnisse z.B. auf die Bean-
spruchungskombination Querspannung (patch loading) und Biegespannung werden
diskutiert. Eine Modifikation der Interaktionsgleichung wird vorgeschlagen.

o Interaktion zwischen Querbelastung, Biegemoment und Querkraft in
Stegblechen von I-Triagern (F-M-V) und Anwendung der Methode der
wirksamen Breiten. Fiir die Interaktion zwischen Querbelastung und Querkraft
wird derzeit keine Bemessungsgleichung angeboten. Einige wenige Untersuchungen
in der Literatur zeigen jedoch eine gegenseitige Beeinflussung der beiden Beanspru-
chungsarten. Experimentelle und numerische Untersuchungen werden durchgefiihrt,
um das Stabilitdtsverhalten zu analysieren und ein Interaktionskriterium herzulei-
ten, das abschlieBend um den Biegemomenteneinfluss erganzt wird.

Die Ergebnisse dieser Arbeit ermdglichen die zuverlédssige und sichere Anwendung der
Methode der reduzierten Spannungen basierend auf einem einzigen Plattenschlankheits-
grad als Nachweisverfahren fiir biaxial druckbeanspruchte Platten. Der Vorschlag erwei-
tert zudem das bestehende Bemessungsverfahren um die Moglichkeit, giinstig wirkende
Randlagerungseffekte der Platte bei der Ermittlung der elastisch kritischen Spannungen
zu beriicksichtigen. Dies stellt einen wesentlichen Beitrag fiir einen numerisch gestiitzt zu
fithrenden Nachweis in Zukunft dar. Fir die Methode der wirksamen Breiten wird fiir
den Nachweis der F-V-Interaktion eine Bemessungsgleichung vorgeschlagen, die mit der
vorhandenen F-M-Interaktionsgleichung harmonisiert wird, um auch den Biegemomen-
teneinfluss erfassen zu konnen.

Schlagworter:
Stabilitat, Plattenbeulen, Interaktion, Stahlbau






Abstract

The objective of this work is to analyse the stability behaviour of steel plates under
selected load combinations and to develop design rules which resolve shortcomings of
EN 1993-1-5:2006.

o Plates under biaxial compression and application of the reduced stress
method based on a single plate slenderness. The interaction equation was
checked with merely few results for plates under biaxial compression so far. How-
ever, in comparison to the proven rules of DIN 18800-3:1990 it shows significant
discrepancies. The stability behaviour is studied for the basic load combination “bi-
axial compression” and the plausibility criteria for the transferability of the results
e.g. to the load combination of transverse stress (patch loading) and bending stress
are discussed. A modification of the interaction equation is proposed.

o Plate I-girder webs under transverse patch loading, bending moment and
shear force (F-M-V) and application of the effective width method. At
present there is no interaction criterion for the load combination of transverse patch
loading and shear force. However, a few studies from literature show that these
two loadings interact. Experimental and numerical studies are carried out in order
to analyse the stability behaviour and to develop an interaction criterion which is
finally enhanced with the effect of bending moment.

The results of this work enable a reliable and safe application of the reduced stress
method based on a single plate slenderness as verification method for plates under bi-
axial compression. Besides that, the proposal adds the possibility to take into account
favourable edge boundary conditions for the determination of the elastic critical stresses.
This essentially contributes to a numerically assisted verification procedure in the future.
For the effective width method an interaction equation is proposed for the load combi-
nation “transverse patch loading and shear force (F-V)” which is harmonised with the
existing F-M interaction equation to take also into account the effect of bending moment.

Keywords:
stability, plate buckling, interaction, steel structures






Contents

Notations

1 Introduction
1.1 Motivation . . . . . . . . ..
1.2 Objective and scope . . . . .
1.3 Outline. . . ... ... ...

2

Stability behaviour of steel plated structures and design methods

2.1 General . ...
2.2 Stability behaviour due to basic load effects . . . . . . .. ... ... ..
2.2.1 Longitudinal stresses . . . . . . . . . .. ... L.
2.2.2  Shear stresses . . . . . . ..o
2.2.3 Transverse stresses (patch loading) . . . . ... ... ... ... ..

2.3 Design methods of selected standards . . . . . . ... ... ... ......
2.3.1 Prerequisite: Linear buckling theory . . . . .. .. .. ... . ...
2.3.2 DIN18800-3:1990 . . . . . . . . . .

2.3.3 DNV-RP-C201:2002 . . . . . . .. .
2.3.4 EN1993-1-5:2006 . . . . . . . ..
2341 General . . . ...

2.3.4.2 Reduced stress method . . . . . . ... ... ...

2.3.4.3 Effective width method . . . . . .. ... ... ... ...

2.3.5  Comparison and evaluation of design methods . . . . . . . . .. ..

2.4 Recent research works on patch loading resistance . . . . . . .. .. .. ..
241 General . . ...
2.4.2 Davaine (2005) . . . . ...
2.4.3 Gozzi (2007) . . . . .
244 Clarin (2007) . . . . .

2.5 SUummary ... oL o. oL

Review and evaluation of earlier work

3.1 General . . ..
3.2 Plates under biaxial compression . . . . .. .. ...
3.2.1 Becker et al. (1970/1977) . . . . . .. .o
3.22 Friezeet al. (1977) . . . . . ...

3.2.3  Valsgard (1978/1979)

43
43
43
43
47
48



Contents

II

3.2.4 Dier and Dowling (1979/1980) . . . . . . . . . ... ... ... ... 51
3.2.5 Jungbluth and Kubsch (1980) . . . . . ... ... ... ... .... 53
3.2.6 Harding (1983) . . . . . . . . . . 53
3.2.7 Narayanan and Shanmugan (1983) . . . ... .. ... ... .... 56
3.2.8 Stonoretal (1983). .. ... ... . . . ... 56
3.2.9 Dinkler and Kroplin (1984) . . . . .. ... ... ... 59
3.2.10 Davidson et al. (1989) . . . . . .. .. ... 59
3.2.11 Guedes Soares and Gordo (1995) . . . .. ... ... ... ... 61
3.2.12 Cuiet al. (2002) . . . . . . 63
3.2.13 Evaluation of results . . . . . .. .. ..o 64

3.3 Girders subjected to transverse patch loading and shear force . . . . . . . . 67
3.3.1 General . . . ... 67
3.3.2 Elgaaly (1975) . . . . . . . . . 69
3.3.3  Oxfort, Weber and Gauger (1981/1989) . . . . . . .. ... ... .. 69
3.3.4  Roberts and Shahabian (2000) . . . . . . ... ... ... ... ... 70
3.3.5 Evaluation of results . . . . . .. ... 71

34 Summary ... ... 74
Experimental studies 77
4.1 Test programme . . . . . . ..o 7
4.2 Test specimens . . . . . . . .o 7
4.2.1 Dimensions . . . . . ... 7

4.2.2 Material properties . . . . . .. ..o 78
4.2.3 Geometric imperfections . . . . . ... ... 78

4.3 Testset-up. . . . . . . . 80
4.3.1 General . . ... 80
4.3.2 Loading device . . . . . . . .. 81
4.3.3 Measuring devices . . . . . . ... L Lo 81

4.4 Test procedure . . . . ... 83
4.4.1 General . . .. .. 83
4.42 Girder SP600 . . . . . .. 83
4.4.3 Girder SP1200 . . . . ... 85

4.5 Test results . . . . . . . 86
4.6 Summary . . .. ... e 88
Theoretical studies 91
5.1 General . . . . .. 91
5.2 Input data of the finite element analysis . . . . . . . ... ... ... ... 92
5.2.1 Modelling . . . . . ... 92
5.2.1.1 Geometry . . . . . ... 92

5.2.1.2 Material properties . . . . . .. ... 92

5.2.1.3 Loading and boundary conditions . . . . . . .. .. .. .. 94

5.2.1.4 Imperfections . . . . . . .. ..o 95



Contents

5.2.2 Discretisation . . . . . . . . ...
5.2.3 Numerical analyses . . . . . .. .. ... oo
5.2.3.1 Linear bifurcation analysis . . . . . . . .. ... ... ...
5.2.3.2 Nonlinear buckling analysis . . . . ... ... ... ... ..
5.3 Verification of the numerical model . . . . . .. ... ... ... ... ...
53.1 General . . . . . ...
5.3.2 Recalculation of buckling curves . . . . . ... ... ... ...
5.3.2.1 Plates under compression . . . . ... ... ... ... ..
5.3.2.2 Plates under compression susceptible to

column-like buckling . . . . . ... ...
5.3.3 Recalculation of own experiments . . . . . . .. . ... ... .. ..
5.3.4 Recalculation of experiments from literature . . . . . . . . .. ...
5.3.5 Conclusions . . . . . . . ..
5.4 Plate stability under biaxial compression . . . . . . .. ... ...
54.1 General . . . . ...
5.4.2 Structural behaviour . . . . . ... ...
5.4.3 Effect of imperfections . . . . . ... ... L
5.4.4 Effect of edge boundary conditions . . . . . ... ... ... ..
5.4.5 Conclusions . . . . . . . . ...

5.5 Girder web stability under transverse patch loading and shear force
55,1 General . . . . . ...
5.5.2  Structural behaviour . . . . .. ... 0oL
5.5.3 Effect of slenderness ratio . . . . ... ... ... ... ... ...
5.5.4 Effect of end-post condition . . . . .. .. ..o
5.5.5 Effect of loading length . . . . . .. .. ... ... ...
5.5.6  Effect of longitudinal stiffener . . . . . . . . ... ... ...
5.5.7 Conclusions . . . . . . . ..
5.6 Summary . . ...

Proposal and justification of improved design rules for EN 1993-1-5:2006
6.1 General . . . . . ..
6.2 On the general formulation of an interaction equation . . . . . . .. .. ..
6.3 On the choice of a verification point . . . . . . . . .. ... ... ... ..
6.4 Reduced stress method . . . . . . . . ... oo
6.4.1 General . . . .. ...
6.4.2 Evaluation of current design rules . . . . . . . ... ... ...
6.4.3 Proposal for improved design rules . . . . . .. ... ...
6.5 Effective width method . . . . . . . . . . . . . ... ...
6.5.1 General . . . .. ...
6.5.2 Evaluation of current proposals . . . . ... .. ... .. ... ..
6.5.2.1 Transverse patch loading and shear force . . . . . . . . ..
6.5.2.2 Transverse patch loading and bending moment . . . . . .

I1I



Contents

IV

6.5.3 Proposal for improved design rules . . . . ... ...
6.5.3.1 Transverse patch loading and shear force (F-V) . . . . ..

6.5.3.2 Enhancement of the F-V proposal with bending moment .

6.6 Conclusions . . . . . . . . . .

Summary and outlook
7.1 Summary . . o.o. ..o
7.2 Outlook . . . . . .

Specimen data of girders under transverse patch loading and shear force
A.1 Girders without longitudinal stiffeners . . . . . . . ... .. ... ... ..
A.2 Girders with longitudinal stiffeners . . . . . . ... ... 0L

Specimen data of girders under transverse patch loading and

bending moment

B.1 Girders without longitudinal stiffeners . . . . . .. .. ... ... ... ..
B.2 Girders with longitudinal stiffeners . . . . . . . ... .00

Proposal for a modification of EN 1993-1-5:2006
C.1 Reduced stress method . . . . . . . . . . . .
C.2 Effective width method . . . . . . . . . . . . .

191
191
192

205
205
208

211
211
216



Notations

General definitions

Compressive stresses are taken as positive unless otherwise stated

The x-direction is the longitudinal direction of the plate,
i.e. usually the long dimension

The y- or z-direction is the transverse direction of the plate,
i.e. usually the short dimension

An unconstrained edge boundary condition defines an edge
which is free to move in-plane

A constrained edge boundary condition defines an edge
which remains straight

Roman letters

o
5\
=

FrmompQQs e

=2z T =7

T I

g

Q
<

length of plate, subpanel or stiffened panel; web length

width of plate, subpanel or stiffened panel

clear height of the directly loaded subpanel under patch loading
see Py

see Y

=[E - t3]/[12 - (1 — v?)], flexural rigidity of a plate strip of unit width
Young’s modulus, elastic modulus

shift of the position of the neutral axis

transverse force (patch loading)

characteristic yield strength

web height

second moment of area of the longitudinal stiffener

buckling coefficient

Gaussian curvature

see b

bending moment

axial force, normal force

elastic critical buckling strength

ultimate buckling strength



Notations

R, yield strength

S see b

Ss patch loading length

t plate thickness

% shear force

U displacement

wWo initial geometric imperfection amplitude

Greek letters

Q = a/b, panel aspect ratio

a; imperfection factor used in buckling curves
Y partial factor for materials

€ strain

n utilisation factor

K see p

KK See e

KPK S€C Pc

A slenderness

Ae = \/fy/Ocr.c, column slenderness

Ap = /F,/F.., slenderness for patch loading
A = \/ Jy/Ocrp = \/ Qyit i/ Qer, Plate slenderness
Apo plateau length

Aw =/ fy/Ter, Dlate slenderness for shear stress
v Poisson’s ratio, taken as 0.3 throughout this work
p(N) buckling curve function

p reduction factor

Pe interpolated reduction factor taking column-like buckling into account
o stress

o1 principal tensile stress

09 principal compressive stress

o compressive residual stress

Terp elastic critical plate-buckling stress

Ocrc elastic critical column-buckling stress

OER Euler stress

OKi S€e Terc

o p; see Oerp

o tensile residual stress

Xe reduction factor for column-like buckling
Xw reduction factor for shear stress

T shear stress
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Notations

Subscripts
0 single loading direction
avg average
¢ referring to a column
comp compressive
d design value
Ed load value (EN rules)
eff effective cross-section properties
exp experimental value
f flange
k characteristic value
min minimum value
num numerical value
p referring to a plate
PR,d design value taking buckling into acount (DIN rules)
Rd design value taking buckling into acount (DNV rules)
Sd load value (DNV rules)
tens tensile
T shearing direction
w web
X longitudinal direction
y see z; yield
z transverse direction

Acronyms
BSK Boverkets handbok om Stalkonstruktioner
COV coefficient of variation
DIN Deutsches Institut fiir Normung
DNV Det Norske Veritas
EBC European buckling curve
EN European standard
FEA finite element analysis
FEM finite element method
GMNIA  geometrically and materially nonlinear analysis with imperfections included
LA linear elastic analysis
LBA linear bifurcation analysis
LVDT linear variable displacement transducer
MNA materially nonlinear analysis
RFCS Research Fund for Coal and Steel
SP shear- and patch loading

VII






1 Introduction

1.1 Motivation

Steel plated structures are used in many fields of application including plate and box
girder bridges or heavy crane runway beams, but also ships, offshore platforms, power
and chemical plants. During their lifetime, these structures are subjected to various types
of loading in construction and final stages. Most of them are operational (servicability
limit states) but in some cases may be extremal (ultimate limit states). The loadings
often induce a complex state of stress in the plate. In civil engineering application such
a highly demanding design situation is patch loading of a girder, as it occurs e.g. during
incremental launching of a bridge girder or when wheel loads act on a crane runway
beam. As the position of the load introduction changes continuously, stiffeners cannot
be provided at all positions so that panels are prone to buckling. Moreover, these panels
are usually not only loaded by a transverse force but also in combination with bending
moment and shear force. The loading in such a plate can be decomposed into three basic
load effects: transverse loading, bending moment and shear force, see Fig. 1.1. It can be
seen that transverse loading and bending moment is a specific loading type of a biaxial
compression state on which this work has one focus.

In EN1993-1-5 [46] the interaction formulas of design methods are either not fully
validated or not complete. The reduced stress method according to Chapter 10, EN 1993-
1-5 [46], provides an interaction equation which is based on a single plate slenderness. It
was checked with merely few results for plates under biaxial compression so far. However,
in comparison to the proven rules of DIN 18800-3 [28], it shows significant discrepancies
which require clarification. The interaction criterion related to the effective width method

—————————

(a) Combined (b) Bending stress (c) Shear stress (d) Transverse
loading stress

Figure 1.1: Plate under combined loading (a) and basic load effects (b-d)



1 Introduction

according to Sec. 7.2, EN 1993-1-5 [46], addresses the interaction of transverse loading and
bending moment, but transverse loading and shear force is not accounted for. However,
a small experimental study in [115] shows that these two loadings interact so that the
development of an interaction criterion is necessary. Both shortcomings are the motivation
of this work in order to provide safe and reliable design rules for the interaction under
biaxial compression and under transverse loading, bending moment and shear force.

1.2 Objective and scope

The objective of this work is to analyse the stability behaviour of steel plated structures
under selected load combinations and to develop design rules which resolve shortcomings
of current EN 1993-1-5 [46].

« Plates under biaxial compression and application of the reduced stress
method based on a single plate slenderness. The interaction equation was
checked with merely few results for plates under biaxial compression so far. How-
ever, in comparison to the proven rules of DIN 18800-3 [28], it shows significant
discrepancies. The stability behaviour is studied for the basic load combination
biaxial compression and the plausibility criteria for the transferability of the results
e.g. to the load combination of transverse stress (patch loading) and bending stress
are discussed. The results should enable a reliable and safe application of the re-
duced stress method based on a single plate slenderness as verification method for
plates under biaxial compression. Besides that, the proposal should add the possibil-
ity to take into account favourable edge boundary conditions for the determination
of the elastic critical stresses in order to facilitate numerically assisted verification
procedures.

o Plate I-girder webs under transverse patch loading, bending moment
and shear force (F-M-V) and application of the effective width method.
At present there is no interaction criterion for the load combination of transverse
loading and shear force. However, a few studies in literature show that these two
loadings interact [115]. Experimental and numerical studies are carried out in order
to analyse the stability behaviour and to develop an interaction criterion which
should be finally enhanced with the effect of bending moment.

This work focuses on plate buckling effects of steel plates under biaxial compression in
general and plate I-girder webs with transverse patch loading as leading loading. Trans-
verse loading is understood herein as patch loading along one part of the edge only.



1.3 Outline

1.3 Outline

Chapter 2 provides a concise overview of the stability behaviour of steel plated structures
due to basic load effects. Relevant knowledge and terms about load-carrying mechanisms
in plates subjected to longitudinal stresses, shear stresses and transverse stresses (patch
loading) are introduced with regard to the interpretation of earlier work and experimental
and theoretical studies about the interaction behaviour in Chapters 3 to 5.

Besides that, characteristics of different standards and design methods, such as the
reduced stress method and the effective width method, are presented. Especially the
design rules of EN1993-1-5 [46] are compared and reasons are given to improve them.
Current developments in patch loading resistance models are also shortly presented.

Chapter 3 reviews earlier work about plates under biaxial compression and plate
[-girder webs under transverse patch loading and shear force. Other interaction cases
such as transverse patch loading and bending moment are intentionally omitted because
they have been comprehensively covered in other works [24, 77, 114]. Together with the
collected experimental and numerical data from literature which is given in Appendices A
and B, this state of the research is used to identify shortcomings which are then studied
with own experiments, Chapter 4, and theoretical studies, Chapter 5.

Chapter 4 summarises the results from the own experimental study which comple-
ments the existing studies in the field of interaction between transverse patch loading and
shear force.

In Chapter 5 numerical studies based on the finite element method are carried out.
Besides the recalculation of buckling curves, selected experiments from literature and
from Chapter 4 are used to verify the chosen numerical modelling. Parameter studies
are conducted to analyse systematically the stability behaviour of plates under biaxial
compression and plate I-girder webs under transverse patch loading and shear force.

In Chapter 6 improved design rules are proposed for plates under biaxial compression
and application of the reduced stress method based on a single plate slenderness, and
for plate I-girder webs under transverse patch loading, bending moment and shear force
and application of the effective width method. Both proposals are verified based on the
experimental and numerical database which has been established in Chapters 4 and 5.
Their impact on EN 1993-1-5 [46] is formulated as modification of the existing design rules
in Appendix C.

In Chapter 7 a summary of the work is given. An outlook stipulates topics for future
research work.






2 Stability behaviour of steel plated
structures and design methods

2.1 General

This work focuses on plate buckling effects of cross-sectional elements under in-plane
loadings. These loadings can be stresses in longitudinal and transverse direction, shear
stresses and stresses induced by patch loading. As the buckling process is a highly complex
process which involves nonlinear stress distributions, load shedding effects between cross-
sectional elements and effects of boundary conditions, this chapter gives an overview of
relevant knowledge and design methods of selected standards.

Section 2.2 introduces the nonlinear stability behaviour of plates and plated structures
due to basic load effects. Relevant effects which are necessary for the understanding
of later chapters are explained in a concise manner. The interaction behaviour is not
adressed here since it is reviewed in Chapter 3.

In Sec. 2.3 the design methods of selected standards are presented. The shortcom-
ings of EN1993-1-5 [46] which are one motivation of this work are identified. After a
brief aside about linear buckling theory, the methods which are provided in current stan-
dards DIN 18800-3 [28], EN 1993-1-5 [46] and offshore design code DNV-RP-C201 [33]
are described. The focus is on biaxial compression and interaction between transverse
patch loading, bending moment and shear force. Whereas all standards contain a design
method based on the reduced stress method, EN 1993-1-5 comprises also the effective
width method and recommendations for the application of numerical methods.

Section 2.4 summarises recent developments in patch loading resistance models which
are most likely to be used in the future and which are relevant for the evaluation of the
proposals in Chapter 6.

In order to prevent this chapter from becoming unmanagable in length, only the minimal
necessary effort is made to introduce the knowledge which is the basis of this work later
on. Readers interested in pursuing any of these points further are urged to consult e.g.
(7, 38, 67, 90] in which much of the basic knowledge is presented in far greater detail.
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2.2 Stability behaviour due to basic load effects

2.2.1 Longitudinal stresses

In contrast to columns and shells, steel plated cross-sections under longitudinal stress can
possess a significant postcritical strength reserve which results from favourable membrane
actions perpendicular to the loading direction and from load shedding to cross-sectional
elements which are less utilised.

Plate-like behaviour. Figure 2.1 illustrates the postcritical strength reserve from
membrane actions for a square plate under uniform compression. Before buckling of
the plate occurs, the compressive stresses are equally distributed over the plate width, see
Fig. 2.1a. Both geometric and material imperfections may influence the onset of buckling.
Residual stresses usually occur as compressive stresses in mid-plate which in turn leads
to a loss of stiffness. Due to the higher stiffness near the edges, the applied stresses
redistribute nonlinearly and reach higher stress values there. Tensile membrane stresses
occur perpendicular to the loading direction which can be assessed by large deflection
theory. However, for high slendernesses the amount of these stabilising membrane stresses
also depends on the edge boundary conditions. The two extremal edge configurations
“unconstrained” and “constrained” are shown at the top in Figs. 2.1b and 2.1c. For
the unconstrained case, there is no in-plane restraint and it depends on the plate’s edge
stiffness to which amount tensile stresses develop. For the constrained case, edges are
assumed to remain straight as it is e.g. the case for subpanels in multi-stiffened panels.

Column-like behaviour. The favourable plate-like behaviour relies on the double
curvature of the plate after the onset of buckling. However, if the deformed plate curvature
becomes developable, i.e. the Gaussian curvature K of the plate approaches zero (K — 0),
the favourable effect of the tensile membrane stresses is reduced. Such a single curvature
occurs depending on the geometry of the plate or the stiffness ratio from loaded and
unloaded direction e.g. due to stiffening. Figure 2.2 shows these two cases when column-
like behaviour is likely to occur.

Plated cross-section behaviour. FEach single plate is usually bounded by one or
more cross-sectional elements. In a plated structure, the individual plates may have
different levels of utilisation so that the load shedding of stresses from a highly utilised
cross-sectional element to less utilised ones may further increase the resistance. In such a
case, it is required that the material allows for large strains without loosing strength.

Effect of stiffeners. Generally, it can be distinguished between weak stiffeners which
buckle themselves under loading and strong stiffeners which enforce buckling of the sub-
panels instead. Subpanel buckling can be treated similar to buckling of a single plate
element. In case of stiffener buckling it has to be distinguished between the minimum
stiffener’s stiffness based on a bifurcation analysis and the minimum stiffener’s stiffness
when loading up to ultimate load is considered. The objective of a stiffener is to increase
the resistance. Thus, modern stiffeners are usually strong and possess a closed cross-
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Figure 2.1: Stability behaviour of a single plate (b/t = 100, f, = 355 MPa)
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Figure 2.2: Examples of column-like buckling of a plate
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Figure 2.3: Stress states and collapse behaviour of an I-plate girder subjected to shear

section with a substantial torsional rigidity. In case load shedding is taken into account,
the stiffener has to be able to sustain the additional compressive strain without failure.

2.2.2 Shear stresses

The behaviour of plates under shear comprises two phenomena: the state of pure shear
stress and the tension field. Prior to buckling, pure shear stresses occur in the plate.
When these shear stresses are transformed into principal stresses, they correspond to
principal tensile stresses o; and principal compressive stresses oy with equal magnitude
and inclined by 45° with regard to the longitudinal axis of the girder. In this case only
constant shear stresses occur at the edges, see Fig. 2.3a.

As for plates subjected to longitudinal compressive stress, slender plates under shear
possess a postcritical strength reserve. After buckling, the plate reaches the post-critical
stress state while a shear buckle forms in the direction of the principal tensile stresses
o1. Due to buckling no significant increase of the stresses in the direction of the principal
compressive stresses o, is possible whereas the principal tensile stresses may still increase.
As a result, stress values of different magnitude occur (tension > compression), which
lead to a rotation of the stress field for equilibrium reasons and which is denoted tension
field action, see Fig. 2.3b. The development of such a tensile force is only possible if the
boundary elements, mainly the flanges, provide a sufficient anchorage for the axial forces.
The maximum amount of axial force which can be carried depends on the extensional
stiffness and flexural rigidity of the boundary element. When reaching ultimate load a
plastic hinge mechanism forms in the flange, see Fig. 2.3c.
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Figure 2.4: Collapse modes of girders under transverse patch loading

2.2.3 Transverse stresses (patch loading)

The behaviour of plates under transverse stress can be described with the phenomena
which were introduced in Sec. 2.2.1 presuming that the whole edge is loaded. Due to
their geometry, such plates are often prone to column-like buckling.

However, transverse loading may also describe a concentrated load which is partially
applied perpendicular to the panel edge in the plane of the plate. This loading is referred
to as “patch loading” In civil engineering application such a highly demanding design
situation occurs e.g. during incremental launching of a bridge girder or when the wheel
loads act on a crane runway beam. As the position of the load introduction changes
continuously, stiffeners cannot be provided at all positions so that panels are prone to
buckling. Due to the nature of the load application, flanges are often existent through
which the load is applied. The flanges effect the load-carrying behaviour to a great extent
and in some cases a plastic hinge flange mechanism develops in the loaded flange which
increases the resistance. The collapse behaviour of girders under transverse patch loading
may be characterised by the three failure types yielding, buckling or crippling of the web,
see Fig. 2.4. In reality, however, an accurate separation of these phenomena is neither
possible nor feasible.

It should be noted that in case of transverse patch loading the assumption that the
loaded edges remain straight is usually not true because the loaded flange deforms.



2 Stability behaviour of steel plated structures and design methods

2.3 Design methods of selected standards

2.3.1 Prerequisite: Linear buckling theory

Although the elastic critical buckling load has been the starting point for an understanding
of plate buckling behaviour, it turned out that the linear buckling theory alone is not an
appropriate predictor for the ultimate buckling strength according to nonlinear buckling
theory. Some plates possess a considerable post-critical strength reserve whereas others
are affected by detrimental column-like behaviour. Since linear buckling theory assumes
a perfect geometry and linear material behaviour, the elastic critical buckling load can be
explicitely mathematically defined. This makes it today yet well-suited as input parameter
for the common approach to determine the ultimate buckling strength via buckling curves,
see Eq. 2.1.

_ R _
X=y\7- = Ru=p()-R, (2.1)

where

R,  yield strength

R, ultimate buckling strength

R.. elastic critical buckling strength
A slenderness

p(A)  buckling curve

The elastic critical buckling stress is usually defined as the product of buckling coeffi-
cient and Fuler stress, see Eq. 2.2. It should be noted that some design methods use the
elastic critical force F, or the minimum load amplifier «, which factors the applied load
to the elastic critical load of the plate. The Euler stress refers to a transverse plate strip
of unit width and length equal to the plate width. With Poisson’s ratio » = 0.3 and the
elastic modulus of £ = 210 GPa, the Euler stress can be written according to Eq. 2.3.

O =k -0p (2.2)

where

o elastic critical buckling stress
k  buckling coefficient
or Euler stress

10
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2. D 2. F t\2
_ _ I (i 2.3

BT TR T 12 (1) <b) (2.32)

t 2
= 189.800 - <b> = (2.3b)

t 2
=09-F- (b) (2.3¢)

where

D =[E-t}]/[12- (1 — v?)], flexural rigidity of a plate strip of unit width
b  plate width

t  plate thickness

E  elastic modulus

v Poisson’s ratio

The buckling coefficient and the elastic critical buckling load are the key parameters
for the determination of the slenderness. For that reason, formulas and buckling charts
are provided for common cases e.g. in literature [70, 71] and even standards. They of-
ten assume simply supported boundary conditions and, although not always explicitly
stated, design methods often presume these simply supported boundary conditions for
the calculation of the elastic critical buckling load. Today however, advanced software
tools enable the user not only to determine the elastic critical buckling load for almost ar-
bitrary geometries and stiffener arrangements but also to take favourable restraints from
edge boundary conditions into account.

In the following, the interaction behaviour of different load components and edge bound-
ary conditions according to linear buckling theory is illustrated. Figures 2.5 to 2.8 show
interaction surfaces and planes for the load case “biaxial compression and shear”. Panel
aspect ratios of « = 1 and o = 3 are considered. It can be shown that the type of
rotational edge boundary condition, i.e. hinged and clamped, does not significantly effect
the interaction behaviour. Instead the panel aspect ratio plays an important role. For
a square plate (o = 1) the eigenmode shape is a one-wave mode regardless what the
main loading direction is. For a rectangular plate (e.g. & = 3) the number of halfwaves
depends on the main loading direction and changes from one wave in the short direction
to three waves in the long direction. Other aspect ratios may be considered accordingly.
As a result, interaction for non-square plates is more favourable than for square plates.
The load case “transverse patch loading with bending and shear” is shown in Figs. 2.9
and 2.10. It can be shown that a similar interaction behaviour is observed as for biaxial
uniform compression.

The in-plane membrane restraint condition only effects large deformations and thus it
is not relevant in linear buckling theory.

11
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Figure 2.5: Normalised interaction surface and planes for biaxial compression and shear
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2.3.2 DIN 18800-3:1990

The interaction criterion according to DIN 18800-3 [28] is given in Eq. 2.4.

o]\ oyl )™ |0, - 0y T \"
—— | +(— -V. R J + <1 (2.4)
OxP,R,d OyPR,d OxPR,d " OyP,R,d TP,R,d
where
o, T design load values
OpRd; TPrd design resistance values
K reduction factors
el =1+xk
€9 =1+ I{j
=1 2
€3 =14 Ky Ry K
6 . .
1% = (kg - ky)  when o, and o, are both compression, else V' = %
z' Ty

The exponents e;—; 23 and the factor V' were calibrated from comparisons with test
results and numerical calculations, see [78-80]. In Fig. 2.11 the interaction equation is
evaluated for panels with aspect ratios @« = 1 and a = 3 under biaxial loading and
longitudinal stress with shear. Under biaxial compression, the curves stretch between the
equivalent stress hypothesis as upper bound limited by material law and a straight line as
lower bound limited by linear buckling theory. The parameters e and V' are chosen such
that for slender plates the linear interaction governs. It should be noted that Eq. 2.4 does
not account for the positive stabilising influence of tensile stresses.

In Fig. 2.12 the procedure to determine the interaction curves is shown for the simple
case of a square plate under biaxial compression. Firstly, the slendernesses \,p and
A,p are determined, i.e. each basic loading direction is considered individually. With
these slendernesses, the reference strengths opr 4 and 7p g 4 are determined according to
Eq. 2.5 based on the reduction factors from Tables 2.1 and 2.2.

fy

Jy
OPRd =R —— TPRd — K+ —F(= (2~5)
Y V3

where

k; kr reduction factors according to Tables 2.1 and 2.2
Iy yield strength
Y material partial safety factor

For the design values a material partial safety factor of v, = 1.1 is used. Based
on the reduction factors for each relevant loading direction, interaction is accounted for
according to Eq. 2.4. The reduction curves are summarised in Fig. 2.14. DIN 18800-3
distinguishes between subpanels as well as plates with and without longitudinal stiffeners.

15
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Figure 2.11: Interaction curves according to DIN 18800-3 [28]
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Figure 2.13: Interpolation scheme to account for column-like buckling
according to DIN 18800-3 [28]

For stiffened plates under longitudinal stress, ¢ = 1.25 — 0.25 - ¢ < 1.25, whereas for
subpanels, ¢ = 1.25 — 0.12 - ¢y < 1.25, so that for uniform compression an increase of
13% may always be accounted for which is based on the in-plane membrane restraint of
subpanels. Besides that, ¥ is allowed to be the edge stress ratio of the stiffened panel
where the subpanel is a part of. However, the factor ¢ is limited to an upper value of
c=1.25.

The postcritical strength reserve of plates under shear is only considered for plates
without longitudinal stiffener. It can be shown in Fig. 2.14 that for plates with longitudinal
stiffeners, the postcritical strength reserve is not accounted for.

Column-like buckling is accounted for by the interpolation between plate-buckling and
column-buckling curve, see Fig. 2.13. The interpolation function according to Eq. 2.6 is
used.

Kpr = (1—p2) k4Pt RK (2.6)
where

A— UPi/JKi >0

pP= A—1 =

~2
A=X+0.5
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Figure 2.14: Overview of reduction curves according to DIN 18800-3 [2§]

As column-buckling curve, European Buckling Curve b (EBC b) is used. For high
slendernesses, the reduction becomes more severe, see Eq. 2.6.

1

where

<1.0 (2.7)

¢6=05-(1+a-(&,—02)+x)

2.3.3 DNV-RP-C201:2002

The interaction criterion according to DNV-RP-C201 [33] is given in Eq. 2.8. DNV-
RP-C201 is part of the offshore codes published by Det Norske Veritas (DNV) and it
provides recommended practice for the buckling strength of plated structures. The inter-
action criterion is applied only to unstiffened plates. Stiffened panels are covered in terms
of stiffener checks using effective widths. Another common type of loading on offshore
structures are lateral loadings which are not treated here.

For tensile stress components, the interaction equation is fully affine to the equivalent
stress hypothesis. For biaxial compression, the factor ¢; is used to reduce the curvature.
For a b/t-ratio (here: s/t) greater than 120 the interaction curve becomes circular. In
Fig. 2.15 the interaction equation is evaluated for panels with aspect ratios a = 1 and
a = 3 under biaxial loading and longitudinal stress with shear. For stocky plates under
biaxial compression, the resistance is reduced in comparison to a plate under uniaxial
compression with the same b/t-ratio. It should be noted that Eq. 2.8 does not account
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Table 2.1: Plate-buckling reduction factors for subpanels and panels without
longitudinal stiffeners according to DIN 18800-3 [28]

loading reduction factor

longitudinal stresses K=cC- (/\1 — OAQQ> <1
(subpanel) where ¢ = 1.25 — 0.12 - Yy < 1.25;
W is the stress ratio of

the relevant stiffened panel

longitudinal stresses K=c- (1 — 0)\222> <1

Ap z) =
(panel without where ¢ = 1.25 —0.25-9¢ < 1.25
longitudinal stiffeners)
shear stresses Ky = (%—84 <1
P

Table 2.2: Plate-buckling reduction factors for panels with
longitudinal stiffeners according to DIN 18800-3 [28]

loading reduction factor

longitudinal stresses k =c- <)\1 — 0)\?) <1
P p

where ¢ =1.25 -0.25-9¢ <1.25

shear stresses Ky = OX& <1 for Xp <1.38
P —
Ky = %ﬁ for A\, > 1.38

P
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for the positive stabilising influence of tensile stresses.

2 2 9
() () () () o
Oz Rd Oy, Rd Oz,Rd Oy Rd TRd

where

0sq; Tsqa design load values
ORd; Tra design resistance values

1
Ci =1— 15 -3 fors/t <120
=0 for s/t > 120

when o, g4 and o, gq are both compression, else ¢; = 1.0

In Fig. 2.16 the procedure to determine the interaction curve is shown for the simple
case of a square plate under biaxial compression. The procedure is analogous to the one
of DIN 18800-3 [28], i.e. the input parameteres are the individual slendernesses but then
a different interaction criterion is used. The reference strengths o, g4, 0y ra and Trq are
determined according to Eq. 2.9 based on the reduction factors in Table 2.3. For the
design values, a material partial safety factor of vy, = 1.15 is used.

Ty Oy,R Jy
Oppd =Co-—— ;0ypa=——;Tpa = Cr - —F=— (2.9)
Y YMm \/§'7M

where

C,; C.  reduction factors
Iy yield strength
Y material partial safety factor

The reduction curves are summarised in Fig. 2.17. For longitudinal stresses, the Winter
curve is used for uniform compression and the stress ratio is accounted for. In-plane
restraints are not taken into account.

In case of pure column-buckling, DNV-RP-C201 uses a reduction curve for A, < 2.0
similar to European Buckling Curve a (EBC a). For A\, > 2.0 it differs marginally. The
reduction curve is given in Eq. 2.12. Interpolation between plate-like and column-like
buckling is accounted for by Eq. 2.11 and is shown in Fig. 2.18. It should be noted that
the interpolation function is appropriately adjusted for typical plates of ships with large
panel aspect ratios but that it leads to odd results when it is applied to plates approaching
a square geometry.

g
Oy ha = (2.10)
Ym
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Figure 2.15: Interaction curves according to DNV-RP-C201 [33]
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%R:[L?}‘t. ?+,€.<1_1-3l't.\/ff>].fy (2.11)

k=1.0 for A. < 0.2 (2.12a)
1 2 212 —2
K= ——s - 1+,u+)\c—\/1+u+/\c —4-)\c) (2.12Dh)
2. < ( )
for 0.2 < \. < 2.0
k= ——+0.07 for A\, > 2.0 (2.12¢)
where

p=021-, —0.2)

2.3.4 EN1993-1-5:20006
2.3.4.1 General

In EN 1993-1-5 [46] the designer may choose, considering national allowance, mainly be-
tween two different types of design methods: the reduced stress method based on a single
plate slenderness and the effective width method. In addition, a verification methodology
based on the finite element method (FEM) is also given. FEM is the most versatile veri-
fication method and it can be used for the determination of the “real” buckling resistance
by means of a nonlinear analysis considering imperfections and local plastification as well
as for the calculation of elastic critical stress values by means of a linear bifurcation ana-
lysis. For further information on principles when applying the finite element method, the
reader is referred to Sec. 5.2.

Table 2.3: Plate-buckling reduction factors for subpanels
according to DNV-RP-C201 [33]

loading reduction factor

c. = Ap—o.()égv(3+w)

longitudinal stresses N

P

shear stresses 1.0 — 0.625 - (Xw — 0.8) for A, < 1.2
0.9

for A\, > 1.2

rf

c,
c,
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Figure 2.17: Overview of reduction curves according to DNV-RP-C201 [33]
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The reduced stress method abstains from load shedding between cross-sectional ele-
ments but it fully accounts for the postcritical strength reserve in a single plate element.
The general format facilitates its use not only for buckling verifications of standard geome-
tries but also for serviceability verifications and for the design of non-uniform members
such as haunched beams, webs with openings and plates with non-orthogonal stiffeners.

The effective width method, informally comprising resistance models for shear force
and transverse patch loading, is very efficient for standard geometries because it accounts
not only for the postcritical strength reserve in a single plate element but also for the
load shedding between cross-sectional elements. The behaviour of each stability load case
is addressed separately due to its complexity and the single verifications are joined in
an interaction check in the end. In Chapter 7, EN 1993-1-5 [46], the interaction between
axial force, bending moment and shear force as well as between transverse patch loading
and bending moment is covered.

2.3.4.2 Reduced stress method

The interaction criterion according to Chapter 10, EN 1993-1-5 [46] is given in Eq. 2.13.
EN 1993-1-5 also gives a simplified verification format according to Eq. 2.14 if the mini-
mum reduction factor is used.

2 2 . 9
(Ux,Ed) " <0z,Ed> B <0’:p,Ed Uz,Ed> 13, (TEd) <1 (2.13)
Oz, Rd O0z,Rd Oz,Rd * Oz Rd TRd

2 2 2 fy
Oeq,Ed = Uz,Ed + Uz,Ed — Ogz,Ed * 0z Ed + 3- TEd S Pmin *

2.14
M1 ( )

where

0rq; Teq design load values
ORd; Tra design resistance values

Pei Xuw reduction factors

fy yield strength

Y material partial safety factor
Prmin = min(pz,c; Pz,c; Xw)

The interaction criterion has been proposed by Scheer and Nélke [110, 111] and it is
based on the equivalent stress hyopthesis. It uses a single slenderness which is determined
based on the complete stress field. In contrast to DIN 18800-3 [28] and DNV-RP-C201
[33], the slendernesses are not individually determined on the basis of the maximum
compressive stresses so that on the basis of the complete stress field also tensile stresses
are taken into account. In Fig. 2.19 the interaction equation is evaluated for panels with
aspect ratios @« = 1 and o = 3 under biaxial loading and longitudinal stress with shear.
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Under biaxial compression, the curves are favourable but they lead to strange curvatures
for high slendernesses. It becomes evident for non-square plates for which the resistance
increases when the loading switches from compression-tension to biaxial compression. Eq.
2.13 has been compared to test results and numerical calculations [67] but it should be
noted that information lacks on the biaxial loadings.

In Fig. 2.20 the procedure to determine the interaction curve is shown for the simple case
of a square plate under biaxial compression. The procedure uses the single slenderness
A, which is determined based on the complete stress field, i.e. each loading is assigned
an individual slenderness. With this slenderness, the reference strengths og, and 754 are
determined according to Eq. 2.15 based on the reduction factors in Table 2.4 or based on
Table 2.5 with Eq. 2.16 alternatively. For the design values, the material partial safety
factor v, is given in the relevant application standard and it is recommended to be taken
as vy = 1.1

y o fy

ORd P P sy TRd Xw \/g A (215)

The reduction curves are summarised in Fig. 2.21. In Chapter 10, EN 1993-1-5, the
reduction factors may either be determined from Chapters 4 and 5 or from Annex B.
Reduction factors according to Chapters 4 and 5 utilise as much of the postcritical strength
reserve as possible. In contrast to this, Annex B provides buckling curves on the basis
of a generalised format which do not account for the postcritical strength reserve to such
an extent as Chapters 4 and 5 do. On the other hand, they are in favour of a reduced
number of buckling curves. Chapter 4 uses the Winter curve for longitudinal stresses
and the stress ratio is accounted for. In-plane restraints are not taken into account. In
case of shear stresses, it is distinguished between non-rigid and rigid end-post conditions.
Annex B is based on the general equation according to Eq. 2.16 and the values from Table
2.5.

1
_ 2.16
g ¢p Ry ¢123 o )‘7;0 ( )
where
bp =05- (1 +ap - (Xp - Xpo) + Xp)

ap; Ay according to Table 2.5

Column-like buckling is accounted for by the interpolation between the relevant plate
buckling and column-buckling curve. Fig. 2.22 shows the interpolation for a plate without
longitudinal stiffeners and plate-buckling curve according to Chapter 4 and Annex B. The
interpolation for a plate with longitudinal stiffeners is shown in Fig. 2.25, Sec. 2.3.4.3.
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Figure 2.19: Interaction curves according to Chapter 10, EN 1993-1-5 [46]
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Figure 2.20: Interaction scheme according to Chapter 10, EN 1993-1-5 [46]
(a =1, f, = 355 MPa)

Table 2.4: Plate-buckling reduction factors according to
Chapters 4 and 5, EN 1993-1-5 [46]

loading reduction factor

Ap—0.055-(341))
Ap= 0000 (54Y)

Ap

longitudinal stresses p =

shear stresses Xow = Oiﬁ <
P
(non-rigid end-post)
shear stresses Xw = 52 <n for A, < 1.08
P
. _ ta7 by
(rigid end-post) . for A, > 1.08
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2 Stability behaviour of steel plated structures and design methods

Table 2.5: Values a, and )9 according to Annex B, EN 1993-1-5 [46],
for welded cross-sections

loading @ Ao

longitudinal stresses for v» > 1 0.34 0.70

longitudinal stresses for v <1 0.34 0.80
shear stresses 0.34 0.80
transverse stresses 0.34 0.80

Euler curve
— Ch.4,y=-1
— Ch. 4, p=+1
————— Ch. 5, rigid
----- Ch. 5, non-rigid
- Ann. B (0.34; 0.80)
—-—-— Ann. B (0.34; 0.80)

px; pz’ XW [_]

Euler curve

Ch. 4,y =+1
—— Ch. 4, oploC =1.5
—-—-— Ann. B (0.34; 0.70)
—.—.— Ann. B, Gp/oC =1.5

px; pzv XW [_]

Figure 2.22: Interpolation scheme to account for column-like buckling according to
EN 1993-1-5 [46] (plate without longitudinal stiffeners)
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The following interpolation function is used:

where 5 - (Ucr,p/O—CT,C) —1

As column-buckling curve, European Buckling curve a (EBC a) is used for plates with-
out longitudinal stiffeners. For plates with longitudinal stiffeners, an increased imper-
fection value a, should be used which is calculated based on EBC b for closed-section
stiffeners and on EBC c for open-section stiffeners.

1

where ¢ =05+ (14 ac- (Ae — 0.2) + X°)

< 1.0 (2.18)

2.3.4.3 Effective width method

Chapter 7, EN 1993-1-5 [46], covers the interaction between axial force, bending moment
and shear force in webs and between transverse patch loading and bending moment. The
interaction between axial force, bending moment and shear force in flanges is treated
in Sec. 5.4, EN 1993-1-5, which deals with the contribution of the flanges to the shear
resistance.

The interaction criterion between axial force, bending moment and shear force according
to Sec. 7.1, EN 1993-1-5, is given in Eq. 2.19. It becomes relevant if the applied bending
moment is larger than the moment resistance of the cross-section consisting of the effective
area of the flanges alone, see Fig. 2.23.

M
7, + (1 - fRd) 27 —12<1.0  for  Mpgg > Mgy (2.19)
My, ra
where
M = Mga/Mpi,ra,
utilisation factor of the plastic bending moment resistance
73 = Vea/Vow Rd;

utilisation factor of the web shear resistance

Mgy design bending moment

My rq  design plastic bending moment resistance, cross-section consisting
of the effective area of the flanges alone

My rq  design plastic bending moment resistance, cross-section consisting
of the effective area of the flanges and the gross web area

VEdq design shear force

Viw.ra  design web shear resistance
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Figure 2.23: Interaction between axial force, bending moment and shear force
according to Sec. 7.1, EN 1993-1-5 [46]

The interaction criterion between transverse patch loading and bending moment ac-
cording to Sec. 7.2, EN 1993-1-5, is given in Eq. 2.20, see Fig. 2.24.

2 +0.8-nm < 1.4 (2.20)
where
m = Mgq/Mei,ra,
utilisation factor of the elastic bending moment resistance
12 = Fra/Fra,

utilisation factor of the transverse patch loading resistance
Mpgqg  design bending moment
My rq design elastic bending moment resistance
Frqy design transverse patch loading
Fry design transverse patch loading resistance

Both interaction curves were fit empirically to test results and numerical calculations
[67]. The input parameters come from individual checks for basic load cases which are
shortly summarised below. For both interaction criteria, the individual checks have to be
fulfilled as well.

For longitudinal stresses the verification is done in the basis of the effective cross-
section. In the end, axial force and bending moment are elastically verified against this
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Figure 2.24: Interaction between transverse loading, bending moment and axial force
according to Sec. 7.2, EN 1993-1-5 [46]

effective cross-section according to Eq. 2.21. It should be noted that it is shown in [86]
that effective width method and reduced stress method have a commen basis. When a
single plate element is considered both methods lead to the same level of utilisation if the
same buckling curves are used.

NEga MEgq+ Ngq - en
n= Acpr - fu/vmmo — Wepr+ fy/ a0 (2:21)
where
Ngq design axial force
Mgq design bending moment
en shift of the position of the neutral axis
AcspiWepp  effective cross-section properties
Iy yield strength
Mo material partial safety factor

The gross cross-section A, is reduced by the reduction factors according to Table 2.4
based on Eq. 2.22 for panels without longitudinal stiffeners and based on Eq. 2.23 for
panels with longitudinal stiffeners. Column-like buckling is accounted for as described in
Sec. 2.3.4.2. Fig. 2.25 shows the interpolation scheme, focusing on the different column-
buckling curves used for plates with longitudinal stiffeners. For plates with longitudinal
stiffeners see Fig. 2.21.

Ac,eff =pP- AC (222)

Ac,eff = P Ac,eff,loc + Z bm,edge,eff -t (223)
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Euler curve
—— Winter curve
crp/crC =15
....... 0’p/0‘c =15,0,=0.48
—_————— crp/cyC =1.5,0,=0.62

p7 XC [_]

....... EBC with 0, = 0.48
——-— EBC with 0, = 0.62

Figure 2.25: Interpolation scheme to account for column-like buckling according to
EN 1993-1-5 [46] (plate with longitudinal stiffeners)

The shear resistance is given in Eq. 2.24. It is composed of the contribution from the
web and from the flanges according to Eqgs. 2.25 and 2.26.

VEd n- f Yyw
= < hy ty = 2.24
" Vow,ra + Vor,ra — V3 (2.24)
where
VEaq design shear force

Viw,ra design shear resistance, contribution from the web
Vigra  design shear resistance, contribution from the flanges

Vow,Rd = Xuw = T * tw + ———— (2.25)
\/§ ©YM1

by -t2- M
iy = D [ Mo

_ bd 2.26
C-YmMm1 Mf,Rd ( )

The verification against transverse patch loading is determined according to Eq. 2.27.
F
m=—=<10 (2.27)

Rd

where

Frq design transverse patch loading
Fry design transverse patch loading resistance

The transverse patch loading resistance is calculated according to Eq. 2.28. Herein the
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Figure 2.26: Overview of reduction curves according to
Chapters 4 to 6, EN 1993-1-5 [46]

yield load F), is reduced by the reduction factor xp which is determined based on the
slenderness A\p. This slenderness is calculated from the elastic critical load F.. according
to Eq. 2.29 and the yield load F} according to Eq. 2.30.

F, w
FRd:XF'iy:XF'Ey'tw'fL (2.28)
YMm1 TM1
where
F,  yield load
xr = 0.5/Ap < 1.0, reduction factor, see Fig. 2.26
l, effective loaded length
tw web thickness
fyw  web yield strength
vy1  material partial safety factor
t3
F,=09 kp-FE- h—“’ (2.29)
Fy=140,-t, fyuw (2.30)

The improvement of the transverse patch loading resistance according to Chapter 6,
EN 1993-1-5, has been the subject of recent researches, see Davaine [24], Gozzi [56],
Clarin [19] and Chacon [16]. The proposals directly effect the reference strength which
are used in the interaction criteria and in later studies so that they will be discussed
separately in Sec. 2.4. All reduction curves used with the effective width method are
summarised in Fig. 2.26.
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2.3.5 Comparison and evaluation of design methods

The reduced stress method based on individual plate slendernesses has been implemented
in proven standards DIN 18800-3 [28] and DNV-RP-C201 [33] but it has some known
drawbacks. One is the missing consideration of the stabilising influence of tensile stresses
in a stress field with stress gradients comprising both compression and tension. The other
one is the “incompatibility” with advanced software tools when edge boundary conditions
other than hinged are considered for the determination of the elastic critical stresses. In
Chapter 10, EN 1993-1-5 [46] a modified verification procedure based on a single plate
slenderness is provided which is capable to consider at least the effect of tensile stresses.
Whereas the consideration of tensile stresses succeeds with a rather simple interaction
shape which is affine to the equivalent stress hypothesis, a comparison of the results for
plates under biaxial compression detects significant discrepancies e.g. to proven standard
DIN 18800-3 [28]. In Figs. 2.27 and 2.28 the interaction curves of DIN 18800-3 [28], DNV-
RP-C201 [33] and Chapter 10, EN 1993-1-5 [46], are compared for plates under biaxial
loading with b/t-ratios equal to 30, 45, 65 and 100. In Fig. 2.27 results are given for square
plates (v = 1) and in Fig. 2.28 for rectangular plates (o = 3). It can be shown that the
curves are significantly different which negligibly depends on the reference strength. The
reference strength e.g. for square plates is the Winter curve in all cases. For rectangular
plates the reference strength accounts for column-like buckling and in this case it differs,
even though marginally, with increasing slenderness. A comparison of the interaction
curve shapes leads to the following conclusions:

DIN 18800-3 [28] rules are conservative in the medium to high slenderness range and all
curves have a minor almost linear curvature. It is therefore astonishing that for biaxial
compression and when the slenderness approaches the border to Class 3 cross-sections, a
stability-induced reduction of the uniaxial loading load case is not required. As a result,
in this slenderness range DIN 18800-3 is more favourable than the other rules and allows
the application of the equivalent stress hypothesis.

DNV-RP-C201 [33] rules are significantly more favourable in the medium to high slen-
derness range. Also with tensile stresses present, the curves are somewhat more favourable
than DIN 18800-3 but it can be said that this positive influnce is negligible. In general, it
is felt that the curve shapes have been adjusted such that exponents and factors provide
a simple interaction equation.

In case of biaxial compression the rules of Chapter 10, EN 1993-1-5 [46], are similar
to DNV-RP-C201 rules. However, EN 1993-1-5 accounts for the positive influence of
tensile stresses which leads to a significant increase of resistance and which is only limited
by plastic-destabilising effects represented by sharp bends in the curve (see ® in Figs.
2.27 and 2.28). When the biaxial load case changes from compression-tension to biaxial
compression, it is eye-catching and not plausible why the resistance is not monotonically
decreasing (see ® in Figs. 2.27 and 2.28). For high slendernesses, even an increase in
resistance may be observed. However, for biaxial compression and approaching the border
to Class 3 cross-sections, Chapter 10, EN 1993-1-5, leads to the most conservative results.
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(d) b/t = 100

————— DIN 18800-3 [28] Ch. 10, EN 1993-1-5 [46]
------------ DNV-RP-C201 [33] —-—--- equivalent stress hypothesis

Figure 2.27: Comparison of interaction rules for biaxial loading (o = 1, f, = 355 MPa)
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(d) b/t = 100

————— DIN 18800-3 [28] Ch. 10, EN 1993-1-5 [46]
------------ DNV-RP-C201 [33] —-—---- equivalent stress hypothesis

Figure 2.28: Comparison of interaction rules for biaxial loading (o = 3, f, = 355 MPa)
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2.4 Recent research works on patch loading resistance

It was shown that Chapters 4 to 5, EN 1993-1-5 [46], provide the effective width method
for standard geometries and load cases. Interaction is accounted for axial force, bending
moment and shear force as well as transverse patch loading and bending moment. Other
interaction cases such as biaxial compression are usually determined based on the reduced
stress method. At present there is no interaction criterion for the load combination of
transverse loading and shear force. Further studies will have to clarify if there is a need
for the development of such an interaction criterion.

2.4 Recent research works on patch loading resistance

2.4.1 General

Patch loading on which this work focuses as leading loading is a specific load case which
in civil engineering is important for the launching of bridges and the introduction of
wheel loads in crane runway beams. A large number of research work has been recently
carried out since the patch loading resistance models of current EN 1993-1-5 [46] have
several shortcomings. For girders without longitudinal stiffeners, the effect of long loading
lengths was not checked. For girders with longitudinal stiffeners, calculated results were
contradictory to experiments and simulations because only the first eigenvalue is used in
the determination of the buckling coefficient kr. As a result, if the longitudinal stiffener
moves away from the loaded flange, the depth of the indirectly loaded subpanel decreases,
the critical load F,, according to Chapter 6, EN 1993-1-5 [46] increases and finally the
resistance Fr increases which is contradictory to the fact that the web is less stiffened
at this position for patch loading. Mainly in the COMBRI research project [72] several
aspects concerning an improvement of the patch loading resistance model of EN 1993-
1-5 [46] have been studied and proposals were developed. In the successive valorisation
project COMBRI+ [73] these proposals have been prepared for an implementation for
standardisation as given below.

« The proposal according to Davaine [24] may be used as Nationally Determined Pa-
rameter (NDP) because it improves current Chapter 6, EN 1993-1-5 [46] for girders
with longitudinal stiffeners as summarised in Sec. 2.4.2.

» The proposals according to Gozzi [56] and Clarin [19] may be used for the next
revision of Eurocode because no national choice is allowed for this purpose in
Chapter 6, EN 1993-1-5 [46]. The work of Gozzi [56] addresses girders without lon-
gitudinal stiffeners, see Sec. 2.4.3. The work of Clarin [19] is based on the proposal
of Gozzi [56] but covers girders with longitudinal stiffeners, see Sec. 2.4.4.

In adddition to the models above, it is shown by Chacon [16] that the yield strength
ratio between flanges and web of a hybrid girder has less influence on its resistance to
patch loading than assumed in current Chapter 6, EN 1993-1-5 [46]. As a consequence,
a proposal is made to account for hybrid girders by simplifying the coefficient m; in the
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determination of the yield load Fj. However, hybrid girders are not within the scope of
this work so that the proposal of Chacon [16] is not presented here in detail. Instead the
reader is referred to [16-18] for further information.

Since this work focuses on the interaction behaviour with patch loading as the lead-
ing load, the improved patch loading resistance models of Davaine [24], Gozzi [56] and
Clarin [19] will be considered as future choices for the reference strength. The considera-
tion is mandatory in order to provide state-of-the-art interaction equations.

2.4.2 Davaine (2005)

Chapter 6, EN 1993-1-5 [46] uses the elastic critical load F., of the first web buckling
mode which usually corresponds to a buckling of the indirectly loaded subpanel. As the
shape of this buckling mode is not directly related to the collapse shape, it makes sense to
introduce the one-wave buckling mode localised in the directly loaded subpanel according
to Eq. 2.31.

S g <a>0.6'88f”+°'5. ©E

a by 12-(1—12) hy

Fcr = -0
5= 0.8 5

(2.31)

The elastic critical load of the first web buckling mode according to Eq. 2.29 is taken
as F,.1. Fio from Eq. 2.31 is then interpolated with F,,; to determine Fy, according to
Eq. 2.32.

1 1 1

_ 2.32
Fcr Fcr,l * Fcr,2 ( )

As a consequence of the modified elastic critical load a new calibration of the reduction
factor which relates the resistance to the slenderness was conducted. It is suggested to
use the general format of Eq. 2.16 which follows Annex B, EN 1993-1-5 [46], as a basis
for the calibration of the resistance function. The parameters oy and Ay were calibrated
using the experimental data collected in [57] for girders with longitudinal stiffeners and
the numerical database built in [24] which is especially dedicated to bridge girders. The
parameters were calibrated to oy = 0.21 and Xy = 0.8.

2.4.3 Gozzi (2007)

The equation of the yield load F, in Chapter 6, EN 1993-1-5 [46] is based on a four plastic
hinges mechanism of the loaded flange which is partly supported by the web. It includes
the parameter my which comes from an assumed T-section at the outer plastic hinges
in the flange. However, the relevance of this parameter and the effect of the loading
length has been questioned e.g. in [24] and thus an investigation was carried out by
means of nonlinear finite element analyses in [56]. Various simulations were performed on
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I-girders with the web restrained against out of plane deformations. The effective loaded
length /, from the numerical analyses was integrated over the part of the web which is in
compression and then compared to ¢, from EN 1993-1-5. All simulations showed that the
consideration of mgy overstimated ¢, but without m, the agreement was good. Hence, the
parameter mo was removed which gave a new expression for the yield resistance according
to Eq. 2.33.

Fy = fyw - tw -

b
ss+2-tf-(1+ M)]Sfyw-twﬂ (2.33)
yw * bw

As a consequence of the modified yield load a new calibration of the reduction factor
which relates the resistance to the slenderness was conducted. It was suggested to use
the general format of Eq. 2.16 which follows Annex B, EN 1993-1-5 [46], as a basis for the
calibration of the resistance function. The slenderness Ay has been determined with both
hand calculation and advanced software. Then ag and )\, were calibrated to fit the test
results in the best possible way. A total of 190 tests with a negligible bending moment
influence (Mg/Mp < 0.4) were used for the calibration and the best fit was found when
ap and )\ is set to 0.5 and 0.6 respectively. The reduction factor is determined according
to Eq. 2.16 and has an upper limit of 1.2 instead of 1.0.

2.4.4 Clarin (2007)

When determining the elastic critical load F,. according to current Chapter 6, EN 1993-1-5
[46], only buckling of the web panel as a whole is considered, see also Sec. 2.4.2. In contrast
to this, tests show that buckling of the directly loaded subpanel is commonly experienced
in experiments. It was shown that Davaine [24] presented a buckling coefficient for the
directly loaded subpanel as introduced in Eq. 2.31. The approach of Clarin [19] is to use
the minimum value of the buckling coefficient based on Eqgs. 2.29 and 2.31 according to
Eq. 2.34.

Fcr = min (Fcr‘,l; FCT,Z) (234)

For the new elastic critical load F,. the reduction curve developed for girders without
longitudinal stiffeners according to Gozzi [56] is adopted. The proposed design model was
statistically evaluated with experiments summarised in [57] and simulations carried out
by Davaine [24].
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2.5 Summary

The complex nature of buckling phenomena under combined loading becomes evident

when the nonlinear buckling due to basic load effects is analysed. Nevertheless, modern
standards such as DIN 18800-3 [28], DNV-RP-C201 [33] and EN 1993-1-5 [46] provide
efficient calculation procedures which are based upon the reduced stress method in case

of both standard and arbitrary geometries as well as the effective width method in case

of standard geometries.

Based on the comparison and evaluation of interaction criteria the following summary

and imperatives for further work can be drawn:
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» Plates under biaxial compression and application of the reduced stress

method based on a single plate slenderness. The interaction equation based
on a single plate slenderness shows significant discrepancies for the results of plates
under biaxial compression in comparison with proven standard DIN 18800-3 [28].
A clarification of the background and a possible correction is required. Having
the influence of edge boundary conditions in mind, not only their effect on the
interaction criterion will have to be analysed, but also the plausibility criteria for
the transferability of the results to the load combination of transverse stress (patch
loading) and bending stress have to be reassessed.

Plate I-girder webs under transverse patch loading, bending moment
and shear force (F-M-V) and application of the effective width method.
At present there is no interaction criterion for the load combination of transverse
patch loading and shear force. Further studies will have to clarify if there is a
need for the development of such an interaction criterion. Since this work focuses
on the interaction behaviour with patch loading as the leading load, the improved
patch loading resistance models of Davaine [24], Gozzi [56] and Clarin [19] will
be considered as future choices for the reference strength. The consideration is
mandatory in order to provide state-of-the-art interaction equations.



3 Review and evaluation of earlier work

3.1 General

In Chapter 2 shortcomings of current EN 1993-1-5 [46] have been identified for plates
under biaxial compression and plate I-girder webs under transverse patch loading and
shear force. In this chapter, earlier work on plates under biaxial compression and on
girders under transverse patch loading and shear force is reviewed and evaluated.

It should be noted that plates under biaxial compression are a typical component of
ship structures and many studies have their origin in this field. Plates under biaxial com-
pression have been quite extensively studied in the 1970s and 1980s. Some experimental
studies exist but the majority of the works are of theoretical nature due the effort which
has to be undertaken for the experimental accomplishment, especially in the definition of
the edge boundary conditions. Nevertheless, the results have been transferred to other
fields of application and extended to other load cases such as transverse patch loading and
bending moment presuming reasons of plausibility. Section 3.2 summarises the results of
earlier work on plates under biaxial compression.

The interaction between transverse patch loading and shear force in plate I-girder webs
is rarely governing and the decisive load combination is usually the interaction between
transverse patch loading and bending moment. Nevertheless, it will be shown that the ef-
fect of shear forces onto transverse patch loading is not negligible. Section 3.3 summarises
the results of earlier work on girders under transverse patch loading and shear force.

The interaction case “transverse patch loading and bending moment” which is also
relevant for this work is not reassessed. Instead the reader is referred to literature where
the results have been already summarised in detail, see e.g. [24, 77, 114].

3.2 Plates under biaxial compression

3.2.1 Becker et al. (1970/1977)

In 1970 and 1977, Becker et al. [5, 6] conducted two test series on steel plates under biaxial
compression with regard to ship hull girders which marks the beginning of tests on plates
under biaxial compression. The specimens were square sheet metal tubes with a side
aspect ratio of a = 3 which has been found to be representative for ship plating with aspect
ratios of a > 3. Tubes have been chosen because it was felt that the continuity across

43



3 Review and evaluation of earlier work

Table 3.1: Main characteristics of the tests done by Becker et al. (1970/1977) [5, 6]

parameter first test series (1970) second test series (1977)

o 3.0 3.0

b/t 30; 50; 70; 90 30; 70

t 0.762 mm 0.635 mm

1y 270 MPa (mild steel) 680 MPa (stainless steel 4130)
E 200 GPa 203 GPa

W not measured not measured

residual stresses yes yes

rotational restraint = simply supported ~ simply supported

in-plane restraint not specified not specified

‘ Fx
Active
loading head

72227

Stationary head

Self-aligning . .
. . Pivoted active
> side loading head load head
v Y
.
(a) Side view (b) Top view

Figure 3.1: Test set-up from Becker et al. (1970/1977) [5, 6]

each edge can simulate very well the behaviour of plates in a ship hull girder and each
specimen provides information about four plates. The tubes were loaded longitudinally
by applying loads to their ends through welded stiff plates which restrained the out-of-
plane displacements of each plate element. Transversely, four equal inward loads along
the corners of the tube were applied by applying the load to two opposed corners of the
tube and the adjacent corners reacting against the fixed frame, see Fig. 3.1. All edges
were assumed as hinged boundary conditions which is formally not fully correct but the
influence of the stiff end plates was found to be negligible for the studied aspect ratio. In
some cases the specimens have been stress-relieved by normalisation. Residual stresses
were measured in all cases but no initial geometric imperfections were recorded.

In the first test series, the boundary conditions were not clearly represented when only
transverse loading was applied. In that case, on the one hand, the tube could slide over the
end plates without any effective restraint of the shape, on the other hand, the longitudinal
elongation was restrained which de facto led to a biaxial state of stress. Thus, when a
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Figure 3.4: Normalised test results from Becker et al. (1970/1977) [5, 6] (v = 3) and
interaction curve proposal by Faulkner et al. [50]

second test series on high strength stainless steel was carried out, the opportunity was
taken to identify the influence of the boundary conditions. The longitudinal loads were
applied similarly as in the first test series. However, end plates were fitted in the tube
to maintain the shape of the ends when only transverse loading was applied, without
restraining the longitudinal elongation.

A considerable scatter is found in the experimental data of the first test series, see
Fig. 3.2, which is due to difficulties with a proper control of the boundary conditions. In
that way the low resistances when only transverse loading is applied can be explained.
Buckling due to a biaxial state of stress contributes to a reduced resistance in the trans-
verse direction. However, the difficulty which arises for the transverse resistance does not
really question the results under combined loading. The experiments of the second test
series are more consistent, see Fig. 3.2. However, stainless steels are used for which the
yield strength could not distinctively be determined.

In a later publication [4], Becker presents the relation of these results to design and
amends them with considerations on the minimum weight optimisation of ship structures.
Although a design proposal for interaction is not made, the major conclusion is drawn that
“the efficient design of biaxially loaded structures may employ an appropriate interaction
law which is a function of [the slenderness, A. N.] 5 7 [4]. Besides that it is stated that
biaxially loaded plates possess only a reduced or no postcritical strength reserve at all.
Finally, Becker gives an overview in [4] on the test results according to Fig. 3.4 with the
following normalising strengths p, according to Becker and Colao [5] and p, based on
extrapolated values as roughly described in Becker [4].

Based on the first test series by Becker et al. [6], Faulkner et al. [50] proposed Eq. 3.1
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3.2 Plates under biaxial compression

Table 3.2: Main characteristics of the simulations done by Frieze et al. (1977) [52]

parameter Frieze et al. (1977)

o 1.0

b/t 20; 30; 40; 60; 80

t not available

Iy 251 MPa (mild steel)

E 210 GPa

material model elastic-perfectly plastic

wWo b/240 to b/60 (slenderness dependent)
residual stresses no

rotational restraint simply supported
in-plane restraint constrained

in 1973 for the design of plates with an aspect ratio of a = 3, see Fig. 3.4. Although the
results show a significant scatter, this parabolic interaction curve has been adopted also
in the DNV offshore design code [32] of 1977.

R, + R =10 (3.1)

3.2.2 Frieze et al. (1977)

Frieze et al. [52] carried out a theoretical pilot study on plates under biaxial compression
which is part of a larger study on plates under uniaxial compression. They used an elasto-
plastic large deflection analysis method based on finite difference procedure to study plate
behaviour in which displacements i.e. strains are prescribed. In [60] this analysis method
has been compared and confirmed by other large deflection elasto-plastic procedures. For
uniaxial compression, the method was applied to study extensively the influence of initial
deformations, residual stresses and edge boundary conditions. In the frame of the pilot
study, interaction curves for the design of square plates under biaxial compression were
proposed.

The influence of aspect ratio and initial imperfections was also adressed briefly. Aspect
ratios of @ = 1 and 3 were directly compared. The conclusion was drawn that square
plate data could not be used to predict the strength and stiffness of a rectangular plate
in the transverse direction which is nowaydays known as column-like buckling. On the
other hand, it could be shown that in the longitudinal direction the strength may be
higher than for square plates. The influence of initial imperfections has been studied for
b/t = 60 (A = 1.091) with sine-shape and imperfection amplitudes from wy, = b/320
to b/40. It was found, similar to the uniaxial tests, that with increasing amplitude the

ultimate load decreases. Parameters of the study are given in Table 3.2.

Based on a parameter study the interaction curves according to Fig. 3.5 have been
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Figure 3.5: Normalised interaction curves proposed by Frieze et al. (1977) [52]
(a =1, f, = 251 MPa)

derived for the design of square plates. The evaluation of interaction was done based on
p: and p, derived from their own study [52] on uniaxially compressed plates. Because the
plates are square and all edges constrained, i.e. they remain straight in-plane, the same
reduction curve is used for p, and p,. In Fig. 3.5 the biaxial data are normalised with
the corresponding uniaxial data. For stocky plates with A < 0.526, which corresponds
to b/t ~ 30 here, it is stated that membrane action is predominant so that the ultimate
load behaviour is rather influenced by material behaviour than buckling, leading to higher
strengths for biaxial compression.

3.2.3 Valsgard (1978/1979)

Valsgard [121] conducted a theoretical study on plates under biaxial compression. The
results have been published in [122] together with a study on column-like behaviour of
transversely compressed plates. For calculation nonlinear shell analysis programs based
on both the finite difference method and the finite element method were used and val-
idated against each other and other available design data mainly for the uniaxial di-
rection. Valsgard conducted four series in which mainly the slenderness was varied, see
Table 3.3. From the study, it is concluded that neither residual stresses nor initial geomet-
ric imperfections significantly change the shape of the biaxial interaction curve provided
that they are limited to reasonable margins.

Moreover, alternative loading sequences have been studied which take into account a
non-proportional loading such as compressing the plate firstly in transverse direction,
keeping this value constant and applying the compression in the longitudinal direction
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3.2 Plates under biaxial compression

Table 3.3: Main characteristics of the simulations done by Valsgard (1978/1979) [121]

crz/ciz’0 [-]

R, =

Figure 3.6: Normalised interaction curve proposed by Valsgard (1980) [121] (« = 3)

parameter Valsgard (1978/1979)
o 3.0

b/t 40; 50; 67; 89

t 20; 165 12; 9

fyl fu 320 MPa / 340 MPa
E not available

material model

Wo

residual stresses
rotational restraint
in-plane restraint

tri-linear

b/200

no

simply supported
constrained

————— equivalent stress hypothesis
Eq. 3.3

+  B=157(1,3)

x  B=157(12)

*x  B=197(,3)

s B=197(,2)

= B=263(1,3)

o  B=2.63(1,2)

e B=350(1,3)

(e}

02 04 06 08 1

R, = O'X/O'X,O [-]
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Figure 3.7: Normalised interaction curves proposed by Valsgard (1980) [121] (« = 1),
similar parameters as for Frieze et al. (1977) [52], see Fig. 3.5

secondly or vice versa. An extensive analysis was carried out showing that in both ways
the buckling pattern develops favourably and tends to increase the resistance. Thus, a
conservative prediction of a biaxial design formula has to based on proportional loading.

Finally, Valsgard proposes a general form of an interaction equation according to
Eq. 3.2. For aspect ratios a > 3, the parameters e and n have been determined by curve
fitting to numerical calculations by Valsgard [122] which results in e = 1 and n = 0.25,
see Eq. 3.3. The influence of slenderness was found to be small in the studied range so
that constant parameters were defined. For plates with an aspect ratio of & = 1, the
slenderness dependent interaction curve proposed by Frieze et al. [52], see Sec. 3.2.2, has
been approximated on the basis of Eq. 3.2 resulting in Eq. 3.4 with an exponential func-
tion for 7. For intermediate aspect ratios a linear interpolation for both parameters is

proposed. In general, it is concluded that both parameters are dependent on aspect ratio
and slenderness.

R, —n-Ry R,+ R <10 (3.2)

R,—025-R,-R,+ R <10 fora>3 (3.3)

R:—7-R, -R,+ R, <10 for a =1 (3.4)
where

T=232.¢03%8 _29
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3.2 Plates under biaxial compression

(a) a=1 (b)) a=3
Figure 3.8: Numerical results by Dier and Dowling (1979/1980) [27]

3.2.4 Dier and Dowling (1979/1980)

Dier and Dowling conducted an extensive study on plates under biaxial loading, mainly
compression-compression, but also considering compression-tension and lateral pressure,
which led to two research reports [26, 36]. In [36] only plates under biaxial in-plane loading
with an aspect ratio of & = 3 were studied. In [26] it was extended to square plates and
lateral loading. The results have been published later in part by Dier and Dowling [27].
The theoretical studies have been conducted on the basis of the finite difference method.
The main focus was on the level of initial geometric imperfections and residual stresses.
The geometric imperfections have a single wave in transverse direction and three waves
in longitudinal direction. The initial imperfection amplitude was scaled with factors 3
and 0.25 to study the influence of amplitude. It was found “that interaction curves are
very similar in shape for any given plate” [27]. Also the level of residual stress with a
compressive stress of 0.2 - f,, was scaled with factors 2 and 0.25.

Moreover, alternative loading sequences have been studied which take into account a
non-proportional loading such as compressing the plate firstly in transverse direction,
keeping this value constant and applying the compression in the longitudinal direction
secondly or vice versa. An extensive analysis was carried out showing that in both ways
the buckling pattern develops favourably and tends to increase the resistance. Thus, a
conservative prediction of a biaxial design formula has to based on proportional loading.
Dier and Dowling studied also the effect of aspect ratio on column-like behaviour. It is
shown that an aspect ratio of o = 3 represents very well plates with larger aspect ratios.

The results of the numerical calculations are drawn in the form of interaction curves. In
Fig. 3.8 curves are shown for aspect ratios @« = 1 and a@ = 3. These curves were compared
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(a) a=1 (b)) a=3
Figure 3.9: Normalised numerical results by Dier and Dowling (1979/1980) [27]

to experimental results by Becker et al. [6], see Sec. 3.2.1, and they were later confirmed
independently by Isami [63].

For square plates, Dier and Dowling propose Eq. 3.5. As normalising strengths, values
from own calculations in the uniaxial longitudinal and transverse direction are used. A
single interaction curve with a constant 7 is proposed although it is recognised that slender
plates have straighter interaction curves than stocky plates. To account for stocky plates,
it is proposed to allow the reduction factor p to become greater than unity. Conservatism is
ensured by applying the equivalent stress hypothesis at the same time. It is not mentioned
but implicitely assumed that the reduction factor requires also a modification for slender
plates in order to use Eq. 3.5, see Fig. 3.9. After all, Dier and Dowling recognise by
themselves that the drawback of this approach would be that it is not logical for the
designer to understand but the only way to use a single interaction curve for simplicity.

R2+045-R,-R,+ R} =10 fora =1 (3.5)

For plates with an aspect ratio of a > 3, it is proposed that R? to the second power is
kept for the sake of simplicity. 7 is proposed to be adjusted but neither further studies
are undertaken nor a proposal is made. Comparing the diagrams in Fig. 3.9, it can be
seen that only for medium slendernesses a common interaction curve is reasonable. As
soon as the slenderness becomes small or high, n requires adjustment. For plates with an
aspect ratio of a > 3, Dier and Dowling propose to give n as a function of the slenderness.
This is not consistent with the chosen procedure for square plates and to the proposal of
Valsgard, see Sec. 3.2.3.
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Table 3.4: Main characteristics of the simulations done by Dier and Dowling (1983) [27]

parameter Dier and Dowling (1983)

o 3.0

b/t 20 to 120

t 12 mm to 2 mm

1y 245 MPa (mild steel)

E 205 GPa

material model elasto-plastic

loading type prescribed displacements

Wy slenderness and aspect ratio dependent
residual stresses yes

rotational restraint simply supported
in-plane restraint constrained

3.2.5 Jungbluth and Kubsch (1980)

In [68] Jungbluth and Kubsch carried out a theoretical study and interaction curves were
proposed. The study was based on the finite element method which was implemented
in a program system by Dumont [40]. In total, 35 results were calculated of which four
concerned biaxial compression only and 35 results biaxial compression and shear force.
The program was verified later on also in a study on buckling loads of unstiffened plate
elements taking into account geometric imperfections and residual stresses [69].

As [68] is an unpublished paper, the data are taken from Lindner and Habermann [78].
Edge boundary conditions are given as constrained which is contradictory to
Fig. 3.10 where they have been drawn in relation to interaction curves. The informa-
tion can be doubted in so far as in the later study [69] the edge boundary condition is
unrestrained.

3.2.6 Harding (1983)

Harding [61] conducted a general theoretical study on plates taking into account uniaxial
and biaxial compression as well as shear. Results of computer simulations and analysis
of design codes are presented. For the numerical study a finite difference large deflection
elasto-plastic method was applied. An extensive study on the effect of aspect ratio,
edge boundary condition, geometric imperfection and residual stress is conducted for
the uniaxial compression case. For the biaxial case, Table 3.6 summarises the main
characteristics. The imperfection sensitivity was studied and also the residual stress level
was varied. As can be seen in Fig. 3.12 the influence of geometric imperfections is large
for medium slender plates, but the shape of the interaction curve is not influenced.

It can be cited that “for the stocky panels a biaxial effect induces stress levels greater
than yield in certain areas while the circular yielding interaction controls general be-
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Table 3.5: Main characteristics of the simulations done by
Jungbluth and Kubsch (1980) [68]

parameter Jungbluth and Kubsch (1980)
e} 1.0

b/t 100

t not specified

Iy 240 MPa

E not available

material model

Wo

residual stresses
rotational restraint
in-plane restraint

not specified

b/200

yes

simply supported
constrained (reported,

but unconstrained assumed)
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Figure 3.10: Numerical results by Jungbluth and Kubsch (1980) [68]

(a =1, f, = 240 MPa)



3.2 Plates under biaxial compression

Table 3.6: Main characteristics of the simulations done by Harding (1983) [61]

parameter Harding (1983)

o 3.0

b/t 20; 30; 50; 80; 120

t not specified

Iy 245 MPa (mild steel)

E 205 GPa

material model elasto-plastic

loading type prescribed displacements

Wy slenderness and aspect ratio dependent
residual stresses yes

rotational restraint simply supported
in-plane restraint unrestrained
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Figure 3.11: Interaction curves proposed by Harding (1983) [61] (o = 3, f, = 245MPa)

haviour. For the slender panels behaviour is much closer to a straight line reflecting
elastic buckling influences” [61, Sec. 8.4.4]. In Fig. 3.11 tentative interaction curves are
drawn against the calculated results.

Harding [61] imposed displacements, i.e. €,/€,-ratios, onto the edges which per se as-
sumes that the edges remain straight. The specialty of the calculations done with imposed
displacements is that o, peaks at a different strain than o,,. Two points are obtained which
lead to two different “peak stress interaction curves”, see Figs. 3.11 and 3.12. It is justi-
fiable to take the interaction curve obtained from the rising curve which corresponds to
the outside interaction curve because if the stress in one direction dominates, the weaker
stress peak occurs significantly earlier than the one of the stronger component but without
leading to immediate failure.
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Figure 3.12: Influence of imperfections by Harding (1983) [61] (a = 3, f, = 245MPa)

3.2.7 Narayanan and Shanmugan (1983)

Narayanan and Shanmugan [85] conducted a theoretical study for square plates and de-
veloped an approximate analysis method to account for interaction. The calculation was
based on the energy method. Comparison was made with more accurate calculation
methods and it could be shown that the results are sufficiently good. The extensively
studied and documented parameters are aspect ratio, initial imperfection, loading ratio
and slenderness. Interaction curves for different sets of boundary conditions are provided
according to Figs. 3.13 and 3.14.

3.2.8 Stonor et al. (1983)

Stonor et al. [118] conducted an experimental test series on long plates (o = 4 and 6)
under biaxial compression which has been published later by Bradfield et al. [11]. The test
layout of the biaxially loaded plates is shown in Fig. 3.15. In the longitudinal direction the
shortening curve for each plate under loading was measured. Out-of-plane deformations
were recorded in order to identify the failure buckling mode. The loading was composed
of a dominant longitudinal compression together with a small transverse compressive
loading. Thus, the failure mode was expected to resemble the uniaxial loading case.
Tests were performed both under constant transverse loading and under proportional
loading to study the effect of different loading paths.

Plates of aspect ratio @ = 4 and 6 with simply supported edge boundary conditions
were tested. The plate thickness was 6 mm and steel grade BS 4360, Grade 50B. The
longitudinal loading was applied as prescribed displacement to the short edges. The
transverse loading was a constant force per unit length applied to the longer edges, over
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Table 3.7: Main characteristics of the simulations done by
Narayanan and Shanmugan (1983) [85]

parameter Narayanan and Shanmugan (1983)
o 1.0

b/t 30; 40; 50; 60; 80; 100

t not specified

fy 245 MPa (mild steel)

E 205 GPa

material model
loading type

elastic-perfectly plastic
not specified

W slenderness and
B.C. dependent
residual stresses no
rotational restraint simply supported and clamped
in-plane restraint  constrained
Iximean) 4,0 3.0 2.0 ;5 I'2 10
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Figure 3.13: Interaction curves with hinged edges proposed by Narayanan and
Shanmugan (1983) [85] (a = 1, f, = 245 MPa)
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Figure 3.14: Interaction curves with clamped edges proposed by Narayanan and
Shanmugan (1983) [85] (o = 1, f, = 245 MPa)
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Figure 3.15: Test layout according to Stonor et al. (1983) [118]

Out of plane boundary conditions:
Longitudinal edges simply supported
Ends clamped. :
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Table 3.8: Main characteristics of the tests done by Stonor et al. (1983) [118§]

parameter Stonor et al. (1983)
Q 4.0; 6.0

b/t 35; 45; 55

t 6 mm

Iy 369 MPa

E not specified

Wo not available
residual stresses with and without

rotational restraint simply supported
in-plane restraint unrestrained

a length of 2 - b and 4 - b. The longitudinal load was applied through a stiff wedge-jack
and a set of discrete fingers was used to restrain the out-of-plane displacements of the
longitudinal edges. The edges were flexible in the x- and y-directions to avoid the transfer
of the longitudinal loads into their supports and to allow inward and outward in-plane
movement of the longitudinal edges. Thus, the short edges remain straight during loading
whereas the longer edges are allowed to move in-plane. An initial out-of-plane imperfection
was introduced by using an hydraulic jack carrying a small cap as load spreader. All plates
failed by the formation of a single large buckle at the centre, corresponding to the position
of the initial dent. For the plates with a b/t-ratio of 35 the buckle length is about the
plate width but for plates with b/t = 45 and 55 this length grows to 1.3 - b.

In the view of all uncertainties in the test results, Stonor et al. [118] propose Eq. 3.6 as
lower bound curve.

R+ R,°=10 (3.6)

3.2.9 Dinkler and Kroplin (1984)

Dinkler and Kroplin [31] carried out a theoretical study on square plates based on the
finite element method. In total, 27 results were calculated of which six concerned biaxial
compression alone and 15 concerned the biaxial loading case “compression-tension”, see
Fig. 3.17. Six results also consider an additional shear force. Edge boundary conditions
were constrained. For further parameters see Table 3.9.

3.2.10 Davidson et al. (1989)

Davidson et al. [25] conducted an extensive theoretical study in order to determine the
ultimate strength of rectangular plates under longitudinal, transverse and biaxial com-
pression in ship structures. The study was based on an elasto-plastic numerical analysis.
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Figure 3.16: Tests from Stonor et al. (1983) [118] (v = 4 and 6, f, = 369 MPa)

Table 3.9: Main characteristics of the simulations done by Dinkler and
Kréplin (1980) [31]

parameter Dinkler and Kréplin (1984)
« 1.0

b/t 55; 110

t not specified

Iy 240 MPa

E not available

material model not specified

wo b/250

residual stresses not specified

rotational restraint simply supported
in-plane restraint constrained
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Figure 3.17: Numerical results from Dinkler and Kroplin (1984) [31]
(o =1, f, = 240 MPa)

The focus was on the reference strengths since it was recognised that the significance of
the interaction diagram mainly depends on this input value.

The analysis of the existing interaction equations according to Fig. 3.18 shows that
these design models are not satisfactory, since they are limited to specific geometries or
they do not describe the effect of mode changes. Moreover, it is found that interaction
curves ranging from stocky to slender panels are not very realistic. For that reason a high
number of parameters was varied, see Table 3.10.

3.2.11 Guedes Soares and Gordo (1995)

Guedes Soares and Gordo [59] reassessed existing results and design methods for plates
subjected to biaxial compression, taking into account lateral pressure in a separate chap-
ter. Existing experimental results from Becker et al. [6], Becker and Colao [5], Stonor
et al. [118] were considered as well as numerical results from Dier and Dowling [26]. The
results were systematically analysed and normalised with:

o yield strength

» p, according to Faulkner [49] and p, according to Valsgard [121]

o strength predictions taking into account residual stresses

A characterisation of the data points led to the conclusion that stocky plates fail in
the plastic range which is governed by the equivalent stress hypothesis. The stocky range

is assumed to be f < 1.3 and the slender range 5 > 1.3 where § =1.3 corresponds
approximately to a b/t-ratio of 30.

A comparison with existing interaction equations from code rules and e.g. Faulkner
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Table 3.10: Main characteristics of the simulations done by Davidson et al. [25]

parameter Davidson et al. [25]
a 1.0; 3.0

b/t 40 to 180

t not specified

fy 245 MPa

E not specified
material model elasto plastic

wo b/200

residual stresses not specified

rotational restraint simply supported
in-plane restraint constrained
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Figure 3.18: Biaxial interaction curves proposed by Davidson et al. [25] in comparison to
(7) Dier and Dowling [26], (8) Dier and Dowling [27] and (15) Valsgard
[122] (left column: a = 1, right column: a = 3)
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3.2 Plates under biaxial compression

et al. [50] shows that the model uncertainty level is satisfactory so that the interaction
curve from BS 5400 is used and validated. Further improvement seems to be difficult.

Although the bias is reduced, the mean value for slender plates looks alright. But if
for high slendernesses the interaction is more severe and for low slendernesses it is the
opposite, the mean value may be still alright but not the description in dependence on the
slenderness. Unfortunately, no deviation of results from the interaction curve is shown
before the correction for residual stress is applied.

Finally, the revalidated and proposed interaction curve for all panel aspect ratios is
according to Eq. 3.7.

R+ R:=10 (3.7)

3.2.12 Cui et al. (2002)

Cui et al. [22] conducted a theoretical study on plates under biaxial compression and small
lateral pressure. For calculation they used the “simplified analytical method” proposed
by Fujita et al. [53, 54] which combines elastic large deflection theory and rigid-plastic
analysis based on kinematically admissible collapse mechanisms. This method has been
generalised and validated for plates subjected to uniaxial compression by Cui and Mansour
[23]. It takes into account geometric and material imperfections. Cui et al. applied this
method to plates subjected to biaxial compression and small lateral pressure in order
to validate it for combined loading and to propose an interaction equation for plates
subjected to biaxial compression. Lateral pressure was assumed to be small in order to
be able to apply the simplified analytical method and it was substituted by an equivalent
geometric imperfection so that its influence plays only a minor role here.

In a first step, the method was validated against the experimental results for combined
loading from Becker [4]. Experimental results from Paik and Pedersen [91] and Max [83]
have been used to revalidate it for the uniaxial compression case. All recalculations show
that the simplified analytical method is sufficiently accurate to determine the ultimate
strength of plates subjected to biaxial compression and small lateral pressure.

On the basis of a parameter study the influence of various parameters is assessed. It
is found that the findings for uniaxial compression as reported in Cui and Mansour [21]
hold true for biaxial compression as well. Thus, in the following the relevant aspects for
biaxial compression are summarised only: For the effect of transverse compression on the
longitudinal strength “it can be seen that as the transverse stress increases, the longi-
tudinal ultimate strength decreases almost linearly” [22; Sec. 4.1] which is independent
from the studied slenderness. Besides that, it is shown that the effect of lateral pressure
is small in this study [22, Sec. 4.2].

The background of the study were ship structures and for the choice of parameters a
floating production and storage facility (FPSO) is referenced. Parameters of the study
are given in Table 3.11.
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Table 3.11: Main characteristics of the simulations done by Cui et al. (2002) [22]

parameter Cui et al. (2002)

o} 3.0

b/t B =2.0to 3.5 (= b/t =49 to 86)
t not specified

Iy 330 MPa

E 200 GPa

W slenderness dependent

residual stresses yes

rotational restraint simply supported
in-plane restraint not specified

Based on the parameter study the interaction equation according to Eq. 3.8 has been
derived by curve fitting. Here, the evaluation is done based on p, according to an own
curve-fitted reduction curve [22] and p, according to Valsgard [121].

R +0.1135- R, - R, + R, = 1.0 (3.8)

Finally, the proposal has been drawn against other normalised interaction curves by
Faulkner, Stonor and Dier and Dowling. It can be shown that they fit to these proposal as
well and, by doing this, that the simplified analytical method is revalidated as calculation
tool.

3.2.13 Evaluation of results

Tables 3.12 and 3.13 summarise the experimental and numerical studies on plates under
biaxial compression. From the large number of studies on plates under biaxial compression
relevant aspects which effect the results are given below.

o Slenderness. Studied slendernesses cover the practical application range of mild
steel up to a b/t-ratio of 120. Stocky plates may still benefit from the favourable
material behaviour under biaxial compression which allows stress levels close to the
equivalent stress hypothesis. However, the more slender a plate becomes, the higher
the influence of elastic buckling is. As a result the interaction curve shapes range
from the equivalent stress hypothesis to almost a straight line which reflects elastic
buckling.

« Aspect ratio. Studied aspect ratios comprise square plates with a = 1 and rectan-
gular plates with a = 3 which represent typical bounds of plate behaviour. If only a
single load direction of the rectangular plate is considered, the longitudinal direction
(assumed to be the long edge) shows plate-like behaviour whereas the transverse di-
rection (assumed to be the short edge) is governed by column-like behaviour. In

64
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the studies, an aspect ratio of & = 3 could be confirmed as representative for plates
with aspect ratios a > 3. Plate-like and column-like behaviour influence directly
the basic reduction factors and thus the reference strengths, which have been used
as normalising strengths in some cases. As a result, interaction curves for plates
with increasing aspect ratio loose their symmetry to the bisector of the first quad-
rant. Linear interpolation between interaction curves developed for an aspect ratio
of @ =1 and o = 3 has been often proposed for intermediate values.

Geometric imperfection. Geometric imperfection shape and amplitude have
been a main issue for the theoretical studies and efforts have been undertaken to
determine the imperfection sensitivity. It was shown by Narayanan and Shanmugan
[85] that the amplitude does not alter the interaction curve shape. Imperfection
shapes have a significant influence on non-square plates because the number of
halfwaves in the longitudinal directions differs from that in the transverse direc-
tion. In the longitudinal direction it depends on the length of the plate how many
halfwaves appear. In the transverse direction it is usually a single halfwave which
occurs. Thus, for a rectangular plate two imperfection shapes based on the basic
loading are reasonable. It is found that for column-like buckling a single halfwave
in both directions governs the plate resistance. For plate-like buckling the multi-
halfwave configuration is more appropriate. Other shapes tend to stiffen the plate,
thus leading to an overestimation of the ultimate resistance.

Residual stress distribution. The influence of residual stresses has been ac-
counted for in most of the studies and different levels of residual stress have been
analysed. Some influence is found for stocky to medium slendernesses but the use
of equivalent geometric imperfections is considered as sufficient.

Rotational edge restraint. Each plate which is part of a steel plated structure
possesses some amount of rotational edge restraint. These edge restraints can be
usually idealised on the safe side as simply supported boundary conditions. The
opposite to this is a fully clamped boundary condition. Rotational edge restraints
influence the plate resistance and for clamped boundary conditions higher ultimate
resistances may be reached. These effects are usually covered by the reduction factor
determined for basic loading. Although the edge restraints effect the interaction
curve shape, the use of appropriate reduction curves may cover their influence as it
can be concluded from Narayanan and Shanmugan [85], i.e. clamping has a similar
effect as if a lower slenderness would be chosen.

In-plane edge restraint. In-plane edge restraints are usually provided when a
plate is joined with an adjacent element. For stocky plates, there is no influence
because the in-plane stiffness of the plate itself is high. For slender plates, the in-
plane restraint may significantly increase the plate resistance. This effect is rarely
accounted for.

Load application. In both the experimental and the numerical studies displacement-
controlled boundary conditions, i.e. €,/e,-ratios, have been used almost without
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Table 3.12: Overview of experimental studies on plates under biaxial compression

main reference year a [-] b/t [-] fy [MPa]
Becker et al. [6] 1970 3 30; 50; 70; 90 270
Becker and Colao [5] 1977 3 30; 70 680
Stonor et al. [118] 1983 4: 6 35; 45; 55 369

Table 3.13: Overview of numerical studies on plates under biaxial compression

main reference year a b/t [-] fy [MPa]
Frieze et al. [52] 1977 1 20 to 80 251
Valsgard [121] 1978 3 40 to 89 320
Dowling et al. [36] 1979 3 20 to 120 245
Dier and Dowling [26] 1980 land 3 40 to 80 245
Jungbluth [68] 1980 1 100 240
Harding [61] 1983 3 20 to 120 245
Narayanan and Shanmugan [85] 1983 1 30 to 100 245
Dinkler and Kroplin [31] 1984 1 55 and 110 240
Davidson et al. [25] 1989 1to10 18 to 180 n.a.
Cui et al. [22] 2002 3 n.a. 330

exception because other boundary conditions were difficult to define at that time.
However, imposed displacements per se assume that the edges remain straight which
is true for a large number of applications but extraordinary shapes or certain appli-
cations may not follow this. It is e.g. not true for patch loading where the loaded
edges usually deform in-plane.

A comparison of interaction curve proposals is difficult since it strongly depends on the
reference strengths. Sometimes reduction curves have been used, sometimes customised
reference values from tests were taken. The reference strengths used for plate-like and
column-like behaviour are summarised in Figs. 3.19 and 3.20. Despite the various number
of reference strengths, it can be shown that the reference strengths which have been
chosen in the standards today represent an upper bound to all the curves, i.e. the reference
strengths we are using now are more favourable in comparison to the ones which were
used in former times. If it is assumed that the interaction criteria were proposed based
on conservative reference strengths, the curve shapes are more favourable than in case
the “real” reference strengths for biaxial loading were used. In turn, the curve shapes
should stay or become more severe if the reference strength is improved. To make this
point clearer, take an example as follows: if an almost linear interaction is predicted based
on a conservative reference strength, the interaction curve usually cannot become more
favourable with a more favourable reference strength but most likely the opposite trend
may be observed instead.
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Figure 3.19: Comparison of reference strengths for plate-like behaviour

Although experimental and numerical studies from literature have been summarised
and a lot of knowledge has been gained, it does not resolve the discrepancies which have
been identified between Chapter 10, EN 1993-1-5 [46], DIN 18800-3 [28] and DNV-RP-
C201 [33]. Nevertheless, the summary is of great help for the definition of the boundary
conditions of the numerical parameter studies.

3.3 Girders subjected to transverse patch loading and
shear force

3.3.1 General

A review of published studies on the interaction between transverse patch loading and
shear force shows that only few data are available in general and for plated girders in
particular. Early studies were conducted on beams with cold-formed hat sections and hot
rolled sections.

Zoetemeijer [126] studied the influence of shear stresses on the transverse patch loading
resistance of hot rolled sections of type IPE 240, HEA 240, HEA 300 and HEA 500. The
yield strength of the beams varied between 286 MPa and 425 MPa. Background of the
study is the bearing capacity of beam-to-column connections in which beams are con-
nected to each side of the column having asymmetric loading or different height of the
beams so that there is no equal shear force. Although the webs are not as slender in order
to be in line with the objective of this work, the drawn conclusion is yet interesting. A
comparison of the results led to the conclusion that the “shearing stresses caused by the
lateral force (transverse patch loading, A.N.) itself have no influence on the collapse load
of the laterally applied force. Shear stresses have an important influence if the shearing
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Figure 3.20: Comparison of reference strengths for column-like behaviour
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Figure 3.21: Subdivision into basic load cases

force does not reverse at the lateral compression force” [126]. The observation is traced
back to the fact that the onset of buckling induced by the shear stresses is increased by
the transverse patch loading and Eq. 3.9 was derived.

(V—gj-F)ZJr(FZ)?SLO (3.9)

Since the transverse patch loading already induces a shear force for reasons of equilib-
rium, all further studies have in common that they subdivide the combined loading into
two basic load cases. Thus, the influence of additional shear stresses which are not caused
by the transverse patch loading can be better accounted for and a regular transverse patch
loading verification does not require an interaction check. Figure 3.21 shows the two basic
load cases pure transverse patch loading and pure shear force which in combination lead
to the considered type of interaction. In the following the component (V-0.5-F) is called
“average shear force”.

In Secs. 3.3.2 to 3.3.4, studies on girders with slender webs are presented in detail.
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Figure 3.22: Tests from Elgaaly (1975) [41], dimensions in [mm]

3.3.2 Elgaaly (1975)

In 1975, Elgaaly [41] published the earliest known experimental study on the interaction
between transverse patch loading and shear force on 11 beams made of cold-formed hat
sections with slightly inclined webs, see Fig. 3.22. The relevant panels had an aspect ratio
of @ = 1, b/t-ratio of 200 and 325 and the yield strength was either 228 or 274 MPa.
The girders were simply supported and strengthened by diaphragms at the supports and
at the load introduction at mid-span. Outer diaphragms were intended to serve as rigid
end-posts for the anchorage of the tension field stresses. In order to avoid buckling of the
slender top flange, a logitudinal stiffener was bolted to the flange as shown in Fig. 3.22.
The girders were loaded with a concentrated load P, at mid-span and a transverse patch
loading p with ss/h,, = 0.2 in each panel adjacent to mid-span, one at a time, so that in
total 18 test results could be gained. The variation of the shear force level was achieved
by varying the magnitude of P, so that also in case of pure patch loading the induced
shear stresses were not equally distributed to the edges. The behaviour of the basic load
cases was confirmed by comparison to other studies on transverse patch loading [105] and
Basler’s shear theory. Based on the test series, Eq. 3.10 is proposed.

_ . 1.8 1.8
() () o o

3.3.3 Oxfort, Weber and Gauger (1981/1989)

In 1981, Oxfort and Weber [89] conducted three tests on steel plated girders to study the
influence of shear force on the transverse patch loading resistance, which was extensively
studied in a preceding study [88]. The tests were done in the frame of a test programme
in which also the interaction between transverse patch loading and bending moment was
studied. The relevant panels had an aspect ratio of a ~ 1.5, b/t-ratio of 113 and 162.5
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Figure 3.23: Tests from Oxfort, Weber and Gauger (1981/1989) [87, 89],
dimensions in [mm]

and the yield strength varied between 210 and 312 MPa. As shown in Fig. 3.23, the
girders were simply supported and assembled with friction grip bolts. The girders were
loaded with a transverse patch load F' in the middle of the panel near the support and
an additional shear force V' was applied at the adjacent transverse stiffener.

Based on [89], Oxfort and Gauger [87] propose to avoid high levels of shear force ac-
cording to Eq. 3.11 when transverse patch loading is present. From the test results it
was concluded that a high shear force has no influence on the transverse patch loading
resistance, it was however questioned if in turn a high level of transverse patch loading
has an influence on the shear resistance. Thus, the proposal can be traced back to gen-
eral thoughts about the Cardiff model for the shear resistance which was used here. The
preliminary approach was then to say that the capacity of the flanges is already used
up by the transverse patch loading and it does not contribute to the tension field action
anymore. Due to the small number of tests and since no tests with a high level of trans-
verse patch loading were done, it becomes obvious that an assertive conclusion cannot be
drawn.

V—-05-F
—— =

0.8 3.11
v (3.11)

3.3.4 Roberts and Shahabian (2000)

In 2000, Roberts and Shahabian conducted a comprehensive study on steel plated girders
subjected to transverse patch loading and shear force which has been published in several
journals [102, 103]. The test series comprised 12 short-span girders which were tested
twice giving in total 24 test results. The relevant panels had an aspect ratio between
a = 1 and 2, b/t-ratios between 150 and 300 and the yield strength varied between 236
and 343 MPa. As shown in Fig. 3.24, the girders were simply supported. At the supports
rigid end-posts exist for the anchorage of the tension field stresses. The girders were
loaded with a transverse patch load F'in the middle of the panel near the support and an
additional shear force V' at mid-span. The load was applied via a spreader beam which
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Figure 3.24: Tests from Roberts and Shahabian (2000) [102, 103], dimensions in [mm]

Table 3.14: Dimensions of the test girders from Roberts and Shahabian (2000) [102, 103]

series web flanges loading length
a [mm] hy [mm] ¢, [mm] by [mm] ¢y [mm] Ss [mm]

PG1 600 600 4.1 200 12.5 50

PG2 900 900 3.1 300 10.2 20

PG3 900 600 3.2 200 10.2 20

PG4 1000 500 1.9 200 10 20

PG5 600 600 3.03 150 10 50

was used to achieve the relevant ratio of transverse patch loading to shear force. Based
on the test series, Eq. 3.12 was proposed.
(V —0.5- F>2 F

— <1.0 3.12
Ve + Fr — ( )

3.3.5 Evaluation of results

In Fig. 3.25 all test results and the proposed interaction equations are summarised in an
interaction diagram based on the average shear component (V' — 0.5 - F'). The reference
strengths Fr and Vg are taken from corresponding experiments of the basic load cases
transverse patch loading and shear force. Only for the tests from Oxfort and Weber, the
reference strengths are based on theoretical resistance models according to Rockey’s and
Basler’s theory, since no experimental reference strengths were provided at that time.
It can be noticed that the interaction equations of Zoetemeijer [126] and Elgaaly [41]
are both symmetric whereas Roberts and Shahabian [102, 103] propose a curve which is
symmetric to the x-axis but not to the y-axis. For the stocky webs tested by Zoetemeijer
[126] the symmetric interaction curve is reasonable. In case of slender webs, buckling
is irrespective of the direction of shear, but if the transverse patch loading is tensile
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Figure 3.25: F-V interaction equation models from literature, Fgr and Vi according to
experiments, Fr and Vg of Oxfort et al. [87, 89] according to Rockey’s and
Basler’s theory

instead of compressive, an increase in resistance is noticed which is only limited by plastic-
destabilising effects and material yield. The tests by Elgaaly [41] confirm their symmetric
proposal, although the general thoughts would rather expect a curve similar in shape as the
one proposed by Roberts and Shahabian [102, 103]. Although the slendernesses studied
by Elgaaly [41] and Roberts and Shahabian are in the same range, Roberts and Shahabian
find not only a stronger interaction but they also propose an asymmetric interaction curve.
Oxfort and Gauger [87] studied slender plated girders as well but the three test results
without experimentally based reference strengths are not very conclusive.

In Fig. 3.26 all test results and the proposed interaction equations are summarised in
an interaction diagram based on the average shear force component (V' —0.5- F) and the
reference strengths Fr and Vi are determined according to Chapters 5 and 6, EN 1993-1-5
[46]. It is shown that the deviation of resistance model leads to an increase in the data
scatter. For the shear force resistance model, mean value and variation are low whereas
the model for patch loading gives very conservative results over all experimental tests.
As a result, the data scatter is widely dispersed which may lead to the conclusion that
interaction has not to be considered. However, a refinement of the theoretical resistance
models may shift the data closer to the interaction equation so that interaction becomes
relevant. Further studies will have to discuss this point.

In general, it can be said that the conclusions which have been drawn on the basis
of studies on cold-formed trapezoidal beams and hot rolled sections cannot easily be
transferred to steel plated sections with slender webs. The recommendation of Oxfort
and Gauger [87] is not assertive since it is derived from three tests only. For high levels of
shear force it is overconservative whereas for high levels of patch loading the interaction
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Figure 3.26: F-V interaction equation models from literature, Fr and Vg according to
Chapters 5 and 6, EN 1993-1-5 [46]
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behaviour is clearly underestimated. The proposed interaction equation of Roberts and
Shahabian [102, 103] gives the best fit because it has been calibrated on the largest set
of test results for steel plated girders. However, it is currently limited to the parameters
which have been experimentally studied so that further studies are required.

3.4 Summary

For plates under biaxial compression a large number of studies mainly from the 1970s and
1980s exists and various parameters have been studied which provide a comprehensive
insight into the stability behaviour. Nevertheless, further work is mandatory for certain
points which become relevant for the procedure of the reduced stress method based on a
single plate slenderness according to Chapter 10, EN 1993-1-5 [46]. The focus lies on the
following questions:

o The procedure of the reduced stress method according to Chapter 10, EN 1993-1-5,
is based on a single plate slenderness. Discrepancies between DIN 18800-3 [28] and
Chapter 10, EN 1993-1-5 [46], have been pointed out in Sec. 2.5. The review of
earlier work does not clarify the disrcepancies but it gives useful information on the
effect of relevant parameters. Further work is necessary to evaluate the applicability
of the reduced stress method based on a single plate slendernes.

o The so far claimed plausibility to transfer the results from biaxial compression to
transverse patch loading and bending moment requires a clear assignment in such
a way that the biaxial compression case sometimes relies on favourable boundary
effects which cannot be accounted for in case of patch loading. Further insight when
the reduced stress method is applied to biaxial compression and to transverse patch
loading and bending moment has to be gained.

o Mainly theoretical studies were undertaken which is due to the fact that boundary
conditions are difficult to define in tests in which usually displacement-controlled
edge boundary conditions have to be used. Advanced software allows for a load-
controlled edge boundary condition which gives more choice to study edge boundary
conditions in general. Together with the exising studies, a final assertive evaluation
will be drawn.

For the interaction of transverse patch loading and shear force, further work is manda-
tory and it will focus on the following questions:

o The proposals for an interaction equation are based on few results. For slender plate
I-girders only the proposal of Roberts and Shahabian [102, 103] is reasonable. How-
ever, some parameters are not considered and their influence is not negligible such
as long loading lengths and panels with longitudinal stiffeners. In order to propose
an interaction equation for practical application, further studies are necessary.

o In order to extend the parameter range, a high number of test results is required
which cannot be based on experiments alone. For numerical studies, a recalculation
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of well-documented tests is the basis for further work so that own experimental
studies will be conducted.

Results of the so far used subdivision into the basic load cases transverse patch
loading and average shear force show that for this decision of the verification point
interaction has to be considered. The average shear force component has been
adopted from literature but other verification points such as the maximum shear
force are imaginable. Further insight into the choice of the verification will have to
be gained before a final conclusion is drawn.
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4.1 Test programme

The test programme intends to quantify the effect of shear force on the patch loading
resistance for welded plate I-girders and to serve as basis for the verification of the nu-
merical model which is used to recalculate the tests and for further parameter studies.
The review of earlier work in Sec. 3.3 clearly shows that an interaction between transverse
patch loading and shear force exists. However, the need for further experimental studies is
not only based on the fact that only few experimental studies could be gathered but also
that contradictory conclusions were drawn. For these reasons, an own test programme is
carried out. The test specimens are based upon typical plate I-girder geometries which
can be found in bridge construction. Steel grade S 355 was chosen. The ratio of transverse
patch loading F and shear force V is chosen such that the relevant F-V-ratio is met. Fur-
ther information about the dimensions, material properties and geometric imperfections
of the test specimens is given in Sec. 4.2. Sections 4.3 to 4.5 summarise the test procedure
including test set-up and results.

The experimental studies were sponsored by a financial grant from the Research Fund
for Coal and Steel (RFCS) in the frame of the research project “Competitive Steel and
Composite Bridges by Improved Steel Plated Structures” (COMBRI) [72]. They were
carried out with the collaboration of the author at Lulea Tekniska Universitet, Sweden.

In order to prevent this chapter from becoming unmanagable in length, only the minimal
necessary effort is made to report about the experimental studies. Readers interested in
pursuing any of these points further are urged to consult the test report [13] in which the
experiments are presented in far greater detail.

4.2 Test specimens

4.2.1 Dimensions

The general layout of the two test girders is given in Fig. 4.1 with dimensions according
to Table 4.1. Both girders are double-symmetric and the web slenderness h,,/t,, as key
parameter in the experimental studies varies from 100 to 200. Transverse stiffeners and
end-plates possess the same width and thickness as the flanges. The girders are denoted
SP 600 and SP 1200 according to the height of their web.
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Figure 4.1: General layout of the test girders
Table 4.1: Dimensions of the test girders
girder web flanges loading length
a [mm| hy, [mm] ¢, [mm] by [mm| ¢y [mm] Ss [mm)]
SP 600 2390 600 6 450 20 200
SP 1200 2390 1200 6 450 20 200

4.2.2 Material properties

The mechanical steel properties were determined from uniaxial tensile coupon tests. Three
individual coupon tests were conducted both along and transverse the rolling direction of
each steel plate which was used for flanges, stiffeners and webs. Yield strength, ultimate
strength and elastic modulus were averaged over the individual coupon tests according to
Table 4.2. These results are used for the realculation of the test girders in order to verify
the numerical model, see Sec. 5.3.3.

The test report [13] gives further details about the coupon tests.

4.2.3 Geometric imperfections

The geometric variations from the perfect web flatness were measured with a movable
LVDT device (Linear Variable Displacement Transducer). In Figs. 4.2 and 4.3, the
geometric imperfections are shown with reference to a xy-plane which is defined by the
bottom flange and the upper left point of the web panel near the top flange.

Table 4.2: Mechanical steel properties of the test specimens

cross-sectional  yield strength ultimate strength elastic modulus

element fy [MPa] fu [MPA] E [MPa]
flange, stiffener 354 519 186 139
web 383 543 176 938
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Wo,maz = 2.4mm = h,,/250
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Figure 4.3: Geometric imperfection of test girder SP 1200 (gauge length lo = 0.7 - hy,)

The imperfection shape of girder SP 600 over the web height resembles a C-shape. The
imperfection amplitude has a maximum value of h, /250 and a value of h, /333 at the
centerline underneath the loading device. The imperfection shape varies along the relevant
web panel of the test girder according to Fig. 4.2.

The imperfection shape of girder SP 1200 over the web height resembles a S-shape. The
imperfection amplitude has a maximum value of [5/350 belonging to a gauge length of
lo = 0.7 hy. At the centerline underneath the loading device the value becomes l,/700.
The imperfection shape varies along the relevant web panel of the test girder according
to Fig. 4.3.

For both girders the measured geometric imperfections are significantly smaller than
the allowable geometric tolerances according to the Swedish design code BSK 07 [14] and
EN 1090-2 [45], see Table 4.3. It should be noted that in BSK 07 the allowable fabrication
tolerance depends on the plate slenderness.
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Table 4.3: Comparison of measured geometric imperfections and fabrication tolerances

geometric imperfection SP 600 SP 1200
measured (maximum) ha /250 lo/350
measured (at centerline) hy /333 ly/700
allowable, BSK 07 [14] hy /160 h /80

allowable, EN 1090-2 [45] hy /100 /100

Figure 4.4: Test rig, backside

4.3 Test set-up

4.3.1 General

The tests are performed in a test rig as shown in Fig. 4.4 consisting of two portal frames
and a main girder. Two hydraulic cylinders with a capacity of 1000kN each are attached
to the main girder. The shear force V' is applied at half the span length L whereas the
patch load F' is introduced at the centerline of one of the adjacent web panels.

The test girders are simply supported on bearing plates. This is realised by an out-
stand of the end-post exceeding the bottom flange with a height of 30 mm in the vertical
direction. In order to avoid any kind of introduction of normal forces into the girder a
teflon-coated plate on a stainless steel plate is used to create a support that is able to
move without restraint in the horizontal direction.
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Figure 4.5: Load introduction devices (a) and LVDT on top of the loading plate (b)

4.3.2 Loading device

Transverse patch loading and shear force are applied at two different locations at the top
flange of the girder. The jack force is equally distributed by a spreader beam (designated
“No.1” in Fig. 4.5a) via rollers to the loading plates on the top flange. The way how the
load is applied and the design of the loading devices are assumed to prevent a rotation
of the top flange along its longitudinal axis. The load plate for the transverse loading is
200 mm wide whereas the load plate for introduction of the shear force measures 330 mm.

Due to technical limitations two hydraulic cylinders with a capacity of 1 000 kN each are
used to reach the ultimate load of girder SP 1200. Both hydraulic actuators are combined
by means of a second beam (designated “No.2” in Fig. 4.5a) which applies the combined
load via a roller to the aforementioned spreader beam.

4.3.3 Measuring devices

During the test procedure, displacements and strains are recorded.

At certain load increments, displacements of the full panel are measured. Intermediate
measurements at smaller load increments are carried out for the vertical line of the grid
at the centerline of the relevant panel (x = 1195mm). The measuring grid is shown in
Fig. 4.6 for girder SP 1200. In the horizontal x-direction and the vertical y-direction an
equal spacing of 100 mm between each point has been predefined. The edge distances
around the panel are set to 30 mm which is as close as the LVDT can get to flanges and
stiffeners.

A movable LVDT device for the measurement of the horizontal displacements is initially
used to determine the geometric imperfections. During the test procedure, web panel
deformations are recorded. For both measurements a steel bar is applied to the flanges
guiding the LVDT along a vertical path and assuring a measurement perpendicular to the
steel bar at each point.
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Figure 4.6: Measuring grid (SP 1200), dimensions in [mm]
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Figure 4.7: Location of the LVDTs (SP 1200)

Vertical displacements are measured during the test procedure with LVDTs at six loca-
tions according to Fig. 4.7. LVDT 5 and LVDT 6 account for settlement of the supports
during the experimental procedure.

Strains are measured continuously during the test procedure. Both girders are equipped
with monoaxial strain gauges and triaxial rosette gauges for strain measurements at se-
lected points. The basic layout is shown in Fig. 4.8 for girder SP 1200.

On each side of the web panel three monoaxial strain gauges are applied in the ver-
tical direction underneath the patch load to log its strains. Four triaxial rosette gauges
are applied asymmetrically on each side of the web panel to account for the interaction
between transverse loading and shear force. One triaxial rosette gauge is placed in the
upper corner at each side of the web panel to record the anchoring of the tension field.
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A32* ® A312 ®
A33*
Al04 A3

Figure 4.8: Basic layout of strain gauges (SP 1200), dimensions in [mm|]
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Figure 4.9: Load-displacement-curves of girder SP 600

A monoaxial strain gauge is applied on both the top and the bottom flange. On the
top flange the strain gauge is placed at a location where a plastic hinge due to the shear
loading is assumed to occur. The strain gauge at the bottom flange is placed at mid-span
to record strains due to bending.

4.4 Test procedure

4.4.1 General

Before the test procedure is started the geometric imperfections are determined and the
girder is preloaded with approximately 15 % of the predicted ultimate load.

During the test procedure a constant vertical displacement rate of 0.005 mm/sec is used
for the hydraulic cylinders to assume for static loading conditions until ultimate load is
reached. Afterwards the rate is increased to 0.02mm/sec. At load increments of 100 kN
the loading is stopped and the web panel deformations are measured at the centerline
(x = 1195mm). A full panel measurement is conducted at the following load steps:

« SP600: 500kN, 700kN, 830kN (ultimate load) and after unloading
« SP1200: 600kN, 700kN, 900kN, 1030kN (ultimate load) and after unloading

Strains and vertical displacements are continuously recorded during the test procedure.

4.4.2 Girder SP 600

The imperfection shape of girder SP 600 resembles a C-shape over the web height in the
positive z-direction of the web panel and an unsymmetrical “halfwave” along the panel
length. During loading a constant increase of the web panel deformation is observed. A
deformed shape is first noticeable to the eye at around F' = 450kN. The ultimate load
F,; = 846 kN is reached at a vertical displacement of u, = 6.5 mm.

A three-dimensional plot with the corresponding plan view is shown in Fig. 4.11 at
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Figure 4.12: Web panel deformation after unloading for girder SP 600

84



4.4 Test procedure

1200 1200
% 1000 % 1000
— 800 — 800
= =
g 600 g 600
S 400 = 400
N N
o o
= 200 = 200
O T T T T 1 0 T T T T 1
0 10 20 30 40 0 10 20 30 40
Vertical displacement [mm] Vertical displacement [mm]
(a) Transverse patch loading (b) Shear force

Figure 4.13: Load-displacement-curves of girder SP 1200
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Figure 4.14: Lateral web deformation of girder SP 1200

ultimate load and in Fig. 4.12 after unloading. It can be seen that the initial imperfection
shape is replaced by a typical web buckle underneath the patch load which is however
influenced by the additional shear force. This is evident due to the diagonalisation of the
out-of-plane deformation shape. In the post-ultimate range the deformations increase and
a patch loading-like failure dominates.

4.4.3 Girder SP 1200

The imperfection shape of girder SP 1200 consists of two half-waves (S-shape) over the
web height and an unsymmetrical “halfwave” along the web panel length. At a load
of F' = 400kN the initial imperfection shape changes to one halfwave (C-shape) in the
negative z-direction, see Fig. 4.14. A deformed shape is first noticeable to the eye at
around F' = 500kN. As soon as ultimate load is reached almost no further deflection
of the girder at mid-span is noticed. The ultimate load F,; = 1030kN is reached at a
vertical displacement of u, = 5.0 mm.

Figures 4.15 and 4.16 show a three-dimensional plot with the corresponding plan view
for girder SP 1200 at ultimate load and after unloading. At ultimate load a combination of
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Figure 4.15: Web panel deformation at ultimate load for girder SP 1200
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Figure 4.16: Web panel deformation after unloading for girder SP 1200

shear force and patch load buckling is found. In the post-ultimate range, the deformations
show a patch loading failure which is influenced but not dominated by the additionally
present shear force.

4.5 Test results

Both girders are equipped with monoaxial strain gauges and triaxial rosette gauges ac-
cording to the layout in Fig. 4.8. The results of the strain measurements are presented
here for selected points. From the measured surface strains the membrane strains at the
web panel mid-plane are calculated assuming a linear strain distribution over the web
panel thickness. For the rosette gauge measurements, principal strains are calculated.

The comparison of monoaxial strain gauges (A100) located at the top flange shows
that the upper surface of the flange is subjected to compressive strains until ultimate
load is reached. After that point tensile strains develop due to the patch loading failure
which induces a curvature on the upper flange due to the buckling of the web panel, see
Fig. 4.17.

The comparison of the monoaxial strain gauges (A101/B101 to A103/B103) located
on the web panel directly underneath the patch loaded top flange shows that the plastic
membrane strain is exceeded shortly before or at the same time ultimate load is reached,
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Figure 4.18: SP 600 - Strain gauge A101/B101

see Fig. 4.18. The local buckling of the web panel can be followed by the development of

tensile and compressive strains on the surfaces of each web panel of girders SP 600 and
SP 1200.

The comparison of the web panel strains measured by the triaxial rosette gauges
(A31*/B31* to A34*/B34*) shows that all membrane strains stay below uniaxial plastic
strain limits until ultimate load is reached. This applies for both €, in the horizontal
direction and ¢, in the vertical direction. On the surfaces of the web panels higher strains
are measured due to the deformation of the web panel and the onset of buckling. Ten-
sile and compressive strains correspond to local bending effects which are induced by the
deformation of the web panel.

For both girders compressive strains €, in the vertical direction are measured decreasing
from a maximum value at rosette gauges A31*/B31* located at the centerline of the
patch loading to zero at rosette gauges A34*/B34*, see Fig. 4.19. On the other hand,
the developing tension field is confirmed by membrane shear strains €, at rosette gauges
A34*/B34*. Here, the principal membrane strains are zero so that a pure shear state of
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Figure 4.19: SP 600 - Strain gauges A31*/B31* and A34*/B34*

stress exists. The surface strains €, exceed plastic strain in the vertical direction due to
the high curvature of the deformed web panel shape. In the horizontal direction smaller
strains €, occur which is due to the smaller curvature in this direction.

For girder SP 1200, the initial web panel S-shape changes to a C-shape at a total load of
about F'=400kN, see Fig. 4.14. This change causes a sharp bend in the load-strain-curves
accounting for the altered web panel shape. The membrane strains are not affected.

For girder SP 600, the analysis of the triaxial rosette gauges (A30*/B30*) located in
the upper corner above the support shows the development of tensile strains €;, in the
direction of the assumed anchoring of the tension field. But strains clearly stay below
plastic strain limits when ultimate load is reached. The almost uniform distribution of
strains throughout the thickness of the web plate corresponds to the observation that the
web panel remains plane next to the vertical end-post. In contrast to this, although barely
noticeable, SP 1200 developed a folding of the web panel which leads to local bending
moments over the web thickness. Up to ultimate load plastic strain is not reached but
the strains increase significantly after ultimate load has been passed.

4.6 Summary

Test girder SP 600 fails due to a combination of shear force and patch loading which is
confirmed by the analysis of strains and deformation shapes. Vertical displacements both
at the load introduction of the patch loading and at the load introduction of the shear
force increase after ultimate load has been reached. Test girder SP 1200 shows also some
influence from the combined loading although not as distinctive as girder SP 600. No
further vertical displacement is recorded at the load introduction of the shear force after
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Figure 4.20: Comparison of experiments and interaction equation models,
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ultimate load has been reached. It can be concluded that at this point the patch loading
capacity has been reached.

In Fig. 4.20, the results of girders SP 600 and SP 1200 are compared to experiments
from literature and in Fig. 4.21 comparison is made to EN 1993-1-5 [46]. Both diagrams
are given in the same scale along with the proposals for interaction equations taken from
literature and introduced in Sec. 3.3. The proposal of Zoetemeijer [126] does not meet
the requirements of steel plated girders because it was proposed for hot rolled sections.
In fact, Oxfort and Gauger [87] dealt with slender girders but at that time few test
results were available so that only a vague recommendation could be given to avoid high
levels of shear in combination with patch loading. The test results do not confirm this
proposal. Roberts and Shahabian [102, 103] defined an interaction equation based on a
comprehensive experimental tests series. A comparison with the own experimental studies
shows that the results of the girders SP 600 and SP 1200 are covered within the existing
data scatter and that they are on the safe side with regard to the proposed interaction
equation by Roberts and Shahabian [101, 116]. For SP 600 with a longer relative loading
length s,/h,, = 0.33 a stronger interaction is found than for SP 1200 with a shorter relative
loading length of ss/h,, = 0.17.

The evaluation of test results based on the reference strengths according to experiments
or FEA shows that there is an interaction between transverse loading and shear force. On
the other hand, the evaluation of test results with regard to Chapters 5 and 6, EN 1993-
1-5 [46], identifies that due to the limited number of test results and the uncertainties of
the theoretical resistance models data points do not fall in the interaction range.

If the test results are compared based on the reference strengths according to Chapters
5 and 6, EN 1993-1-5 [46], the uncertainty of the corresponding engineering model leads
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Figure 4.21: Comparison of experiments and interaction equation models,
Fr and Vg according to Chapters 5 and 6, EN 1993-1-5 [46]

to a wide scatter of the data points. For the theoretical shear force model mean value and
variation are quite low whereas the model for patch loading gives very conservative results
over all experimental tests. As a result, the data scatter is widely dispersed which may
lead to the conclusion that interaction has not to be considered. However, a refinement of
the theoretical resistance models shifts the data closer to the interaction equation so that
interaction becomes relevant. Further investigations are necessary to clarify in detail the
influence of parameters such as loading length, slenderness ratio, ratio of shear force to
patch loading, end-post condition and longitudinal stiffeners. The consideration of this
influence will be further studied with the help of numerical investigations, see Sec. 5.5,
which are based on the tests performed herein.
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5.1 General

Within the scope of this work, experimental studies are often laborious and for reasons
of size and costs they are not feasible to conduct. And although it is recognised that
experiments should be the basis of each theoretical work, it becomes obvious that some
aspects, e.g. certain loading scenarios and boundary conditions, cannot be studied very
well or not at all due to limitations of the test set-up. A way to overcome such difficulties
is the application of a numerical method. Here, the finite element method, also known as
finite element analysis, is used (FEM/FEA).

FEM has establised itself as numerical analysis method because it offers versatility and
physical appeal. FEA is nowadays used in many fields of application not only for stress
analysis but e.g. also for heat transfer and magnetic fields. The basic idea behind is to
approximate a structure in a piecewise way, element by element, i.e. finite elements. Thus,
it should be clear that FEA is always an approximation to the exact solution.

In this work, general-purpose FEA software ANSYS releases 10.0 and 11.0 [1] was
used. In Sec. 5.2 choices with regard to aspects of modelling, discretisation and numerical
analyses are explained. Subjects such as material properties, boundary conditions, type of
elements and the effect of imperfections are addressed. Background information on FEM
however will be only given where it appears necessary. In general, principles of FEA are
presumed to be known and will not be repetitively explained here. For further reading,
the reader is referred e.g. to the textbooks of Bathe [3], Zienkiewicz and Taylor [124, 125]
and Cook et al. [20] which allow for a comprehensive in-depth knowledge. In Sec. 5.3,
the steps which were undertaken to verify the numerical model are given. Besides the
recalculation of own experiments, known results from literature and buckling curves are
used as basis for comparison.

The numerical model is then used to carry out systematic parameter studies in order
to enhance the parameter range. These studies can be subdivided into studies on plates
under biaxial compression and plate I-girders under transverse patch loading and shear
force of which the behaviour is studied in Sec. 5.4 for single plates and in Sec. 5.5 for
plate I-girders.
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Figure 5.1: Parametric solid modelling technique

5.2 Input data of the finite element analysis

5.2.1 Modelling
5.2.1.1 Geometry

In order to build the numerical model, the geometry is processed on the basis of the
parametric solid modelling technique. This means the attributes of the geometry are
parametrised and allocated with numerical values so that these values can be changed
easily. All cross-sectional elements of the numerical models have in common that the
dimensions are large in two directions and small in the third direction. Thus, the geometry
is degenerated in terms of the midsurface which is then discretised with shell elements,
see Sec. 5.2.2.

Figure 5.1 shows exemplarily how the parametric modelling technique is applied to pro-
cess the measured web geometry of test girder SP 1200. In order to simulate the geometric
web imperfections correctly, the measured data points are attributed to a referential plane
by processing them with MathCAD software [82]. Spline functions are then fit through
the data points and used as guiding lines for the surface generation.

For the initial geometry of the numerical models in case of the parameter studies a
functional description of the geometric web imperfection is used such as sine functions.
Imperfections of longitudinal stiffeners are modelled accordingly.

5.2.1.2 Material properties

The correct representation of material behaviour is of utmost importance because it is one
of the most influential parameters. The mechanical properties of steel are characterised
by elastic modulus, yield strength, ultimate strength and strain hardening behaviour. It
is common to assume isotropic material with identical values of mechanical properties in
all directions so that the input can be based on uniaxial stress-strain data.

Recommendations for material models are given in Annex C.6, EN 1993-1-5 [46], and
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Figure 5.3: Material model according to BSK 07 [14]

in Swedish Steel Standard BSK 07 [14]. Basically, EN 1993-1-5 provides three material
models, see Fig. 5.2. The bilinear stress-strain curves are intended for calculations for
which no stress-strain data are explicitely available. If strain hardening is neglected a yield
plateau is theoretically assumed, see Fig. 5.2a. For reasons of numerical convergence, it
might be useful to define a nominal plateau slope with a small value of £/10000. Whether
strain hardening is considered or not depends on the required accuracy. In case it is
considered, EN 1993-1-5 proposes a simple approximation with a slope of E/100 which
has proven to be a reasonable value for a wide range of steel grades for strains up to 5%,
see Fig. 5.2b. If material properties from tests are available, the stress-strain curve can
be followed one-to-one. Then the stress-strain curve from tests should be transformed
into the true stress-strain curve to account for the decrease of cross-sectional area near
fracture, see Fig. 5.2c. BSKO07 offers a parametrised stress-strain curve according to
Fig. 5.3. Since it is based on the values from elastic modulus, yield strength and ultimate
strength, it allows a very simple though refined definition of the material behaviour.

Poisson’s ratio is uniformly set to ¥ = 0.3. The used material models are based on an
isotropic hardening rule based on the theory of von-Mises-plasticity.

The recalculation of the experiments is based on the multilinear stress-strain curve
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according to BSK 07, see Fig. 5.3. Characteristic values of elastic modulus, yield strength
and ultimate strength are taken from the tensile coupon tests as given in Sec. 4.2.2. The
true stress-strain curve is derived from the stress-strain data of the tests with Eq. 5.1
to account for the decrease of cross-sectional area near fracture. However, this effect is
noticeable only when the strains at failure become really large which is not the case here.

Otrue = 0 - (1 4+ ¢€) (5.1a)
Etrue = In (1 +€) (5.1b)

In the parameter studies, nominal values of the yield strength are used and an elastic
modulus of F = 210 GPa is assumed. The bilinear stress-strain curve with strain hard-
ening according to EN 1993-1-5 is adopted, see Fig. 5.2b. Following the comments in
[67], strain hardening is not neglected here because in a buckled plate besides primary
membrane stresses, secondary bending stresses occur in both directions. Using a yield
plateau results in an early loss of plate bending stiffness as soon as yielding of the primary
stresses starts. Thus, plate buckling will occur too early which can be avoided when strain
hardening is taken into account.

5.2.1.3 Loading and boundary conditions

Loading and boundary conditions have to be carefully chosen since they can have a rele-
vant influence on the stability behaviour, see Sec. 2.2. General information is hard to give,
since they strongly depend on the definition of the problem, so that more information is
given in the relevant sections.

For the recalculation of experiments, the loading is chosen to represent the test set-up,
see Sec. 4.3. The load plates are modelled by rigid regions, i.e. the degrees of freedom
are coupled but a rigid body translation and rotation is possible. Support conditions
are modelled as given. The boundary conditions of the plates are constituted by the
continuity to adjacent cross-sectional elements.

For the parameter studies, plate elements are considered which usually represent one
specific part of the whole structure. The proper choice of boundary conditions is of utmost
importance. Upper and lower bounds are given by simply supported and clamped rota-
tional restraint conditions as well as by unconstrained and constrained in-plane restraint
conditions.

Loads are applied as line loads, for which the loaded edge is usually assumed to remain
straight if the whole edge is loaded. For patch loading the edges move in-plane due to the
nature of loading type. Both scenarios represent either uniform displacements or uniform
loading.
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5.2.1.4 Imperfections

If the buckling resistance of a steel plated structure is to be determined from numerical
analysis without applying in addition any reduction factor, the use of imperfections be-
comes mandatory. Imperfections are unavoidable during fabrication and erection of real
structures. In general, geometrical and material imperfections are distinguished. Geo-
metric imperfections comprise e.g. initial deformations, shrinkage at welds and tolerances
from nominal geometric values. Material imperfections comprise e.g. residual stresses
due to fabrication and material inhomogenities. It should be clear that any imperfection
modelling, however sophisticated it is, can represent only “substitute imperfections”. This
refers to certain effects such as material inhomogenities, loading and boundary inaccura-
cies which are not feasible to include and therefore they have to be somehow substituted
in the numerical model. The state-of-the-art in imperfection modelling includes the mod-
elling of initial deformations and residual stresses where relevant.

Initial deformations. Initial deformations have to catch the relevant instability
modes. In steel plated structures, these imperfections can be local such as buckles in
subpanels and twists of flanges or stiffeners. Global imperfections comprise bow of stiff-
eners or whole members. The most difficult task is to choose the imperfection shape and
amplitude. A classification can be done as follows:

« Realistic imperfections. They correspond to the “real” imperfections of the struc-
ture. However, except for test girders and for systematically fabrication-induced
imperfections in series products, this approach cannot be met in civil engineering
structures because the imperfections are not known sufficiently well in advance.

o Manually defined imperfections. They correspond to the commonly observed
imperfections during fabrication and are also called fabrication-oriented imperfec-
tions. They account for imperfections in real structures on a very simple basis. Often
imperfection shapes are defined by functional descriptions such as sine functions.

« Eigenmode-affine imperfections. They are defined on a mathematical basis and
the modelling methodology is very clear because the nonlinear buckling analysis is
based on the imperfections coming from a linear bifurcation analysis (LBA) before-
hand. The effort however can be large without getting appropriate results e.g. when
only the first eigenmode is used, see Sec. 5.3.2.

o Collapse-affine imperfections. They correspond to the deformed shape at col-
lapse and are assumed to lead to the lowest buckling resistance. The calculation
effort is high, because a nonlinear buckling analysis has to be carried out beforehand
for which the right choice of imperfection has to be made as well. Due to its worst
case character, the amplitude needs to be scaled properly and it is often smaller
than amplitudes for the other imperfections shapes mentioned above.

Based on Schmidt [113], a further differentiation should be done between worst-case
and stimulating imperfections. Whereas worst-case imperfections should lead to the low-
est buckling resistance in general, they are not directly linkable to the fabrication-induced
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Figure 5.4: Distribution of residual stresses

deformations. Stimulating imperfections should catch the stability behaviour of the struc-
ture sufficiently well to allow for a prediction of the ultimate load. Eigenmode-affine or
collapse-affine imperfections are usually tried for worst-case imperfections, eigenmode-
affine and fabrication-oriented imperfections may be used as stimulating imperfection.
An evaluation of both concepts is given in Sec. 5.3.2.

For the recalculation of experiments realistic imperfection shapes and amplitudes are
used since measured data are available. The implementation of the measured web geome-
try is explained in Sec. 5.2.1.1. For the recalculation of buckling curves and the parameter
studies, further studies are given in the frame of the verification by buckling curves, see
Sec. 5.3.2, from which some considerations will be given here. It becomes clear that for
extensive parameter studies where a great number of fully nonlinear buckling analyses
has to be performed, it is a feasible decision to choose an as simple equivalent geometric
imperfection pattern as possible. Its function should be to “stimulate” the characteristic
physical plate buckling behaviour. For that purpose it must only have a certain geometric
similarity to the relevant imperfection shape. Thus, manually defined imperfection shapes
are used. They are oriented at possible fabrication-induced shapes and do not represent
the worst case but obviously they are able to represent well the ultimate loads in practice,
see also the discussion by Ruff and Schulz [106, 107] and Rusch and Lindner [108].

Residual stresses. Residual stresses are mainly caused by welding and therefore
present in most steel plated structures. Post-weld treatment methods such as anealling
are often impractical and therefore not applied. Their distribution in idealised form is
shown in Fig. 5.4, however, the level of residual stress depends on the heat input and weld
size and scatters a lot. In Swedish Steel Standard BSK 07 [14], a recommendation for the
consideration of residual stresses is given according to Fig. 5.4b. Alternatively, residual
stresses can be taken into account by equivalent geometric imperfections as proposed in
Annex C, EN 1993-1-5 [46].

Residual stresses were not measured for the experiments and therefore are not consid-
ered in the recalculation of tests. For the recalculation of buckling curves and in some of
the parameter studies, residual stresses have been accounted for according to BSK 07 [14]
with f, in tension less than 500 MPa a which is based on [19], see Table 5.1. A simplified
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Table 5.1: Residual stress values

residual stress stress value [MPa] mean width

oy fy <500 MPa 2.25 -t
O equilibrating stress b —4.5-t

rectangular stress distribution has been used, in which the level of tensile residual stress
is equal to the yield strength and the compressive stress is determined from equilibrium.

Comment on Annex C, EN 1993-1-5. Annex C.5, EN 1993-1-5, gives guidance on
the use of imperfections and is introduced here shortly. It is said to use both geometric
and structural imperfections which in practical terms comprises initial deformations and
residual stresses. Eigenmode shapes with an amplitude of 80 % of the fabrication toler-
ances and manually defined imperfection shapes are recommended. For residual stresses
a stress pattern corresponding to the mean expected values should be assumed. In fact,
residual stresses have to be chosen by the engineer.

5.2.2 Discretisation

The geometric midsurface plane of the mathematical model is dicretised by dividing it into
a mesh of finite elements of the chosen type. There are a number of shell elements with
different features, ranging from elastic shell theory to nonlinear theory with large rotations
and plasticity. Nonlinear buckling analysis of plates is based here upon small strain, large
displacement analyses accounting for large rotations. Besides material nonlinearity, the
geometrical nonlinear effect in the anaylsis of slender plates is caused by finite (large)
rotations. The requirements imposed by the nonlinear analysis lead to the preselection
of a shell finite element which accounts for nonlinear, large rotation, and even finite
strain applications, plasticity and transverse shear deformation. These elements were
also used for linear bifurcation analysis, e.g. to generate eigenmode-affine imperfection
shapes. Because they perform similar well as purely elastic shell types, there was no need
to change the shell type. In ANSYS the nonlinear shell types are denoted SHELL181
and SHELL281. This notation will be used here for reference, too. Both elements have
six degrees of freedom at each node: translations in the x, y, and z axes, and rotations
about the x-, y-, and z-axis. They differ in the type of shape function which is either a
bilinear or a biquadratic shape function, see Fig. 5.5. SHELL281 is a serendipity element,
i.e. without an interior node. The piecewise approximation of the mathematical model
by finite elements inevitably leads to a discretisation error which should be reduced to a
minimum. The accuracy of results may be increased according to [93] as follows:

e h-method. Overall refinement of the mesh density.
o r-method. Refinement of the mesh density in areas with high stress gradients.

o p-method. Increase of the polynomial degree of the element’s shape function.
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(a) four-node bilinear (b) eight-node biquadratic
quadrilateral (SHELL181) serendipity quadrilateral
(SHELL281)

Figure 5.5: Shape functions of quadrilateral shell finite elements (showing a perspective
view of the shape function Ny)

Here, the mesh density should be able to cover buckling shapes and stress gradients
adequately. Figure 5.6 shows the results of a discretisation study on a square plate under
bending for which finite elements with bilinear and biquadratic shape functions have been
used. The deviation from the code rules is drawn over the number of elements per edge
length. It can be shown that a refinement of the mesh density clearly leads to a reduction
of the discretisation error. Besides that, it is found that biquadratic elements show a
lower divergence and converge faster than bilinear elements.

According to Fig. 5.6d, firstly a linear elastic bifurcation analysis was carried out and
the first eigenvalue was determined. The quadratic elements converge quickly whereas
the linear elements require roughly twice the number of elements. Though it is difficult
to give general recommendations, it can be concluded that a sufficient number to cover a
buckling halfwave is a number of six elements for the linear shape function and a number
of four elements in case the quadratic shape function is used.

Secondly, a nonlinear buckling analysis including imperfections was carried out. At
ultimate state, a nonlinear stress distribution occurs which may require a finer mesh
density in order to cover the stress gradient adequately. From Fig. 5.6e it can be shown
that the quadratic element converges rapidly. In contrast to this, the linear element is
not too bad, but it is slightly stiffer throughout which leads to slightly higher resistances.

In this work shell elements with biquadratic shape function are used for the analysis of
plates due to the aforementioned advantages in comparison with linear elements. Since
the analysis of plate I-girders chronologically took place before the parameter study on
plates, shell elements with bilinear shape functions are used for the plate I-girders. The
discretisation was done according to the recommendations for mesh density. The number
of integration points is usually five over the thickness. It has been changed to nine in
regions where high bending stresses over the thickness are expected.
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(a) plate layout (b/t = (b) buckled shape (c) stress distribution
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Figure 5.6: Discretisation study

5.2.3 Numerical analyses
5.2.3.1 Linear bifurcation analysis

A linear bifurcation analysis is based on perfect geometry, linear material behaviour and
small deformations. Buckling occurs by bifurcation which means that a reference config-
uration of the geometry and an infinitesimally close deformed, i.e. buckled, configuration
are both possible at the same load level. To determine the corresponding eigenvalues
and eigenmodes, a linear analysis is sufficient to be carried out and the structure can be
loaded by an arbitrary load {R},,;. The associated stress stiffness matrix is [K,], ; and
as the problem is presumed to be linear the conventional stiffness matrix [K] is unaffected
by the load level so that A.. can be introduced which changes the load level but not the
distribution of stresses, see Eq. 5.2a. If buckling displacements {§D} are introduced, see
Eq. 5.2b, and both equations are subtracted from each other, Eq. 5.3 is the result, which
is a classical eigenvalue problem.

(K] + Xer [Ko)op) {D}yep = Aer {R},e; (5.2a)
(K] + Aer [Kolp) {Dyes + 0D} = Aer { R}, (5.2b)
([K] + Aer [Ko,p) {0D} = {0} (5.3)
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Thus, the elastic critical load {R},, is determined based on the smallest root ... The
eigenvector {0 D} associated with A, is the eigenmode which can be scaled and used e.g.
as geometric imperfection shape.

As eigenvalue and eigenmode extraction method, the block Lanczos method is chosen.
It is well suited for solving large symmetric eigenvalue problems, with equivalent accuracy
as the commonly used subspace iteration method. In contrast to the subspace iteration
method, block Lanczos offers shorter run times though requiring more memory. In [12]
it has been found that the block Lanczos method is better suited if many modes are
extracted and that it is more robust if the model contains different types of elements such
as shell and beam elements.

5.2.3.2 Nonlinear buckling analysis

A nonlinear buckling analysis is based on imperfect geometry, nonlinear material be-
haviour and large deformations. The nonlinear nature of the buckling problem requires
an incremental and iterative approach as solution strategy. Geometric nonlinearity arises
from deformations which become so large due to buckling that the equilibrium equations
must be written with respect to the deformed geometry. Material nonlinearity comes
from the material properties which are functions of the stress or strain, see Sec. 5.2.1.2.
Generally spoken, the problem is nonlinear because the stiffness matrix [K] is a function
of the displacements {D}. Unlike in the linear case, information on [K] is needed here to
be able to solve for {D} and the load {R} is not known in advance. Principles of super-
position do not hold true anymore, so that an iterative process is required to obtain the
displacements and its associated stiffness matrix and load so that the product [K]{D} is
in equilibrium with {R}, see Eq. 5.4.

[K{D} ={R} (5.4)

The solution of the governing nonlinear equations can be achieved through an incre-
mental approach, i.e. the correct solution is approximated by taking linear steps in the
appropriate direction. To solve these equations within a step usually iterative Newton-
Raphson based methods are applied. ANSYS offers different Newton-Raphson schemes:
full, modified and using the initial stiffness matrix. Due to the required large deformation
analysis, the full Newton-Raphson method is used here in which the tangent stiffness is
updated at every equilibrium iteration. Figure 5.7a depicts the present explanations as
a two-dimensional plot of load versus displacement. Loads are applied stepwise. The
method starts with a trial based on the initial tangent stiffness k;y. From this, the load
imbalance vector {R}, is determined which is the difference between the applied loads
and the loads evaluated based on the assumed solution. A new equilibrium iteration is
performed to achieve a load imbalance vector close to zero depending on the convergence
criteria. The characteristics of the full Newton-Raphson method is that the tangent stiff-
ness is updated prior to each equilibrium iteration. This procedure is repeated within

100



5.2 Input data of the finite element analysis

F F
A A
c D _~ A
d ? B
C
A B
oy C
1
b
C
a 1
arc-length radius
> U > U
(a) full Newton-Raphson (b) arc-length method
method

Figure 5.7: Solution strategies

each substep until convergence is accomplished.

For a given load step these increments are named substeps in ANSYS. Only a single load
step is used. Initial substep size is usually prescribed as P/100. Automatic time stepping
has been used where appropriate, however, a maximum substep size of P/10 has been
prescribed. Such an incremental form of the governing equations can be written according
to Eq. 5.5, where {AD} and {AR} represent the unknown incremental displacement and
load vectors. No line search methods are applied.

(K] {AD} = {AR} (5.5)

Load control has been chosen due to the combined loading which is applied at the
edges. In the vicinity of limit points where a maximum of the load-displacement curve
is reached, the tangent stiffness becomes zero or negative when the descending load path
is to be followed. In such cases regular load-controlled Newton-Raphson methods fail to
converge. A method which usually succeeds and which has been used here is the arc-
length method. As shown in Fig. 5.7b the load parameter is introduced as an additional
variable. The increments of both displacements and load are adjusted in such a way that
iterative steps cause points to lie on a curve of radius Al centered at the initial point
1. The method prevents a doubling back on itself when the curve reaches a negative
slope. The radius of the arc-length method has been prescribed within certain limits of
the radius depending on the solution characteristics. The arc-length method is used here
for cases where the tangent stiffness approaches zero due to the formation of plastic hinges
in flanges or in cases where the descending load-displacement-path is followed in order to
study the plate behaviour also in the postultimate range.
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5.3 Verification of the numerical model

5.3.1 General

In order to verifiy the numerical model for parameter ranges which are not explicitly
covered by the recalculation of experiments and to evaluate the reference strengths on
which the interaction curves are based, the relevant buckling curves for the basic load
cases from DIN 18800-3 [28], DNV-RP-C201 [33] and Chapter 10, EN 1993-1-5 [46] are
recalculated. The findings of this section go beyond the aforementioned objectives insofar
that they provide an extensive insight into the recalculability of buckling curves in terms
of choice of boundary conditions, imperfection shape and amplitude as well as their effect
and relevance on buckling resistance. This, in turn, supports the decisions taken for the
numerical modelling in the frame of the parameter studies.

In the following, the calculated results are shown in comparison with their relevant
buckling curve which allows for a visual evaluation of the results. It should be kept
in mind that up to now, buckling curves have been established empirically based on
experiments in which several effects influencing the buckling resistance cannot be fully
controlled. This is in contrast to the possibilities numerical models offer where certain
effects can be precisely defined and studied.

Also the experimental tests conducted by the author and well-documented tests from
literature are recalculated. For a quantitive measure, an accompanying statistical evalu-
ation is carried out in which regression and correlation coefficients are presented for the
recalculation of experiments.

5.3.2 Recalculation of buckling curves
5.3.2.1 Plates under compression

The recalculability of the Winter curve for plates under uniform compression has already
thoroughly been studied e.g. in [81] and [106]. Ruff and Schulz [106] concluded from
their numerical studies that the Winter curve leads to unsafe results when the allowable
fabrication tolerances (b/250) and residual stresses are used for imperfection modelling.
This has been put into perspective in a comment [107] later on. However, the discrepancy
and the resulting uncertainty was addressed in the frame of a DIBt research project [81]
of which results were published by Rusch and Lindner [108]. Plates under uniform stress
which were supported at four and three sides were studied. It is concluded that the dis-
crepancy “can only be resolved, if stimulating imperfections are taken into account instead
of worst-case imperfections. It is not considered necessary to tighten the current plate
buckling curves used in the codes” [108] which is justified by the empirically established
and proven-in-reality Winter curve. Finally, the recommended values for recalculation
were:
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1.2 1 .
Winter curve
. w, = b/200
11 8 o  wy=b/420
» w acc. to BSK 07 [14]
0.8 1 wq = b/500 + RS
= 0.6-
a
0.4 -
#
0.2 1
0 } } } } } i
0 0.5 1 1.5 2 2.5 3

Figure 5.8: Comparison of simulations and the Winter curve (o = 1, all edges hinged,
loaded edges constrained and unloaded edges unconstrained)

« Equivalent geometric imperfection b/420, see also Usami [120]

+ Geometric imperfection b/500 and residual stresses (RS) o, = 0.5 - f,, and
o. = —0.1- f,, see Rusch and Lindner [108]

The recalculation of the Winter curve with these two values is shown in Fig. 5.8. It
can be concluded that a recalculation of the Winter curve is sufficiently well possible on
the basis of hinged boundary conditions and unloaded edges free to move in-plane, i.e.
unconstrained, and loaded edges remaining straight, i.e. constrained. In addition, the
recommended imperfection according to Annex C, EN 1993-1-5 [46], and Swedish steel
design standard BSK 07 [14] are also given in Fig. 5.8.

Although the Winter curve presumes that the loaded edges remain straight this cannot
be assured for all kind of loadings. A transverse patch loading will inevitably cause
the loaded edges to move in-plane, depending on the stiffness of the attached boundary
element, e.g. flanges. It can be shown that for unconstrained loaded edges a recalculation
of the buckling curve according to Annex B, EN 1993-1-5, with parameters o, = 0.34 and
A, = 0.70 is well possible based on an imperfection amplitude of b/200, see Fig. 5.9.

On the other hand, the assumption of the Winter curve that unloaded edges are free to
move in-plane is on the safe side when e.g. inner subpanels of multi-stiffened panels are
considered. Figure 5.10 compares numerical results to the Winter curve. It can be shown
that for an increasing plate slenderness the membrane boundary condition becomes more
important which leads to favourable results.
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Figure 5.9: Comparison of simulations and the buckling curve according to Annex B,
EN 1993-1-5 [46] (o = 1, all edges hinged and unconstrained)
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Figure 5.10: Results of simulations in case of a plate with constrained edges
(v = 1, all edges hinged and constrained)
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Figure 5.11: Comparison of simulations and the Winter curve (o = 1.4, all edges hinged,
loaded edges constrained and unloaded edges unconstrained)

The recalculations according to Figs. 5.8 to 5.10 are based on square plates. The
advantage of a square plate is that the difference in imperfection shape between eigenmode
and sine-imperfection becomes negligible. Starting from a panel aspect ratio of « = 1.4 the
eigenmode shape changes into a two-wave configuration. Imperfection measurements on
such plates [51] however show that usually a single-wave mode further prevails. However,
with this example configuration it can be shown that the resistance depends not only on
imperfection amplitude and shape but also on panel aspect ratio. In Fig. 5.11, results of
a plate with an aspect ratio of a = 1.4 are given for which the eigenmode shape is still
a one-halfwave mode. It can be shown that the resistance is increased so that the square
plate can be considered as worst case. In reality however, square plates are rarely used in
comparison to rectangular plates with larger aspect ratios so that nevertheless the Winter
curve is generally applicable, which coincides with the conclusions drawn by Rusch and
Lindner [108]. Taking the time into account when the Winter curve was established, it
becomes clear that with numerical methods a perfect match cannot be achieved which
makes it in turn however complex to draw conclusions e.g. for interaction cases.

5.3.2.2 Plates under compression susceptible to column-like buckling

The reduced postcritical strength reserve of plates which are susceptible to column-like
buckling is accounted for by an interpolation between plate- and column-buckling curve.
In EN 1993-1-5 [46] a quadratic interpolation function is used, see Sec. 2.3.4. In order to
evaluate the quality of the results, the calculated results are compared to simulations as
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Table 5.2: Comparison of ultimate loads

girder Fult,exp [kN] Fult,FEA [kN] Fult,FEA/Fult,e:cp [']

SP 600 846 892 1.05
SP 1200 1030 1027 0.99

shown in Fig. 5.12. Plates with aspect ratios & = 1/2,1/3 and 1/6 have been chosen as
representative dimensions. Since the imperfection sensitivity of columns is higher than
of plates, the sensitivity is studied by doubling and halving the imperfection amplitude
according to EN1993-1-5 so that besides b/200 the amplitudes b/100 and b/400 are
studied.

It can be shown in Fig. 5.12 that in case of column-like behaviour a strong influ-
ence of the imperfection amplitude exists. Nevertheless, when evaluating the interpo-
lation between plate- and column-like behaviour a linear relationship can be found, see
Fig. 5.13, instead of the quadratic interpolation used in Sec. 4.5.4, EN 1993-1-5 [46]. It is
eye-catching that the DNV interpolation performs sufficiently well for small panel aspect
ratio but if a plate with v = 1/2 is approached the results are far off, see Fig. 5.12a.
The source of this oddity can be attributed to the fact that in ship building, which is
the origin of the DNV rules, subpanel aspect ratios of 1/10 are commonly reached in the
multi-stiffened segments. One should be aware of this fact when evaluating the DNV
rules in case of column-like buckling. In reality the resistance is usually not overestimated
since for ship plating both clamped and constrained boundary conditions can be usually
assumed. As shown in Fig. 5.14 these edge restraints have a very favourable effect on the
column-like resistance.

5.3.3 Recalculation of own experiments

The experiments which were introduced in Chapter 4 are recalculated numerically. Imper-
fections are taken as measured according to the shapes given in Sec. 4.2.3. Edge boundary
conditions are defined by the continuity between web and flanges. The modelling is based
on the parametric solid modelling technique, see Sec. 5.2.1.1.

Experimental and numerical ultimate loads are compared in Table 5.2. For both girders
SP 600 and SP 1200 a good agreement between both types of ultimate loads is found.
Figures 5.15 and 5.16 show the applied total load drawn over the vertical displacement
of the LVDTs located at the load plate of the shear force introduction and at the load
plate of the patch load introduction which correspond to LVDT 1 and LVDT 4 according
to Fig. 4.7. It should be noted that in all cases the vertical displacement is corrected
by the settlements of the supports during loading. Generally, a good agreement between
relevant load-displacement curves is found.

In Figs. 5.17 and 5.18 the deformations of the web panels for the experimentally and
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Figure 5.12: Comparison of simulations and interpolated column-like buckling curves
(all edges hinged, loaded edges constrained, unloaded edges unconstrained)
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Figure 5.13: Evaluation of the interpolation function according to Sec. 4.5.4,
EN 1993-1-5 [46]
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Figure 5.14: Comparison of simulations and interpolated column-like buckling curves
(v =1/2, loaded edges clamped and constrained, unloaded edges hinged
and unconstrained)
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Figure 5.15: SP 600 - Comparison of load-displacement-curves
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Figure 5.16: SP 1200 - Comparison of load-displacement-curves
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Figure 5.17: SP 600 - Comparison of lateral web deformations

numerically determined data are compared at different load levels. For girders SP 600
and SP 1200 the behaviour of the web panel and the magnitude of the deformation can be
retraced very well up to ultimate load. Only in the post-ultimate range the numerically
determined deformations of SP 1200 differ from the experimental ones but the deformed
shape still develops in a similar way.

From the recalculation of the own tests it can be concluded that the finite element model
is able to reproduce reliable numerical results. Both ultimate load and quality of the
displacement behaviour show a good agreement. In order to allow for a better evaluation
of the numerical model additional experimental tests from literature are recalculated in

Sec. 5.3.4.
5.3.4 Recalculation of experiments from literature

The most comprehensive and well-documented test series in literature has been conducted
by Roberts and Shahabian [101, 116] in the year 2000, see Sec. 3.3.4. Hereafter this
series is numerically recalculated with the established finite element model which has
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Figure 5.19: Transformation of real girder geometry into numerical model geometry and
introduction of equilibrating shear stresses

been used to recalculate the own tests. However, in order to reduce calculation time in
the light of the later parameter study, use is made of the girder symmetry as shown in
Fig. 5.19. Imperfections are taken as sine-function with one halfwave in each direction and
an amplitude of b/200. Edge boundary conditions are defined by the continuity between
web and flanges.

Here it appears from the girder layout that the vertical stiffeners are designed as rigid
end-posts with additional strength coming from smaller stiffeners welded between the two
vertical end-stiffeners as shown in Fig. 5.19. For this reason, it has been studied in the
frame of the recalculation of the tests if such a strengthened end-post can be represented in
the numerical model by simple coupling equations. Fig. 5.20 shows the level of equivalence

Table 5.3: Statistical evaluation of the end-post representation in terms of R./R;

end-post representation mean value standard deviation COV

coupling equations 1.017 0.097 0.009
full shell model 0.960 0.062 0.004
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Figure 5.20: Comparison of the end-post representation in the numerical model

for the experimentally and numerically determined ultimate loads R, and R; with regard
to the different end-post modelling. The ultimate loads correspond both to combinations
of shear- and patch loading (shown by filled circles) and to the basic load cases “pure patch
loading” (shown by half-filled circles) as well as “pure shear force” (shown by circles only).
Data points above the angle bisector stand for an underestimation (= safe side) of the
experimental ultimate load when recalculated numerically, whereas for data points below
the angle bisector the experimental ultimate load is overestimated. The comparison of the
two diagrams in Fig. 5.20 shows that rigid end-posts in reality cannot be represented with
the help of simple coupling equations in the numerical model because the experimental
ultimate load is overestimated in most cases. The design requirements formulated in
Sec. 9.3.1, EN 1993-1-5 [46] give rules for the design of rigid end-posts which provide
suffcient anchorage for the longitudinal portion of the tensile membrane stresses. However,
in contrast to this, coupling equations neglect any beam-like behaviour and they substitute
a rigid region which is too favourable with regard to the anchoring potential of real end-
post configurations, see Fig. 5.20a. Therefore a fully modelled end-post condition with
shell elements instead leads to better results, see Fig. 5.20b.

A statistical evaluation of the ratio of numerical to experimental ultimate load confirms
that the full shell model gives more accurate results, see Table 5.3. For the full shell model
not only the mean value but also the standard deviation is reduced resulting in a lower
coefficient of variation (COV) so that the latter layout of the finite element model is
validated and adopted for further studies.
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5.3.5 Conclusions

The recalculation of buckling curves shows that the recalculability of plate-buckling curves
is acceptable though knowing that a perfect accordance between empirically determined
buckling curves and numerical results cannot be achieved. It turns out that the in-plane
membrane restraint is an unused strength reserve for slender plates which cannot be
assessed by elastic critical calculations. For this purpose an appropriate formulation of
the buckling curve is required. In case of column-like buckling, the EN interpolation
function is partly on the safe side in comparison to the studied parameters and literature.
The DNV interpolation function has another background and should not be used for
plates approaching square geometries. However, based on the general evaluation of the
recalculations the applicability of the plate finite element model is considered as approved.

The recalculations of full girders show that good results are strongly dependent on the
quality of the provided experimental records. The finite element model which has been
established for the recalculation of the own experimental studies shows a good agreement
between experimental and numerical data for both load and displacement behaviour. A
further simplification of the numerical model which takes advantage of girder symme-
try has been confirmed by recalculation of the experimental test series by Roberts and
Shahabian [101, 116]. In addition to that, a study on the correct modelling of the end-
post representation has been performed which shows that a further simplification for
rigid end-posts with the help of coupling equations cannot be recommended. Based on
the evaluation of the recalculations the applicability of the numerical full shell model is
considered as approved.

Besides that, the following conclusions can be drawn from the recalculations in order
to define the boundary conditions and scope of the parameter studies:

o Imperfection shape. The square plate is kept as reference configuration and worst
case scenario since the difference between different mode shapes such as eigenmode
and sine-imperfection becomes negligible. The imperfection shape becomes rele-
vant when non-square plates are studied so that for rectangular geometries different
halfwave configurations will be considered. Manually defined imperfections such as
sine functions may be used since the difference to eigenmode shapes is small in case
of biaxial compression.

o Imperfection amplitude. The amplitude has a large influence in the stocky to
medium slenderness range. It was shown that the recalculation of buckling curves
succeeds only with reduced amplitudes. As the agreement between buckling curves
and simulations for the reference strength is not fully achievable, the two amplitude
values /200 and b/420 are kept for the parameter studies. The value b/420 turns out
to be adequate in the stocky to medium slenderness range. For higher slendernesses
the value b/420 is also used but it is found that the absolute value of the imperfection
amplitude becomes less important there.

e Residual stresses. Residual stresses may be used but it is shown that they do not
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significantly increase the quality of recalculation. Instead geometric imperfection
and residual stresses have to be adjusted in every case such that a good agreement
with the relevant buckling curve can be achieved. With regard to the parameter
studies equivalent geometric imperfections are considered as sufficient.

« Edge boundary conditions. It is shown that the recalculation of buckling curves
strongly depends on the choice of the relevant in-plane edge boundary condition.
Rotational edge boundary conditions can be covered by taking them into account
for the determination of the elastic critical stresses. For the parameter studies the
main focus will be on unconstrained and constrained edge configurations.

In summary, the comparison shows that both buckling curves and experiments can
be recalculated adequately so that the numerical model is approved and found to be
well-suited for further parameter studies.

5.4 Plate stability under biaxial compression

5.4.1 General

Earlier work comprises a large number of studies which date back in the 1970s and 1980s,
see Sec. 3.2. Later work mainly focused on summary and reevaluation of these studies.
The evaluation of results in this work revealed a large knowledge base of studies on plates
under biaxial compression, see Sec. 3.2.13. However, the large number of influential
parameters led always to a discussion on the quality and usability of the results. For
these reasons own simulations are carried out in the following which will be used for a
reassessment of earlier work and on which a design proposal will be based in Sec. 6.4.
Initially, the stability behaviour of biaxially loaded plates is studied. In the parameter
study the key parameters are addressed as follows:

o Slenderness, i.e. b/t-ratio = 30, 45, 65 and 100
o Panel aspect ratio « = 1 and 3
o Imperfection shape and amplitude

o Edge boundary conditions, both in-plane and rotational

5.4.2 Structural behaviour

On one side, it is agreed that stocky plates can reach the equivalent stress criterion
which takes advantage of material behaviour. On the other hand, plates are more and
more effected by stability with increasing slenderness. This should be reflected by the
interaction curves but their comparison shows non-neglible discrepancies when comparing
e.g. for slender plates the linear interaction according to DIN 18800-3 [28] with the circular-
shaped interaction according to Chapter 10, EN 1993-1-5 [46], and DNV-RP-C201 [33].
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Figure 5.21: Comparison of the stability behaviour of a plate under uniaxial and biaxial
compression (b/t =100, f, = 355 MPa)

Since the documentation of background information and decisions taken is rather poor,
the stability behaviour will be studied below. However, an evaluation of the results to
design rules with regard to design rules will be done in Sec. 6.4.

The stability behaviour of a plate under uniaxial compression which has been studied in
Sec. 2.2.1 is used here again to explain the stability behaviour of biaxially loaded plates. It
has been shown that a plate possesses a significant postcritical strength reserve in case of
plate-like behaviour which results from favourable tensile membrane stresses that develop
perpendicular to the loading direction. Light will be shed on the fact when the second
loading direction is also loaded in compression.

In Fig. 5.21 the stability behaviour of a square plate which is able to develop a post-
critical strength reserve in both loading directions is compared under uniaxial and biaxial
compression. For the uniaxial case, it was shown that tensile stresses develop perpendic-
ular to the loading direction which attenuate the out-of-plane deformation of the plate.
Figure 5.21b illustrates the same situation with compression also in the second loading
direction. It can be shown that the compression nullifies the tensile stresses which leads to
an increased deformation for the same load level, see Fig. 5.21c. Since the ultimate load
is reached at about the same out-of-plane deformation, it becomes obvious that higher
stresses can be attained if the tensile membrane component reduces the deviation forces.

The square plate is a special case because the imperfection shapes of its basic loadings
coincide. Since plate-like behaviour can be accounted for both basic loading directions,
the interaction criterion represents the worst case scenario because it has to take its
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disappearance into account. The stability behaviour of plates with panel aspect ratios
other than square is usually effected by column-like buckling which cannot benefit from
favourable tensile membrane stresses. It will be shown in Sec. 5.4.3 that for rectangular
plates the imperfection shape becomes important.

5.4.3 Effect of imperfections

For a non-square plate, the imperfection shape which leads to the smallest resistance
depends on the number of halfwaves and the corresponding loading direction. Figure 5.22
shows two eigenmode imperfection shapes of a biaxially loaded plate with a panel aspect
ratio of & = 3. The three-halfwave mode results from a loading of the short edges (o)
and the one-halfwave mode from a loading of the long edges (0.). For each of the uniaxial
loadings the corresponding mode leads to the smallest resistance. However, if the plate is
biaxially loaded the shape strongly effects the structural behaviour. The inflexion points
of the three-halfwave mode act like a stiffening of the plate which significantly increase
the resistance when mainly the long edges are loaded, see the thick lines in Fig. 5.22a.
On the other hand, the one-halfwave mode increases the resistance when mainly the short
edges are loaded because the out-of-plane deformation usually prevents the plate from
switching to its natural three-halfwave mode. In [36] a large number of initial mode
shapes combinations were studied for panel aspect ratios of @« = 3 but they could not
produce a smaller failure resistance than it was achieved with the three- and one-halfwave
mode shapes. Therefore they will be used in the following study.

In Fig. 5.23 interaction curves are drawn over the stress ratio o, /o, each normalised with
the yield strength. It can be shown that beyond the point where both curves intersect the
resistance is clearly overestimated when the governing imperfection shape is not applied.
For the three-halfwave mode the stiffening effect is quickly reached. In contrast to this,
the one-halfwave mode can be applied for a wider range of stress ratios. However, it
can be seen that it also overestimates the basic loading resistance when mainly the short
edges are loaded. It can be shown that when the simulation results are considered up the
intersection point of both lines, a safe estimate of the interaction behaviour can be made
although the curvature is quite favourable. Measurements of occuring initial imperfection
shapes of normally fabricated plates [51] support that the one-halfwave mode shape is the
one which is most likely to occur in reality. Thus, the three-halfwave mode shape is usually
on the safe side when the loading of the short edges begins to dominate. Nevertheless,
the three-halfwave mode shape is used in the further studies to aim at a lower bound.

In Figs. 5.24 to 5.29 interaction curves with amplitudes of b/200 and b/420 are sum-
marised. It can be shown that the imperfection amplitude has an influence in the small
to medium slenderness range and become less important for large slendernesses. Similar
conclusions were also drawn for the recalculation of the buckling curves.
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(a) three-halfwave mode (b) one-halfwave mode

Figure 5.22: Comparison of imperfection shapes
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5.4.4 Effect of edge boundary conditions

It was shown in Sec. 5.3.2 that the recalculability of buckling curves strongly depends
on the choice of the relevant edge boundary conditions. A difficulty arises when the
buckling curves of EN 1993-1-5 [46] have to be applied to biaxial loadings because the in-
plane restraint condition is usually not fully applicable. The Winter curve presumes e.g.
that loaded edges are constrained and the unloaded edges are unconstrained. However,
biaxially loaded plates have all edges loaded and usually all edges are either constrained
or unconstrained. It is therefore necessary that adequate reference strengths are used for
the evaluation of the interaction behaviour with regard to the edge boundary conditions.
In order to achieve a clear attribution of the behaviour to certain boundary conditions,
all edges are taken as either constrained or unconstrained in the following study:.

Effect of in-plane edge restraints. Figures 5.24 and 5.27 show the simulation results
of a square and a rectangular plate with b/¢-ratios of 30, 45, 65 and 100 for unconstrained
and constrained boundary conditions. Constrained boundary conditions lead to an in-
crease of the resistance for slender plates and they provide a strength reserve which is not
considered in the buckling curves of EN 1993-1-5 [46]. Unconstrained boundary conditions
represent a lower bound. For medium slenderness ranges constrained conditions show a
slightly more favourable interaction behaviour.

Effect of rotational edge restraints. Figures 5.25 and 5.28 show the simulation
results of a square and a rectangular plate with b/¢-ratios of 30, 45, 65 and 100 for hinged
and clamped boundary conditions. Clamped boundary conditions lead to an increase of
the resistance. A strength reserve exists when hinged boundary conditions are assumed
for the calculation of the elastic critical buckling stress but clamped conditions are present
in reality. In general, hinged boundary conditions represent a lower bound.

In Figs. 5.26 and 5.29 the normalised values of the interaction curves are evaluated for
plates with panel aspect ratios @« = 1 and o = 3. Normalisation has to be understood
in such a way that the simulation results refer to the reduced strength value of the
corresponding uniaxial loading with same geometry and boundary conditions. Comparing
the normalised values for the different in-plane edge restraints it can be shown that the
deviation of the interaction behaviour in general is marginal. However, comparing the
normalised values for the different rotational edge restraints it can be shown that the
deviation is significant for small to medium slendernesses.

In both cases, it can be generally shown that with increasing plate slenderness the
favourable biaxial state of stress on the material side vanishes and that for very slender
plates the interaction behaviour approaches a linear interaction.

5.4.5 Conclusions

The studies on plates under biaxial compression follow up earlier work. It is shown that
for slender plates of which the slenderness theoretically approaches infinity a linear in-
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teraction is reached. For square plates such a linear relationship is true because the
imperfection shapes of the basic loadings coincide. For non-square plates the imperfec-
tion shape significantly alters the interaction curve due to the stiffening effects of the
different shapes. One- and three-halfwave mode shapes are used to describe the inter-
action behaviour. Since the resulting, favourable interaction behaviour relies on realistic
imperfection shapes, it can be generally taken into account. It can be concluded that the
panel aspect ratio is one of the most influential parameters for the interaction curvature.

Another important parameter which effects the interaction behaviour is the edge re-
straint, both in-plane and rotational. For high slendernesses, the in-plane restraint leads
to favourable interaction curves in terms of absolute values. A normalisation however
shows that the interaction shapes are very similar. This is an important observation since
the slenderness is determined irrespective of the in-plane edge boundary condition which
only becomes relevant in large deformation analysis. Thus, similar interaction curves can
be drawn over the same slenderness for both unconstrained and constrained in-plane re-
straints. The rotational edge restraint is even more favourable both in absolute values and
after normalisation. Since clamping effects can be accounted for in linear buckling theory,
the slenderness becomes smaller and this positive influence on the interaction behaviour
can be taken into account in the determination of the slenderness.

It is concluded and assumed for the studies in Chapter 6 that a precise assessment of
the reference strength facilitates the use of few interaction curves which are then able to
account for different edge boundary conditions. Current design rules will be improved
with regard to the following objectives: sound representation of the interaction behaviour
by using precise reference strengths and, by doing this, enabling the use of advanced
software solutions in determining elastic critical buckling stresses which is especially of
advantage in full building models where the individual panel is analysed as part of the
whole structure.
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Figure 5.24: Effect of in-plane edge restraints (o = 1, all edges hinged)
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Figure 5.26: Effect of edge restraints, normalised values (a = 1)
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Figure 5.28: Effect of rotational edge restraints (v = 3, all edges unconstrained)
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5.5 Girder web stability under transverse patch loading
and shear force

5.5.1 General

Panels which are subjected to shear and patch loading may be classified into four classes
for easier reference and better understanding. A schematic overview on this subdivision
is illustrated in Fig. 5.30. On the basis of a partly edge loaded panel the reacting forces
Vi and V5, are given on each adjacent side according to the sign convention for internal
forces. The four classified cases are denoted from a. to d. and described below.

Case a. represents the pure patch loading situation where a plate is loaded partly along
one edge and reacted by shear of equal magnitude on the adjacent sides. The relation
between the forces V; and V5, becomes -1.

Case b. corresponds to a patch loading situation where no additional shear force is
present but where the patch loading is reacted by shear of different magnitude on the
adjacent sides. This loading situation results e.g. when the supports are not symmetrical
to the applied edge load. The ratio between the forces V; and V5 lies in the range from
-1 to 0.

Case c. is the typical loading situation if one speaks about combinations of shear- and
patch loading. In addition to the edge loading the panel is also subjected to a shear force
which leads to ratios of Vi to V5 in the range from 0 to +1. The sign of the internal shear
force does not change if one follows the positive direction according to the sign convention.

Case d. shows a pure shear force in order to complete the above considerations. In
this case the panel resists a constant internal shear force so that the resulting relation
between V) and V5 equals +1.

In order to widen the range of parameters which have been covered only in a very lim-
ited way in the experimental tests, parameter studies covering slenderness ratio, loading
length, ratio of shear force to patch loading, end-post condition or longitudinal stiffener
typ are conducted. The aim is especially to characterise the behaviour of panels sub-
jected to combinations of shear- and patch loading more detailed. The set of investigated
parameters which is based on the experimental layout is as follows:

o web panel dimensions a = 2400 mm and h,, = 1200 mm

o slenderness ratios h,,/t,, = 60, 100 and 200

« relative loading lengths s,/h,, = 0.25, 0.50, 0.75 and 1.00
o rigid and non-rigid end-posts

« varying level of shear stress

« longitudinal stiffeners: weak and strong

For the longitudinally stiffened girders open- and closed-section stiffeners in the con-
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Figure 5.31: Combination of local and global imperfection shapes for modelling [114]

figuration “flat bar” and “trapezoidal shape” are studied. In each case a weak stiffener is
used in order to study the global buckling behaviour of the stiffened panel and a strong
stiffener which enforces local buckling of the subpanels. Firstly, the general behaviour of
shear- and patch loaded panels is described in Sec. 5.5.2 whereas the effects of different
parameters and the behaviour of panels with longitudinal stiffener are reported on in
Secs. 5.5.3 to 5.5.6.

The numerical modelling is based on the assumptions which have been chosen for the re-
calculation of tests from literature, see Sec. 5.3.4. This section recalls the assumptions on
material modelling and gives information on the modelling of imperfections. The nonlin-
ear material behaviour is taken into account with the nominal yield strength and a linear
strain hardening slope of E/100 with fracture at a strain of 0.05 according to Annex C.6,
EN 1993-1-5 [46]. Concerning the influence of imperfections, the sensitivity of panels has
been already studied in detail e.g. by Seitz [114] in case of patch loading and by Pavlovcic
et al. [92] in case of shear force. Both studies conclude that the imperfection sensitivity
for unstiffened panels and subpanels of stiffened panels is low. However, special attention
has to be paid if a longitudinal stiffener is involved because it is also the direction of
the imperfection amplitude which has influence on the ultimate load. Since the failure
due to compressive stresses is more severe, a negative imperfection amplitude of wg s =
h., /400 for the longitudinal stiffener is chosen here according to Annex C.5 of EN 1993-1-5
[46]. This imperfection mode is added to the local imperfection shape as illustrated in
Fig. 5.31. In general, simplified sinusoidal imperfection patterns are chosen for superpo-
sition because eigenmode shapes may not be sufficient in case of stiffened panels, see e.g.
Seitz [114].

5.5.2 Structural behaviour

In Section 5.5.1 the shear- and patch loading behaviour has been pre-classified according
to the ratio of the edge shear forces V; and V5 at the adjacent sides. Based on this overview
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Figure 5.32: Principal tensile stresses at ultimate limit state

the general behaviour is studied on the basis of the experimental tests and the analysis
of results of the numerical parametric study. In contrast to the behaviour of the basic
load cases “pure patch loading” and “pure shear force” the interaction behaviour between
these two has not been investigated in detail. The experimental test series of Roberts
and Shahabian [101, 116] covers e.g. only a small number of parameters and rather short
loading lengths.

The presentation of results obtained in this study distinguishes between the two ranges
of V1 /V, which correspond to |-1;0] concerning an asymmetric patch loading condition
with no additional shear force present and |0;+1[ where a shear force is acting in addition
to the patch loading. Although it facilitates an easier reference of load combinations, this
differentiation should not be seen as strict separation of buckling phenomena as there is
a smooth transition from pure patch loading to pure shear force acting. This transition
is illustrated in Fig. 5.32 by the distribution of principal tensile stresses in a panel which
is subjected to varying combinations of shear- and patch loading. The full symmetric
stress distribution in case of a pure patch loading quickly changes if the patch stresses
are not reacted by shear of equal magnitude on the adjacent edges. However, a typical
patch loading failure still prevails. However, it is influenced by the additional shear
stresses equilibrated mainly by one side. Vice versa a pure shear failure is dominated by
the formation of a tension field when the elastic critical shear buckling stress has been
reached. If an additional patch loading is introduced the orientation of the tension field
remains but the maximum tensile stresses are shifted to the highly stressed areas. It
is found that the typical shear failure mode consistently transforms into a typical patch
loading collapse mode. This assumption is also supported by the study of the displacement
shapes of the girders as it is exemplarily shown in Fig. 5.33.

In the following the behaviour of the panels is explained in more detail for the cases
asymmetric patch loading as well as patch loading and additional shear force.

Asymmetric patch loading with V;/V, € | — 1;0]. From Figs. 5.32 and 5.33
the principal tensile stresses and the out-of-plane deformations for the two ratios Vi /V;
= -1.0 (pure patch loading) and V;/V, = 0.0 (full asymmetric patch loading) can be
compared at ultimate limit state. It can be seen that the asymmetry in loading results in
a diagonalisation of the deformed shape for an increasing ratio of V; /V5. This corresponds
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Figure 5.34: Out-of-plane panel deformations for V;/V, = -1 and 0.0

to the development of a post-critical tension band. In contrast to the pure patch loading
case, one of the vertical edges (here: the left-hand side) resists only a smaller part or no
stresses at all if the patch loading acts asymmetrically. However, the patch stresses which
are introduced at the top flange travel partly along this vertical edge and they are carried
to the supporting edge (here: the right-hand side) via a tension band. This has also an
influence on the out-of-plane deformations which are compared for different levels of the
applied load Fipprica/Fur in Fig. 5.34. In the figure the out-of-plane deformations at the
panel’s vertical centerline are compared for the three levels of loading Fppiica/Fuir = 0.3,
0.7 and 1.0 (ultimate limit state). In general the displacements grow similarily and match
each other quite well. However, when approaching the ultimate limit state the tension
band’s straightening effect can be clearly identified by a decreasing displacement in this
region, see boxed text in Fig. 5.34.

A limitation for this tensioning effect exists which explains why there is a higher reduc-
tion for longer loading lengths: with increasing length the pure patch loading resistance
basically also increases. However, the asymmetry requires that the patch loading is re-
acted mainly at one vertical edge only which causes a complex state of stress in the panel
where the load path along the tension band has to carry this increase in stress. The
ability to carry the stresses is limited so that the advantages of longer load introduction
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lengths are accompanied by a stronger interaction behaviour in the case of asymmetric
patch loading.

Patch loading and additional shear force with V;/V;, € ]0;+1[. With an ad-
ditional shear force acting, the patch loading resistance is significantly reduced as the
interaction diagram in Fig. 5.35 shows. The closer the ratio Vi /V; gets to +1.0 (pure
shear force) the stronger the interaction becomes and it is assumed that in case of a full
utilization of the shear resistance no additional patch loading can be applied. Again,
an influence is found for the parameter loading length showing a stronger interaction for
longer loading lengths than for short ones. This will be further discussed in Sec. 5.5.5. For
the failure mode in terms of panel deformations for patch loading with an additional shear
force two basic failure shapes can be characterised: an asymmetric patch loading failure
as described in the section before and a typical shear failure with the development of a
tension field. The transition zone between these two types of failure has been observed to
occur in the range between V;/V, = 0.5 and 0.75. However, the transition is smooth: an
increase of the applied shear force amplifies the tension band which is already developed
due to the asymmetric patch loading. The additional stress further reduces the ability to
carry parts of patch loading which have to be transferred to the supporting edge (here on
the right-hand side, see Fig. 5.32). The higher the shear force gets, the more the tension
field dominates the failure mode.

Although the classification of the general behaviour according to the ratio V;/V; is
useful and concise for the description of the general behaviour, it is not feasible for the
representation in terms of an interaction diagram as described more detailed in Sec. 6.2.
A suitable and common way is to subdivide the combined loading into two basic load
cases as presented in Sec. 3.3. By doing this, the effect of shear stresses caused by the
transverse forces can be better accounted for because it is already included in the patch
loading model. In Fig. 5.35 the ratio V;/V5, is drawn in relation to the type of interaction
diagram based on the aforementioned subdivision.

5.5.3 Effect of slenderness ratio

With regard to the general interaction behaviour the slenderness ratio plays only a minor
role. The investigated slenderness comprises web height to thickness ratios of h,/t, =
60, 100 and 200 which correspond to shear slendernesses of A\, = 0.8, 1.3 and 2.6. From
the scatter that is evident in the interaction digram of Fig. 5.36 it can be concluded with
regard to Fig. 5.39 that it is the influence of the loading length which causes dispersion.

5.5.4 Effect of end-post condition

End-posts do not only resist the reaction force at the support but they also provide
a sufficient anchorage for the longitudinal component of the membrane stresses which
develop due to tension field action. Depending on the stiffness of the end-post layout

130



5.5 Girder web stability under transverse patch loading and shear force

Vi/Vo=+1
1.2+
©  experiments
1= . . .
7?‘?8“ A simulations
— NI
T a2 © 9
< 0.8 e N o
R~ Aa 4 o
A A
E 0.6 . Ag’;‘ Vi/Va=0
. Ada
& a2 o,
& 4 4M0
0.4 'Yy
5
- A O
4
0.2 44
0]
0 T T T T T T T T —— \ Vl/‘/g =-1

0 0.2 04 0.6 0.8 1 1.2
Vavg/VR,exp; Vavg/VR,FEA [-]

Figure 5.35: Approximate corresponding ratios V; /V, shown in the interaction diagram,
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Figure 5.37: End-post loading condition scheme

they are classified as rigid or non-rigid according to Chapter 5, EN 1993-1-5 [46]. Rules
allow to take the stiffness into account when a positive influence is noticeable which is
assumed for shear slenderness ratios of A, larger than 1.08.

Figure 5.38 illustrates the influence of the end-post condition on the interaction be-
haviour of shear- and patch loaded panels for the slenderness ratios A\, = 1.3 and 2.6
which are greater than 1.08. For a small slenderness ratio of \,, = 1.3 the influence of the
end-post configuration is almost negligible because the in-plane stiffness of the web panel
is still sufficiently high. For higher slenderness ratios the influence increases because the
in-plane stiffness of the web panel decreases so that the state of stress can benefit from a
rigid end-post condition. In this case a larger component of the tensile membrane stresses
can be taken which is a slightly more favourable with regard to the interaction behaviour
in case of higher slenderness values.

5.5.5 Effect of loading length

The loading length has been found to be one of the most influential parameters. From
Fig. 5.39 it can be concluded that with an increasing patch loading length the interaction
between shear- and patch loading becomes stronger. As explained in Sec. 5.5.2, it goes
back to the fact that for longer loading lengths also the basic patch loading resistance
increases. The increase in stresses needs to be transferred to the edge which are in
equilibrium with the applied patch loading and the shear force, if present. This also
means that higher stresses are carried via the tension band which vice versa leads to a
stronger interaction as for short loading lengths because the ability to carry this increase
in stress is limited. In case the shear failure is governing it is also the patch loading that
adds to an increase in displacement of the shear buckle. In Fig. 5.39 the numerically
determined resistances are shown in an interaction diagram where the data points are
grouped according to the parameter relative loading length s,/h,, = 0.25, 0.50, 0.75 and
1.00. It can be identified that the interaction is getting stronger with increasing patch
loading length. For comparison Eq. 5.6 of Roberts and Shahabian [101, 116] is also given.
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Figure 5.38: Effect of end-post condition, Fr and Vi according to
experiments or based on FEA

(V—SI.%5~F>2+<£> <10 (5.6)

For relative loading lengths up to ss/h,, = 0.25 the numerically determined resistances
lie on the safe side above the curve but for longer loading lengths data points start to fall
below the interaction equation. This observation confirms the suitability of the interaction
equation suggested by Roberts and Shahabian for relative loading lengths up to ss/h,, =
0.25 although it has been based upon the test series which comprised rather short relative
loading lengths up to ss/h,, = 0.10. However, it has to be stated that it is not sufficient
for longer loading lengths as the interaction criterion gets stronger. A new interaction
equation which takes into account loading lengths which are longer than ss/h,, = 0.25 is
developed and proposed in Sec. 6.5.

5.5.6 Effect of longitudinal stiffener

The behaviour and design of thin-walled structures which are composed of several steel
plated elements is usually governed by stability. In order to increase their stability, the
plates are strengthened by additional sets of transversal and longitudinal stiffeners. In this
section the interaction behaviour of girders with longitudinal stiffener subjected to patch
loading and shear force is discussed based on the knowledge gained for the unstiffened
cases. The investigation covers open- and closed-section stiffeners, see Fig. 5.40.
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Figure 5.40: Types of longitudinal stiffening with contributing plate width
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5.5 Girder web stability under transverse patch loading and shear force

Table 5.4: Weak stiffener dimensions

cross-section by [mm] by o [mm] hg [mm] g [mm]

open n.a. n.a. 100 13
closed 100 50 90 4

Table 5.5: Strong stiffener dimensions

cross-section by [mm] by o [mm] hg [mm] fg [mm]

open n.a. n.a. 110 20
closed 100 100 100 6

In the past, stiffeners mostly were of open cross section with a negligible torsional
rigidity. Nowadays, the improvement in welding techniques and the fabrication of thin-
walled sections leads to an increased use of closed-section stiffeners in the longitudinal
direction which possess a considerable torsional rigidity. Both section types are taken into
account in the configuration of a weak or a strong stiffener with dimensions according to
Tables 5.4 and 5.5.

Depending on the stiffness of the stiffener, failure of the stiffened panel may occur in two
ways: global buckling of the whole stiffened panel or local buckling of individual subpanels
as shown in Fig. 5.41. In the study these two possible failure types are addressed separately
below, i.e. global buckling of the stiffened panel and local buckling of the subpanels.

Global buckling of the stiffened panel. The presence of a stiffener generally in-
creases the web panel stiffness. In case the stiffener is not able to form a nodal line
until ultimate state is reached global buckling including failure of the stiffener occurs. In
Figs. 5.42 to 5.44 representative results of girders with longitudinal stiffener are compared
to the corresponding unstiffened case for the basic load cases and for interaction. Both
open-section and closed-section stiffeners have been used which reveal the differences in
buckling behaviour. In contrast to the open-section stiffener the closed-section stiffener
provides an additional amount of torsional rigidity to the web panel which produces a
torsional restraint along the stiffener axis although the flexural rigidity is too small to
enforce subpanel failure. It can be concluded that the torsional rigidity of the stiffener
has an increased influence especially when patch loading is involved because then the
clamping has the most favourable effect in terms of buckling behaviour and resistance.
For the pure patch loading behaviour the positive influence of closed-section stiffeners has
also been stated in Seitz [114]. It should be noted that for the interaction case the stiffener
does not alter the failure shape, see Fig. 5.44. However, the out-of-plane deformations
are significantly reduced due to the additional stiffness. The effectiveness of a stiffener for
panels which are subjected to stress combinations is higher than for the basic load cases.
As shown in Fig. 5.49, the data points based on the interaction behaviour in case of global
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Figure 5.41: Failure types of girder webs with longitudinal stiffener

buckling are covered by the data scatter of the unstiffened cases. Thus, the applicability
of an interaction equation which is defined for girders without longitudinal stiffener is also

valid for girders with longitudinal stiffener showing global buckling behaviour.

Local buckling of subpanels. If the stiffener is strong enough not to fail until the
collapse load of the whole stiffened panel is reached then local buckling of subpanels
occurs. To enforce this failure type the longitudinal stiffener needs to be designed in a
sufficiently rigid manner, e.g. by second-order theory, in order to provide a nodal line
for the web panel. In contrast to global buckling the potential post-critical strength
reserve of the subpanel can be fully utilised in case of local buckling because the ultimate
load is not determined by a sudden failure of the stiffener which cannot attain any post-
critical strength. Figure 5.47 illustrates the local buckling behaviour when for failure of
the directly or indirectly loaded subpanel the stiffener is able to form a nodal line. It
should be noted that in addition to the nodal line, the torsional rigidity of the closed-
section stiffener is also able to provide a clamping of the subpanels at the boundary edge

adjacent to the stiffener.

A longitudinal stiffener, for which failure is excluded, breaks down a girder web into
several subpanels so that generally it should be further distinguished which subpanel is
decisive. The weakest subpanel governs the resistance of the whole panel. However, if the
governing subpanels for the basic load cases “pure shear force” and “pure patch loading”
are regarded they are not necessarily the same. For shear loading the subpanel with the
largest dimensions usually determines the resistance, which for the example shown in Fig.
5.45 would correspond to subpanel 2. In case of patch loading, the decisive subpanel
depends not only on its dimensions but also on the loading length over which the patch
load is applied. In Seitz [114] it has been shown that for short load introduction lengths
the directly loaded subpanel governs (subpanel 1) whereas for long loading lengths the

indirectly loaded subpanel (subpanel 2) becomes decisive.
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5.5 Girder web stability under transverse patch loading and shear force
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Figure 5.45: Example layout of a girder with a rigid longitudinal stiffener

If interaction is regarded, the governing subpanel coincides for long loading lengths
(subpanel 2) but differs for short loading lengths. It is subpanel 1 which governs for patch
loading whereas subpanel 2 is decisive for the shear force. The diagram in Fig. 5.46 depicts
the interaction behaviour for different loading lengths for the example layout introduced
in Fig. 5.45. The drawn curve represents as reference the lower bound which has been
adjusted to the data scatter of the girders without longitudinal stiffner, see Sec. 6.5.3.
It can be observed that for the long loading lengths s;/h,, = 0.50 and 0.75 the points
come close to this curve because subpanel 2 is the governing panel for both shear force
and patch loading. The corresponding buckling shape at postultimate state is given in
Fig. 5.47a for the example data point from the diagram. Assuming the same load combi-
nation of shear force and patch loading, Fig. 5.48 compares the out-of-plane deformations
of a girder without a longitudinal stiffener to a girder with a sufficiently rigid longitudi-
nal stiffener. The diagonalisation of the buckling shape due to asymmetric loading can
be congruently observed so that a local buckling failure may be treated analogous to an
girder without a longitudinal stiffener because the subpanel itself is represented as an
unstiffened panel. The orientation of the buckle indicates in both cases a shear-influenced
patch loading failure as described for the girder without a longitudinal stiffener.

As stated before, the decisive subpanel is not coincident for short loading lengths which
leads to a shear-like failure of subpanel 2 if the shear force is dominating or to a patch-like
failure of subpanel 1 for a dominating patch loading. Thus, an interdependent influence
can be found for a shear force or patch loading which acts in addition to the dominating
load. In comparison to a single failure-governing subpanel this interaction is less strong but
still present as shown by the circles and diamonds in Fig. 5.46. However, this interaction
is covered on the safe side within the lower bound curve of the unstiffened data points.
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Figure 5.47: Local buckling behaviour at postultimate state
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Figure 5.48: Comparison of out-of-plane deformations

5.5.7 Conclusions

The investigations of panels which are subjected to shear- and patch loading have shown
that these two types of loading have an influence on each other which is not negligible.
Based on earlier work, the subdivision into basic load cases is adopted for the presentation
and comparison of interaction diagrams. Further observations lead to an introduction of
the terms “asymmetric patch loading” and “shear- and patch loading” which classify the
applied load combination more detailed. Asymmetric patch loading is referenced when
no additional shear force is present and the patch loading is reacted by shear of different
magnitude on the adjacent edges, whereas shear- and patch loading means that shear
force and patch loading act together on the panel.

From the studies on the behaviour of the shear- and patch loaded panels a consistent
transition from a pure shear force failure, including tension field action, to a pure patch
loading failure is found. Corresponding to the two terms introduced above either a patch
loading failure influenced only by the asymmetry in equilibration of the forces dominates,
or a nearly pure shear force failure is governing. The parametric studies reveal that the
loading length is one of the most influential factors on this interaction behaviour. The
longer the loading length gets, the stronger the interaction is, however a limiting curve
as lower bound for interaction is approached. A comparison of the interaction behaviour
of girders without and with longitudinal stiffener shows that dependent on the global or
local type of failure a similar behaviour exists either for the whole stiffened panel or the
subpanels. Although stiffness is added to the panel the state of stress leading to failure is
not significantly altered by the presence of the stiffener which leads to similar observations
as for the girders without longitudinal stiffener.
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Figure 5.49: Comparison of girders without and with longitudinal stiffener, Fir and Vg
according to experiments or based on FEA

5.6 Summary

The studies which have been carried out follow up earlier work. Comprehensive numerical
studies have been conducted not only to understand the stability behaviour in these cases
but also to identify starting points for improvement or even development of design rules
which will be addressed in Chapter 6. The conclusions which have been drawn for plates
under biaxial compression and plate I-girders subjected to transverse loading and shear
force are summarised below.

Plate stability under biaxial compression. It is shown that for slender plates
of which the slenderness theoretically approaches infinity a linear interaction is reached.
For square plates such a linear relationship is true because the imperfection shapes of
the basic loadings coincide. For rectangular plates the imperfection shape significantly
alters the interaction curve due to the stiffening effects of the different shapes. One- and
three-halfwave mode shapes are used to describe the interaction behaviour. Since the
resulting favourable interaction behaviour relies on realistic imperfection shapes, it can
be generally taken into account. It can be concluded that the panel aspect ratio is one of
the most influential parameters for the interaction curvature.

Another important parameter which effects the interaction behaviour is the edge re-
straint, both in-plane and rotational. For high slendernesses, the in-plane restraint leads
to favourable interaction curves in terms of absolute values. A normalisation however
shows that the interaction shapes are very similar. This is an important observation since
the slenderness is determined irrespective of the in-plane edge boundary condition which
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only becomes relevant in large deformation analysis. Thus, similar interaction curves can
be drawn over the same slenderness for both unconstrained and constrained in-plane re-
straints. The rotational edge restraint is even more favourable both in absolute values and
after normalisation. Since clamping effects can be accounted for in linear buckling theory,
the slenderness becomes smaller and this positive influence on the interaction behaviour
can be accounted for in the determination of the slenderness.

It is concluded and assumed for the studies in Chapter 6 that a precise assessment of
the reference strength facilitates the use of few interaction curves which are then able to
account for different edge boundary conditions. Current design rules will be improved
with regard to the following objectives: sound representation of the interaction behaviour
by using precise reference strengths and, by doing this, enabling the use of advanced
software solutions in determining elastic critical buckling stresses which is especially of
advantage in full building models where the individual panel is analysed as part of the
whole structure.

Girder web stability under transverse loading and shear force. The investiga-
tions of panels which are subjected to shear- and patch loading have shown that these two
types of loading have an influence on each other which is not negligible. Based on earlier
work the subdivision into basic load cases is adopted for the presentation and comparison
of interaction diagrams. Further observations lead to an introduction of the terms “asym-
metric patch loading” and “shear- and patch loading” which classify the applied load
combination more detailed. Asymmetric patch loading is referenced when no additional
shear force is present and the patch loading is reacted by shear of different magnitude on
the adjacent edges, whereas shear- and patch loading means that shear force and patch
loading act together on the panel.

From the studies on the behaviour of the shear- and patch loaded panels a consistent
transition from a pure shear force failure, including tension field action, to a pure patch
loading failure is found. Corresponding to the two terms introduced above either a patch
loading failure influenced by asymmetry dominates, or a nearly pure shear force failure
is governing. The parameter studies reveal that the loading length is one of the most
influential factors on this interaction behaviour. The longer the loading length gets, the
stronger the interaction is. However, a limiting curve as lower bound for interaction
is approached. A comparison of the interaction behaviour of girders without and with
longitudinal stiffener shows that dependent on the global or local type of failure a similar
behaviour exists either for the whole stiffened panel or the subpanels. Although stiffness
is added to the panel the state of stress leading to failure is not significantly altered
by the presence of the stiffener which leads to similar observations as for the girders
without longitudinal stiffener. As a result, the data scatter in the interaction diagrams
as determined for the girders without longitudinal stiffener covers also the data range of
girders with longitudinal stiffener which is relevant for the definition of an interaction
equation.
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6 Proposal and justification of

improved design rules for
EN 1993-1-5:2006

6.1 General

In the member states of the European Union and possibly beyond, the design of steel plates
is already - or in the near future will be - covered by EN 1993-1-5 [46]. As design methods it
offers both the reduced stress method and the effective width method. Both methods can
be used to determine the resistance of steel plates under longitudinal, transverse and shear
stresses and their interaction cases. As discussed in Chapters 2 and 3, improvements are
necessary for the design of biaxially loaded plates when applying the reduced stress method
based on a single slenderness. When applying the effective width method, a new proposal
needs to be developed and introduced for the interaction between transverse loading and
shear force. This proposal should be extended on the interaction with bending moment to
facilitate application. In order to achieve the objectives for both methods, experimental
and numerical studies were undertaken, see Chapters 4 and 5, in order to analyse the
stability behaviour and to identify the influence of key parameters. This knowledge will
now be implemented in improved design rules for Chapters 7 and 10, EN 1993-1-5 [46].

In the following the proposals are structured according to the two design methods: the
reduced stress method, see Sec. 6.4, and the effective width method, see Sec. 6.5. Before
current proposals are evaluated and improvements are proposed, considerations on the
general formulation of an interaction equation, see Sec. 6.2, and on the choice of the
verification point, see Sec. 6.3, are presented.

6.2 On the general formulation of an interaction equation

In addition to a development of a design method for a single load case, the formulation
of an interaction equation puts additional difficulties, which are:

o Limited number of available data. In general, there is only a limited number
of available data points particularly from experiments because the ratio of loading
is added as an important parameter. In order to be able to identify the parameter
variation within a given load ratio a similarly large number of specimens should be
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tested than for a basic load scenario. In case of biaxially loaded plates, it can be
shown that the reason for the limited number of data is not only the financial effort
for experiments but also the difficulty to define clearly the edge boundary conditions
of the plate.

+ Reference value for basic loading. The reference strength for basic loading
based on resistance models usually has a variation itself. It is desirable to know
the experimental ultimate load from basic loading for each interaction test series,
otherwise an assumption based on a resistance model has to be made. However, this
assumption is only as good as the resistance model behind. This turns out to be a
crucial issue, especially for the interaction criteria of the effective width models for
which experimental data for the corresponding basic loading is hardly available.

In the following, the interaction between transverse patch loading and shear force (F-V)
is exemplarily used to illustrate the aforementioned difficulties and to explain the decisions
which were taken in the formulation of the proposals later on. Figure 6.1 shows the
F-V-interaction with reference strengths based on basic loadings from experimental and
numerical studies in which nothing else than the load parameter was varied in comparison
to the interaction case. In contrast to this, Fig. 6.2 shows the same interaction data but
with reference strengths according to Chapters 5 and 6, EN 1993-1-5 [46]. It can be shown
that the data increasingly scatters for the EN reference strengths due to the variance of the
resistance model. In order to draw a concise conclusion on the interaction behaviour, it
would be necessary to eliminate the effect of the reference strength’s resistance model. In
the F-V parameter study, experimental and numerical reference strengths are referenced
when studying the effect of parameters, see Sec. 5.5. It can be stated that Fig. 6.1 is
better suited to analyse the interaction behaviour.

As the quality of the reference strength influences the interaction data, it is not the best
choice to evaluate or define an interaction equation based on design models for reference
strengths. Imagine that only the experimental data is available in Fig. 6.2. In that case
only two data points lie in the quadrant which is relevant for interaction and the interac-
tion equation would be less strict than in the case when the numerical data is additionally
considered. The parameters of the experiments are covered rather by the means and upper
fractiles of the resistance models which would lead to an underestimation of interaction.
It can be shown that if parameters are chosen such that they also cover the lower tail of
the resistance models variation, as done in the numerical simulation, interaction becomes
more severe. Of course, if the definition of interaction equations is coupled to application
ranges which restrict the use e.g. to the parameters of the experiments, interaction may
be defined less strict. However, in view of general applicability and safety, the reference
strengths should be based on corresponding experimental and numerical basic loadings
whenever possible.

Although the considerations above are generally valid, they are most pronounced in the
effective width method. The resistance functions of the reduced stress method are rather
precise and it can be shown that boundary effects can be covered quite well. Nevertheless,
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resistances (here: Chapters 5 and 6, EN 1993-1-5 [46])
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Figure 6.3: Choices for the reference load (shear force diagrams for V;/Va = 0.5)

the question which resistance function is used and what applies in reality is important and
will be discussed later on again. The characteristics of the reduced stress method is that
it should be compatible to the equivalent stress hypothesis in case the slenderness reduces
and stability becomes not relevant anymore. This condition for yielding is a formulation
which agrees most closely with the test results of the large number of tests on steel made

in this field.

6.3 On the choice of a verification point

A plate is usually not subjected to constant stresses but rather to stress gradients. For the
basic loading under longitudinal stress and shear for example, Clause 4.6(3) of EN 1993-
1-5 [46] allows to carry out the plate buckling verification at a distance of min(0.5-a;
0.5-b) from the panel end where the stresses are the greater. Focusing on the resistance
to transverse patch loading, it is presumed that the worst case is when the patch loading
is placed at the centerline of the plate. At this location also the bending stresses induced
by the transverse loading usually become extremal. Thus, in Chapter 6, EN 1993-1-5 [46],
the verification point is at this centerline. It can be shown that besides global bending,
equilibrating shear stresses occur which change sign, being zero at the centerline in case
of pure patch loading.

For the interaction between transverse patch loading and shear force, there are basically
two choices which reference load can be assigned to each axis of an interaction diagram,
see Fig. 6.3:

o The applied patch load F'is related to the pure patch loading resistance Fz and the
maximum internal shear force V,,,, is related to the pure shear resistance Vg

o The applied patch load F' is related to the pure patch loading resistance Fr and
the applied shear force is corrected by 0.5-times of the applied patch load, denoted
average shear V,,, in the following.

In case the maximum internal shear force is taken as reference the corresponding dis-
tribution of data points is according to Fig. 6.4. Although the maximum value of the
internal shear force can be easily attained from the distribution of internal forces, the
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Figure 6.4: Use of the maximum shear force V;,,., as reference load,
Fg and Vi according to experiments or based on FEA

use in the interaction diagram is disadvantageous for the following reasons. As the veri-
fication of the pure patch loading resistance already includes the shear force (= 0.5 - F)
which is induced by the patch loading, it is twice considered in the interaction diagram.
However, depending on e.g. the slenderness ratio and the loading length, the shear force
component of the patch loading has a certain part with regard to the shear resistance so
that the ratio Vj,../Vg ranges from 0.32 to 0.74, as marked in Fig. 6.4, which results in
highly dispersed data. Moreover, the verification point usually does not coincide with the
relevant location for bending moment.

The second approach subdivides the combined loading into two basic load cases “pure
transverse patch loading” and “pure shear force” which can be composed to create the
original load combination. Thus, the influence of shear stresses induced by the transverse
force which is already included in the patch loading model can be better accounted for.
The corresponding interaction diagram was already shown in Fig. 6.1 and despite the
high number of studied parameters it shows a smaller scatter in comparison to Fig. 6.4.
The verification point usually does coincide with the one for bending moment. For these
reasons, the verification point at maximum bending moment and average shear is adopted.

The argumentation also applies to the reduced stress method. It should be noted here
because questions from engineers in practice show that the interpretation of the most
critical point of the plate, see Clause 10(2), EN 1993-1-5 [46], seems to be not fully clear.
It can be concluded that for reasons of plausibility and consistency, the verification point
is defined at the centerline of a transversely patch loaded plate.
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6.4 Reduced stress method

6.4.1 General

The comparison of results from earlier plate analyses and own simulations with the reduced
stress method based on a single plate slenderness indicates that in case of biaxial loading
a revision of the procedure is absolutely reasonable and desirable. Existing results from
literature will be discussed in Sec. 6.4.2 with regard to relevant boundary conditions.
Based on this a modified proposal is developed in Sec. 6.4.3.

6.4.2 Evaluation of current design rules

In Figs. 6.5 and 6.6 the simulation results of plates under biaxial compression are compared
to the design rules of DIN 18800-3 [28], DNV-RP-C201 [33] and Chapter 10, EN 1993-1-5
[46]. With regard to the many parameters involved in the interaction diagrams, a selection
of simulation results and reference strengths has been made for which the discrepancies
of current design rules can be representatively illustrated. In general, the idea is to
compare the standard procedure of the relevant standard and simulation results which are
based on input parameters corresponding to the de facto used boundary condition. Thus,
simulation results are shown for an imperfection amplitude of b/420 in comparison to a
value of /200 which is relevant in the stocky to medium slenderness range. Rotational
edge restraints are considered in the determination elastic critical stresses whereas in-
plane edge restraints are only accessible by large deformation theory so that here a further
differentiation is made between unconstrained and constrained edge boundary conditions.
By doing this in general, a lower and upper bound to the design interaction curves is
given.

In Fig. 6.5 the comparison is shown for a square plate (o« = 1) with b/t-ratios of 30,
45, 65 and 100. It should be noted that constrained in-plane edge restraints become
only relevant for high slendernesses. In DIN 18800-3 [28], for a b/t-ratio of 30 a stability-
induced reduction of the unaxial loading load case is not required. However, in case of
biaxial loading, the simulations show that due to deviation forces interaction effects have
to be taken into account. Instead DIN interaction curve and equivalent stress hypothesis
coincide which becomes obvious since the interaction is determined based on the reduction
factors of the basic loadings being 1.0. In contrast to this, both DNV-RP-C201 [33] and
Chapter 10, EN 1993-1-5 [46] consider deviation forces. Thus, an agreement on the level
of reduction cannot be found, Chapter 10, EN 1993-1-5 [46] being the most conservative
design rule. However, the simulation results let assume that an even stronger interaction is
required, in particular when it is recalled that the imperfection amplitude of /420 instead
of b/200 is used. With increasing slenderness the interaction shape of the simulation
results approaches an almost straight line which is independent from the type of in-
plane edge restraint. From a qualitative point of view only DIN 18800-3 [28] catches this
interaction behaviour correctly. Both DNV-RP-C201 [33] and Chapter 10, EN 1993-1-5
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[46] assume a much more favourable - almost circular - interaction. It can be shown e.g. for
a b/t-ratio of 100 that the design rules may still be safe if the constrained edge boundary
condition is not considered in the calculation of the reference strength. Nevertheless,
from the author’s point of view and for reasons of consistency, the interaction criterion
should not rely on boundary conditions which are not taken into account by the reference
strength. Thus, action is required in order to modify Chapter 10, EN 1993-1-5 [46] in such
a way that the interaction behaviour can be followed adequately.

In Fig. 6.6 the comparison is shown for a plate with a panel aspect ratio of a = 3
and b/t-ratios of 30, 45, 65 and 100. The influence of the column-like behaviour in the
short direction is clearly noticeable. The large deviation of the reference strengths for
column-like buckling makes it difficult retrieve as concise conclusions as it is the case
for the square plate. Nevertheless, the observations which were made for the square
plate are also valid here. The positive influence of the imperfection shape attenuates the
discrepancies between simulations results, DNV-RP-C201 [33] and Chapter 10, EN 1993-
1-5 [46]. But it can be shown that the linear interaction which DIN 18800-3 [28] assumes
for non-square plates is too strong. On the other hand, the pronounced dents of Chapter
10, EN 1993-1-5 [46] for higher slendernesses is mechanically not comprehensible (see ®
in Figs. 6.6¢ and 6.6d). Thus, action is required in order to modify Chapter 10, EN 1993-
1-5 [46] in such a way that the interaction behaviour can be followed adequately for the
non-square plates as well.

The prominent conclusion is to separate the influence of the edge boundary condition
from the interaction criterion and to return it to the reference strength. This could also
open up the possibility to take into account favourable edge boundary conditions which
would essentially contribute to a numerically assisted verification procedure in the future.
A proposal for a modification of Chapter 10, EN 1993-1-5 [46] is studied in Sec. 6.4.3.

Besides that, in [110] a list of required and desirable conditions is itemised which a gen-
eralised buckling verification should fulfill. In the following the requirements are discussed
with regard to the results of this work.

« Compatibility to the equivalent stress hypothesis. It has to be postulated
that for plates which are not prone to buckling the method should become identical
to the equivalent stress hypothesis according to the von Mises criterion.

o Compatibility to basic loading. It has to be postulated that in case of a single
basic loading the buckling verification method should become identical to the buck-
ling verification applied for the basic loading. It is assumed that buckling curves are
provided for basic loadings and that these reduction factors are brought together
with an interaction equation. Influences from both rotational and in-plane edge
boundary conditions should be covered by the buckling curves. Thus, an interac-
tion equation should not draw a positive influence of effects coming from boundary
conditions to make the interaction equation more favourable. Instead it should
properly describe the interaction behaviour and attribute effects from boundary
conditions to the buckling curves.
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(c) b/t = 65 (d) b/t = 100

————— equivalent stress hypothesis
----------- DNV-RP-C201 [33]
— EN 1993-1-5 [46]
—-—-— DIN 18800-3 [28]
. simulations, all edges constrained, w = b/420

o  simulations, all edges unconstrained, w, = b/420
(e) legend

Figure 6.5: Comparison of interaction rules and simulations (o = 1, all edges hinged,
reference strengths according to the relevant standard)
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(c) b/t = 65 (d) b/t = 100

————— equivalent stress hypothesis
----------- DNV-RP-C201 [33]
—— EN 1993-1-5 [46]
—-—-— DIN 18800-3 [28]
. simulations, all edges constrained, w = b/420

o simulations, all edges unconstrained, w = b/420
(e) legend

Figure 6.6: Comparison of interaction rules and simulations (a = 3, all edges hinged,
reference strengths according to the relevant standard)
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« Plausibility and safety of results. Results have to be plausible and safe which
is a application requirement sine qua non. Interestingly in [110] monotonically
decreasing buckling loads for biaxial compression are postulated. However, this
basic requirement is not fulfilled for rectangular plates other than square plates.
And also for square plates, doubts about the favourably curved interaction shape
exist.

In the following the desirable conditions are commented.

« Use of a global slenderness. According to linear buckling theory, only one deci-
sive eigenmode shape associated with the lowest eigenvalue and its equivalent elastic
critical stress exists for a given stress field i.e. a combined loading. A breakdown
of such a stress field into basic loadings would be artificial and mechanically not
correct because separate eigenmode shapes are associated with each basic loading.
Nevertheless it has been done e.g. in DIN 18800-3 [28] because the determination of
critical stresses for basic loadings is much simpler and can be done based on charts,
e.g. [70, 71, 109]. Taking into account advanced software solutions which have be-
come available today, the determination of an equivalent elastic critical stress for a
given stress field usually causes no serious difficulties anymore. The use of a single
plate slenderness based on an equivalent critical stress is supported because it allows
to consider the mutual influence of all stress components.

e Choice of interaction equation. It is obvious to choose an interaction equation
which is similar to the equivalent stress hypothesis because the method should
become identical to this hypothesis for stocky plates. The use of a generalised
equivalent stress hypothesis as in Chapter 10, EN 1993-1-5 [46], is straightforward
but it was shown that it cannot properly describe the mechanical behaviour of a
plate under biaxial compression.

« Stabilising effect of tensile stress. The stabilising influence of tensile stresses
should be taken into account mainly for economic reasons. This item is mentioned
in [110] because in DIN 18800-3 [28] this is not possible due to the breakdown of
the stress field into separate basic loadings. This is a further development which is
supported but not studied here.

The applicability of the von Mises based interaction equation is argued by Scheer and
Nolke in [110, 111]. In [111] the two experimental test series by Becker [4] and Bradfield
et al. [11] were neglected which have been used by Lindner and Habermann [78] for the
justification of DIN 18800-3 [28]. It is argued that Lindner and Habermann [78] had to
take assumptions for which Scheer and Nolke [111] think that the results are inapplicable.
In [111] the conclusion is drawn that the experimental results cannot be used. The author
is of the opinion that a reassessment of the experiments should be done in order to identify
the possibility to use them. If there are no strong doubts they should be used, also in order
to support the numerical simulations. In [111] also numerical calculations are doubted.
For the ones done by Jungbluth [68] the argument is that no plausible interaction curve
can be drawn. However, they fit to a straight line similar to Dunkerley’s formula.
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A point which should be discussed however is the fact that the edges are assumed
to remain straight. Usually the numerically determined ultimate loads should then be
higher than the calculated ones. Instead they are about 6 % smaller. Therefore, in [111]
a limitation of their use is seen. The author could not clarifiy the assumption for the
edge conditions, but if the longitudinal edges are assumed to move in-plane, the results
match very well. The deviation of 6 % can be explained by the choice of the imperfection
amplitude of b/200. As shown by Rusch and Lindner [108] and also by the author [74, 75] a
recalculation of the buckling curve is only possible with a reduced imperfection amplitude
of b/420. The calculations of Dinkler and Kréplin [31] are doubted by [111] because they
vary between -6 % to +29 %. It is announced that in [110] further explanations will be
given which is not the case. Besides that, a report on their numerical calculations [95]
has never been published.

In DIN 18800-3 [28] the approach based on individual plate slendernesses has been used
for reasons given by Lindner and Habermann [79]. Biaxial loading has been studied nu-
merically by Dinkler [30] which showed the need to change the interpolation as proposed
in EDIN 18800-3 [48]. For Chapter 10, EN 1993-1-5 [46], the reintroduction of the equiv-
alent elastic critical stress is connected to the fact that in contrast to earlier years, it is
nowadays quite easily possible to determine this stress value.

Although the results if Jungbluth [68] should be excluded in terms of their absolute
values, they show an interaction behaviour which is qualitatively similar to all other data.
What went wrong in the assumptions e.g. for edge boundary conditions could not be
clarified afterwards but looking at the results as a closed system, they get the interaction
behaviour right and support not only other data but also the conclusions drawn by the
author.

6.4.3 Proposal for improved design rules

Following the principles which were set up in Secs. 6.2 and 6.3, an interaction equation
which modifies Chapter 10, EN 1993-1-5 [46], is developed.

In Sec. 6.4.2 simulation results were compared to the interaction equation of Chapter 10,
EN 1993-1-5 [46]. It was shown that a modification of the interaction equation is required
in order to describe adequately the stability behaviour. In Eq. 6.1 the general format of an
interaction equation based on the equivalent stress hypothesis is given. Parameters which
influence the interaction curve shape are the factor V and, if required, the exponents

€i=1,2,3-

el €9 es
o o o -0 T
z,Ed Y ER T v, wBd OzBd )| g ( Ed) <1 (6.1)
Oz,Rd Oz,Rd Ox,Rd " Oz,Rd TRd
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6 Proposal and justification of improved design rules for EN 1993-1-5:2006

The factor V' is usually expressed as given in Eq. 6.2.
V= (ps-p:) (6.2)

This approach has been used e.g. in DIN 18800-3 [28] where all parameters were cali-
brated against experimental and numerical results. DNV-RP-C201 [33] is also based on
this approach but with simplified exponents. Existing applications of the reduced stress
method are based on individual plate slendernesses [28, 33] whereas Chapter 10, EN 1993-
1-5 [46] is based on a single plate slenderness which already considers an interaction on the
level of the elastic critical stresses. Thus, existing factors cannot be adopted one-to-one.
The approach of Chapter 10, EN 1993-1-5 [46] is sufficient for the interaction with shear
stresses and it is assumed to be appropriate for biaxial loadings with tension in at least
one direction. However, in the biaxial compression range discrepancies exist for which
the curvature needs to be reassessed. Since this curvature is mainly influenced by the
boxed term according to Eq. 6.1, the factor V' will be studied based on its general format
according to Eq. 6.2 in the following. The introduction of such a factor was also proposed
e.g. in a recent article on plate buckling [66].

In order to study the effect of the factor V the square plate will be used since the
imperfection shape of the basic loadings coincide so that it can be considered as worst
case in terms of deviation forces. As it has been shown in Sec. 5.4, non-square panel
aspect ratios become more favourable due to advantageous imperfection shapes. Due
to the symmetry of the square plate, the curvature is defined by the points located at
the bisecting plane under an angle of 45 degrees, see Fig. 6.7. Figures 6.8 to 6.10 show
the evaluation of simulations, design rules and proposals in this plane. In all figures a
discrimination is made between unconstrained and constrained in-plane edge restraints,
shown at the top and bottom diagram respectively. The Winter curve (i.e. Sec. 4, EN 1993-
1-5 [46]) is given throughout but not further considered since it represents loaded edges
constrained and unloaded edges unconstrained for which it was shown in Sec. 5.4.4 that
in case of biaxial loading a clear definition of edge boundary conditions is only possible
when all edges are either unconstrained or constrained. The other buckling curve gives
the interaction based on the relevant reference strength for unconstrained (i.e. Annex
B, EN1993-1-5 [46]) or constrained (i.e. based on Fig. 5.10) in-plane edge restraints.
Simulations have been carried out with geometric imperfection values of b/200, b/420
and partly b/1000.

Calibration of the factor V. In Fig. 6.8 the calibration of the factor V' is illustrated.
It can be clearly shown that the EN interaction is not appropriate and action is required.
For the calibration hinged boundary conditions are assumed. Fitting e according to
Eq. 6.2 as lower bound to the simulations, e becomes 1.7. It is governed by the medium
slendernesses and becomes slightly conservative for the high slendernesses. Having in
mind that the recalculation of buckling curves in the medium slenderness range succeeds
only with a reduced imperfection amplitude of b/420, it can be argued the same way for
the calibration of the interaction equation. To achieve consistency one could simplify the
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Pz

considered plane

Figure 6.7: Plane under an angle of 45 degrees which is utilised in Figs. 6.8 to 6.10

equation to e = 1 then. The corresponding proposal can be written according to Eq. 6.3
in case of biaxial compression.

2 2
g o o -0
z,Ed + ( z,Ed) — Dy P z,Ed z,Ed) S 1 (63)
Oz,Rd Oz,Rd Oz,Rd * Oz,Rd

A comparison of the simulation results with the proposed V = p, - p. shows that a good

agreement can be achieved. In the following the effects of in-plane and rotational edge
restraints will be discussed.

Effect of in-plane edge restraints. The comparison of Figs. 6.8a and 6.8b shows that
the interaction for plates with constrained edges is more favourable than for unconstrained
edges. Nevertheless, it can be confirmed in both cases that the EN interaction is not
appropriate and that the Winter curve (i.e. Chapter 4, EN1993-1-5 [46]) should not
be applied. But the EN interaction is particularly unsafe when the adequate reference
strengths are chosen, i.e. Annex B, EN1993-1-5 [46] for unconstrained edges and the
determination based on Fig. 5.10 for constrained edges. A modification of the interaction
equation based on the factor V' is strongly required. By doing this, it can be shown that
Eq. 6.3 equally fits to unconstrained and constrained in-plane edge restraints as long as
the adequate reference strength is used. It should be noted that it would be safe to apply
the proposal with reference strengths based on Chapter 4, EN 1993-1-5 [46] in case of
constrained edges.
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1.2 1
EN interaction based on Chapter 4, EN 1993-1-5 [46]
----------- EN interaction based on Annex B, EN 1993-1-5 [46]
1 o simulations, w = b/200
° simulations, w( = b/420
0.8 - proposal with e = 1.0 based on Annex B, EN 1993-1-5 [46]
————— proposal with e = 1.7 based on Annex B, EN 1993-1-5 [46]
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(a) all edges unconstrained
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—— EN interaction based on Fig. 5.10
----------- EN interaction based on Chapter 4, EN 1993-1-5 [46]
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N proposal with e = 1.7 based on Fig. 5.10
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Figure 6.8: Calibration of V' and effect of in-plane edge restraints
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Effect of rotational edge restraints. Instead of hinged edges according to Fig. 6.8,
the evaluation has been similarly done to study the effect of rotational edge restraints.
In Fig. 6.9 the longitudinal edges are clamped and the transverse edges are hinged. In
Fig. 6.10 all edges are clamped. In both cases the simulations have been evaluated with
relevant edge boundary conditions, i.e. taking the clamping effects for the determination
of the elastic critical stresses into account. Due to this the slenderness values are shifted
to the left. In general, the observations which have been mentioned above for the effect
of in-plane edge restraints are also valid here. With regard to the evaluation of the
rotational edge restraints, the proposed interaction equation fits well for the medium to
high slenderness range. For the plate with all edges unconstrained and clamped it is not
fully matching but it is on the safe side, see Fig. 6.9a. In contrast to this, simulation
results fall below the interaction curve in the stocky range. An explanation was searched
and found when simulations were carried out with a significantly reduced imperfection
amplitude of b/1000. It can be shown that in this parameter range there is a strong
influence of the imperfection amplitude. Once again the question has to be put what the
adequate value is that should be used in numerical calculations. However, it can be shown
in general that the clamping effects can be adressed properly when using the proposed
interaction equation and taking the clamping effects for the determination of the elastic
critical stresses into account.

Transferability to panel aspect ratios other than square. The proposal accord-
ing to Eq. 6.3 which has been derived from a square plate is evaluated for panel aspect
ratios other than square. In Figs. 6.11 to 6.13 the proposal is compared to experiments
with panel aspect ratios of & = 3, 4 and 6. In the comparison also code rules are given.
It can be shown that the proposal is the most appropriate interaction criterion, also for
the tests from Bradfield et al. [11] which address panel aspect ratios of @ > 4. How-
ever, the scatter of the experimental data makes it difficult to draw concise conclusions.
Besides that, in Fig. 6.14 the proposal is compared to simulation results of a plate with
a = 3. It can be shown that the reference strengths on the x-axis which are not in-
fluenced by column-like behaviour fit well to the simulations. In contrast to this, the
reference strengths on the y-axis which are influenced by column like behaviour exhibit
some discrepancy, see Sec. 5.3.2. However, the proposed interaction equation is able to
follow the simulation results sufficiently well. Thus, it can be shown that the interaction
criterion derived from a square plate can be transferred to describe the stability behaviour
of non-square plates as well.

Transferability to other stress gradients and loadings. Assuming that the plate
under biaxial uniform compression represents the worst case in terms of interaction be-
haviour, other stress gradients and loadings as e.g. biaxial bending stresses should be
covered. However, in particular for transverse patch loading the choice of the appropriate
buckling curve as reference strength is relevant. It has been shown that usually uncon-
strained conditions apply so that Annex B should be used, see German National Annex to
EN 1993-1-5 [47] and DIN-Fachbericht 103 [29]. Thus, it can be shown that by choosing
the adequate reference strength the proposed interaction criterion applies in general.
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1.2 1
----------- EN interaction based on Chapter 4, EN 1993-1-5 [46]
EN interaction based on Annex B, EN 1993-1-5 [46]
1 o] simulations, w = b/200

° simulations, w( = b/420
x simulations, w = b/1000
proposal with e = 1.0 based on Annex B, EN 1993-1-5 [46]
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Figure 6.9: Calibration of V' and effect of rotational edge restraints (o = 1,
longitudinal edges clamped, transversal edges hinged)
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1.2 1
----------- EN interaction based on Chapter 4, EN 1993-1-5 [46]
EN interaction based on Annex B, EN 1993-1-5 [46]
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Figure 6.10: Calibration of V' and effect of rotational edge restraints
(v =1, all edges clamped)
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Figure 6.11: Comparison of interaction rules, proposal and experiments,
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o,/fy ¥ a,/f,
/1
(a) Becker and Colao [5], b/t = 30 (b) Becker and Colao [5], b/t = 70

————— equivalent stress hypothesis
0] experiments
------------ DNV-RP-C201 [33]
EN 1993-1-5 [46]
————— DIN 18800-3 [28]
----- proposal with e = 1.0, all edges constrained

proposal with e = 1.0, all edges unconstrained
(c) legend

Figure 6.12: Comparison of interaction rules, proposal and experiments,
Becker and Colao [5] (a = 3)
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(a) Bradfield et al. [11], b/t = 35 (b) Bradfield et al. [11], b/t = 45

- N e equivalent stress hypothesis
O experiments

............ DNV-RP-C201 [33]

EN 1993-1-5 [46]

e D DIN 18800-3 [28]

(c) Bradfield et al. [11], b/t = 55 (d) legend

Figure 6.13: Comparison of interaction rules, proposal and experiments,
Bradfield et al. (1993) (a = 4 and 6)
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Figure 6.14: Comparison of interaction rules, proposal and simulations
(v = 3, all edges hinged)
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Final comparison to current code rules. In Figs. 6.15 and 6.16 the proposal is
compared to the rules of DIN 18800-3 [28], DNV-RP-C201 [33] and Chapter 10, EN 1993-1-
5 [46]. In general the proposal gives consistent interaction curvatures if the continuation
in compression-tension quadrants is also taken into consideration. In contrast to this,
it was shown that Chapter 10, EN 1993-1-5 [46] may even lead to an increase of the
resistance if the biaxial compression quadrant is entered. Nevertheless, the consideration
of favourable tensile stresses in case of compression-tension and of deviation forces in
case of small slendernesses are clearly two advantages of Chapter 10, EN 1993-1-5 [46]
in comparison to DIN 18800-3 [28] and DNV-RP-C201 [33]. In particular the deviation
forces for small slendernesses turn out to be a requirement which has been completely
neglected in DIN 18800-3 [28].

According to Fig. 6.15 it can be shown that for square plates a linear interaction is ap-
proached the more slender the plate becomes. As a result the proposed interaction curves
coincide with DIN 18800-3 [28]. However, for small slendernesses a stronger interaction
needs to be taken into account so that the proposed interaction equation is now the most
conservative one.

According to Fig. 6.16 for panel aspect ratios other than square the imperfection shape
has a strong influence on the curvature of the interaction curves. It has been shown that
the linear interaction which DIN 18800-3 [28] assumes is too conservative. In contrast
to this, Chapter 10, EN 1993-1-5 [46] is too favourable. Here, the proposed interaction
equation is successfully able to take the positive influence of the imperfection shape into
account.

A formulation for an implementation in a future revision of EN 1993-1-5 has been
prepared and is given in Annex C.

6.5 Effective width method

6.5.1 General

The lack of a design rule in Chapter 7, EN 1993-1-5 [46], for the interaction between
transverse patch loading and shear force (F-V) and the results from the experimental and
numerical studies indicate that the formulation of an appropriate interaction equation is
required. Existing proposals from literature will be discussed in Sec. 6.5.2.1 with regard
to the applicability to the enhanced parameter range which was studied in this work.
Based on this analysis a new proposal is developed in Sec. 6.5.3.1.

An evaluation of the interaction equation between transverse patch loading and bending
moment (F-M) is performed in Sec. 6.5.2.2. It can be shown that the development of new
patch loading resistance models requires a reassessment of the F-M interaction equation.
By doing this, the targeted merging of F-V and F-M interaction rules is considered in the
general format of the equation.
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Figure 6.15: Comparison of interaction rules and proposal (a = 1, reference strengths
according to the relevant standard)
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Figure 6.16: Comparison of interaction rules and proposal

(av = 3, reference strengths

according to the relevant standard)
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The reference strengths are important parameters and a lot of progress has been made
for the patch loading resistance models as summarised in Sec. 2.4. Besides Chapter 6,
EN 1993-1-5 [46], the following advanced patch loading resistance models are compared:

» The proposal for girders without longitudinal stiffener according to Gozzi [56] which
follows the general procedure as proposed by Lagerqvist [77] for Chapter 6, EN 1993-
1-5 [46], but which has been further developed with regard to the yield load and the
reduction function.

o The modified resistance model for girders with longitudinal stiffener according to
Davaine [24] which improves current Chapter 6, EN 1993-1-5 [46], by adding the
elastic critical load of the directly loaded subpanel and modifiying the reduction
curve.

o The resistance model for girders with longitudinal stiffener according to Clarin [19]
which is based on and harmonised with the improved resistance model for girders
without longitudinal stiffener according to Gozzi [56]. It uses the elastic critical
load of the directly loaded subpanel according to Davaine [24]. The reduction curve
proposed by Gozzi [56] is also used for girders with longitudinal stiffener.

For all girders, the bending moment resistance is determined according to Chapter 4, EN
1993-1-5 [46] and the shear force resistance is determined according to Chapter 5, EN
1993-1-5 [46].

In order to evaluate the quality of the proposed interaction equation with regard to
the different resistance models for patch loading statistical analyses are performed. For
the statistical evaluation, the test result R., which can be of experimental and numerical
origin, is consistently compared to the calculated resistance R; of the chosen engineering
model for a defined ratio of patch loading, bending moment and shear force. From a
constant ratio of shear force to patch loading two scalar load amplification factors can be
determined. One factor is coming from the experimental or numerical data base whereas
the corresponding second factor results from the calculated resistance of the chosen en-
gineering model. The quotient of the two scalar load amplification factors represents a
key figure on the basis of a vectorial comparison which can be then determined for each
pair of tested and calculated resistance. The procedure is schematically illustrated in
Fig. 6.17.

6.5.2 Evaluation of current proposals

6.5.2.1 Transverse patch loading and shear force

An interaction equation calibrated for slender steel-plated girders has been proposed so far
only by Roberts and Shahabian [101, 116]. The proposals by Elgaaly [41] and Zoetemeijer
[126] do not meet the requirements of steel plated girders because they have been proposed
either for cold-formed trapezoidal beams or European rolled sections. The comparison
with existing data from the literature review shows that they are not appropriate for
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F
2 Ae: engineering model resistance vector
e —
Pa A test result vector

“._interaction equation (engineering model)

M; V

Figure 6.17: Vectorial comparison of test result R, and engineering model resistance R,

Table 6.1: Statistical evaluation of interaction equations from literature

interaction equation model mean value standard deviation lower 5 %-fractile
Zoetemeijer [126] 0.930 0.054 0.842
Elgaaly [41] 0.954 0.053 0.867
Roberts and Shahabian [101, 116] 1.025 0.054 0.936

slender plates. In fact, Oxfort and Gauger [87] dealt with slender girders but there have
been only few data points available making a reasonable proposal virtually impossible.
For high levels of shear the recommendation is overconservative whereas for high levels
of patch loading the resistance becomes unsafe due to overestimation. From Fig. 6.18
it becomes obvious that the proposals of Elgaaly [41], Zoetemeijer [126] and Oxfort and
Gauger [87] are not suitable to describe properly the interaction behaviour of plated
[-girders.

The interaction equations as proposed by Zoetemeijer [126] and Elgaaly [41] under-
estimate the interaction behaviour so that the mean value of the data cloud is below
the curves drawn in Fig. 6.18. Although the interaction equation as defined by Roberts
and Shahabian [101, 116] underestimates in some cases the interaction behaviour, it will
be compared to the experimental and numerical results which have been gained in this
project and the reasons for the discrepancy of values which are not on the safe side will
be given. According to Eq. 6.4 the proposal of Roberts and Shahabian [101, 116] reads:

(v —0.5- F>2 F

— <1 6.4
Vr +FR_ o4

This interaction equation is drawn in Fig. 6.18 along with the experimental data avail-
able from literature and the own experimental studies. In addition, the results from
the numerical study are split in this diagram into short relative loading lengths up to
Ss/hy < 0.25 and for relative loading lengths with s/h,, > 0.25. The existing curve has

168



6.5 Effective width method

1.2

©  experiments

a  simulations, s/h,, < 0.25

a simulations, s/h,, > 0.25
------ Zoetemeijer [126]
————— Elgaaly [41]
------------ Oxfort and Gauger [87]

—— Roberts and Shahabian [101, 116]

F/FR exps F/FR pEA [F]

0 i I i I i I i I i T i 1

0 0.2 04 0.6 0.8 1 1.2
Vavg/VR,exp; VanNR,FEA [-]

Figure 6.18: Comparison of F-V interaction equations, Fr and Vg according to
experiments or based on FEA

been adopted on the basis of the test series of Roberts and Shahabian [101, 116] but it can
be approved also for the numerical parameter study if the loading length does not exceed

Ss/hy = 0.25. This is the main limitation which applies to the interaction equation as
defined by Roberts and Shahabian [101, 116].

6.5.2.2 Transverse patch loading and bending moment

Plates under transverse patch loading are unavoidably subjected to bending moment.
Since the interaction between transverse patch loading and bending moment (F-M) gen-
erally governs the dimensioning, this interaction already was the topic in a number of
research works, e.g. [8, 42, 65, 96, 119]. Several interaction equations were proposed.
A comprehensive summary of interaction equations can be found e.g. in [77] and a good
description of the interaction behaviour is given e.g. in [24]. The following proposals exist:

o Ungermann [119]
F + M <14 (6.5)
T VA :

 Elgaaly [42]

(5 () =+
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 Bergfelt [§]

(i)g + (1\]\41)2 <1 (6.7)
« Roberts [96]

(2)2 + (Aj\j}%)z <1 (6.8)

Johansson and Lagerqvist [65]

F M
— 4125 < 1.75 6.9
Fn ' Mp = (6.9)

Section 7.2, EN 1993-1-5 [46]

Fo s M oy (6.10)
08 <1 |

Equation 6.10 has been adopted in Sec. 7.2, EN 1993-1-5 [46], for both rolled and
welded sections. Figure 6.19 exemplarily shows the equations given and the bending
moment reference strength according to Chapter 4, EN 1993-1-5 [46], for girders without
longitudinal stiffener. They have in common that they have been formulated based on
reference strengths according to resistance models and not according to experimental and
numerical basic loadings. Results of the statistical evaluation are given in Tables 6.2 to
6.4 for welded and rolled sections. Although all proposals refer to EN reference strengths
here, which might not have been the case when they were proposed, it can be seen
that they lead to similar statistical parameters such as mean value, standard deviation
and fractile values. The proposal of Roberts, see Eq. 6.8, is the most conservative one,
whereas the proposal of Bergfelt, see Eq. 6.7 is the most favourable one. Moreover, it
can be shown that the trilinear approach of Sec. 7.2, EN 1993-1-5 [46], see Eq. 6.10, is
a justifiable though simple approach. In [67] it was adopted for both rolled and welded
section although the statistical data gives a rather small 5 %-fractile of 0.902 for rolled
girders, see Table 6.4. The fact that a lot of uncertainty is associated with the tests on
rolled girders and that only one data point clearly falls inside the interaction curve led to
this decision. In the overall evaluation the high number of welded sections dominates and
increases the 5 %-fractile to become larger than 1, see Table 6.2. Two questions remain:
how does the interaction equation perform for girders with longitudinal stiffener and what
effect does the use of advanced resistance models for patch loading have?

Figure 6.20 shows the EN interaction equation in relation to EN reference strengths
for girders with longitudinal stiffener. It can be shown that the interaction equation is
generally applicable. The data points inside the interaction curve are a result of the
inadequate patch loading resistance model. Statistical parameters are given in Table 6.5.
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Table 6.2: Statistical evaluation of interaction equations for girders without longitudinal
stiffener, all sections, F'r and Mp according to Chapters 4 and 6, EN 1993-1-5
[46], see Fig. 6.19

interaction equation model mean value standard deviation lower 5 %-fractile
Bergfelt [8] 1.496 0.284 1.029
Johansson and Lagerqvist [65] 1.499 0.278 1.042
Elgaaly [42] 1.508 0.274 1.058
Ungermann [119] 1.523 0.262 1.092
Roberts [96] 1.543 0.257 1.120
Sec. 7.2, EN 1993-1-5 [46] 1.503 0.276 1.050

Table 6.3: Statistical evaluation of interaction equations for girders without longitudinal
stiffener, welded sections, Fr and Mg according to Chapters 4 and 6,
EN 1993-1-5 [46], see Fig. 6.19

interaction equation model mean value standard deviation lower 5 %-fractile
Bergfelt [8] 1.541 0.264 1.107
Johansson and Lagerqvist [65] 1.544 0.258 1.120
Elgaaly [42] 1.552 0.254 1.134
Ungermann [119] 1.567 0.239 1.174
Roberts [96] 1.584 0.237 1.193
Sec. 7.2, EN 1993-1-5 [46] 1.548 0.255 1.128

The quality of the resistance models for transverse patch loading was a topic in research
works over the last years and improvements were proposed as summarised in Sec. 2.4. In
Figs. 6.21 to 6.23 the advanced resistance models are compared to the EN interaction
equation. For girders without longitudinal stiffener, see Fig. 6.21, the improvements of
Gozzi’s resistance model clearly lead to a smaller mean value and standard deviation if
the bottom lines of Tables 6.2 to 6.4 are compared to Table 6.6. It gives a justifiable
5 %-fractile for the welded sections. For rolled sections, however, the interaction is not
appropriate anymore. Since rolled section are not in the scope of this work, they will be
disregarded in the following but this is an important conclusion which should be noted.

For girders with longitudinal stiffener both Davaine’s and Clarin’s resistance model
lead to a similar improvement as Gozzi’s resistance model for girders without longitudinal
stiffener. It should be noted that some unsafe results which were existent when the EN
reference strength was used are corrected. The statistical evaluation according to Tables
6.22 and 6.23 indicate an improved mean value and standard deviation, with slightly
better results for Clarin’s resistance model. In both cases the EN interaction equation is
still on the safe side and may be in principle further used for welded sections.

A small numerical study in [24] compared the interaction cases of girders with longitu-
dinal stiffener to basic loadings which have been determined by simulations in the same
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Figure 6.19: Comparison of F-M interaction equations, girders without longitudinal
stiffener, Fr and Mg according to Chapters 4 and 6, EN 1993-1-5 [46]
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Figure 6.20: F-M interaction according to EN 1993-1-5 [46], girders with longitudinal
stiffener, Fp and Mp according to Chapters 4 and 6, EN 1993-1-5 [46]
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Figure 6.21: F-M interaction according to EN 1993-1-5 [46], girders without longitudinal
stiffener, Fg according to Gozzi [56], My according to
Chapter 4, EN 1993-1-5 [46]
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Figure 6.22: F-M interaction according to EN 1993-1-5 [46], girders with longitudinal
stiffener, Fg according to Davaine [24], Mg according to Chapter 4,
EN 1993-1-5 [46]
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Figure 6.23: F-M interaction according to EN 1993-1-5 [46], girders with longitudinal
stiffener, Fg according to Clarin [19], Mg according to Chapter 4,
EN 1993-1-5 [46]
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Table 6.4: Statistical evaluation of interaction equations for girders without longitudinal

stiffener, rolled sections, Fr and Mg according to Chapters 4 and 6,
EN 1993-1-5 [46], see Fig. 6.19

interaction equation model mean value standard deviation lower 5 %-fractile
Bergfelt [§] 1.141 0.159 0.880
Johansson and Lagerqvist [65] 1.146 0.154 0.893
Elgaaly [42] 1.164 0.156 0.908
Ungermann [119] 1.175 0.148 0.932
Roberts [96] 1.223 0.163 0.955
Sec. 7.2, EN 1993-1-5 [46] 1.152 0.152 0.902

Table 6.5: Statistical evaluation of the EN interaction equation for girders with

longitudinal stiffener, Fir and Mg according to Chapters 4 and 6, EN 1993-1-5
[46], see Fig. 6.20

type of longitudinal stiffening mean value standard deviation lower 5 %-fractile

OSS, experiments 1.403 0.322 0.873
OSS, simulations 1.638 0.305 1.136
CSS 1.756 0.393 1.110
all 1.587 0.330 1.045
0SS, simulations™ 1.659 0.350 1.083
all* 1.603 0.363 1.006

* including the six outliers

Table 6.6: Statistical evaluation of the EN interaction equation for girders without

longitudinal stiffener, Fg according to Gozzi [56], Mg according to
Chapter 4, EN 1993-1-5 [46], see Fig. 6.21

type of section mean value standard deviation lower 5 %-fractile

welded 1.453 0.232 1.072
rolled 1.077 0.137 0.852
all 1.411 0.253 0.995
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Table 6.7: Statistical evaluation of the EN interaction equation for girders with
longitudinal stiffener, Fp according to Davaine [24], Mg according to Chapter
4, EN 1993-1-5 [46], see Fig. 6.22

type of longitudinal stiffening mean value standard deviation lower 5 %-fractile

OSS, experiments 1.494 0.264 1.061
OSS, simulations 1.307 0.137 1.082
CSS 1.661 0.287 1.189
all 1.366 0.208 1.024
0SS, simulations* 1.316 0.157 1.057
all* 1.372 0.216 1.017

* including the six outliers

Table 6.8: Statistical evaluation of the EN interaction equation for girders with
longitudinal stiffener, Fg according to Clarin [19], Mg according to
Chapter 4, EN 1993-1-5 [46], see Fig. 6.23

type of longitudinal stiffening mean value standard deviation lower 5 %-fractile

OSS, experiments 1.515 0.245 1.112
OSS, simulations 1.381 0.206 1.041
CSS 1.523 0.247 1.118
all 1.419 0.226 1.047
0SS, simulations* 1.396 0.239 1.002
all 1.429 0.246 1.024

* including the six outliers
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Figure 6.24: F-M interaction according to a small study by Davaine [24], girders with
longitudinal stiffener, reference strengths based on FEA

study. It is concluded that the interaction criterion according to Sec. 7.2, EN 1993-1-5
[46], should be only used with values for Fgr and Mg which are calculated according to
Chapters 4 and 6, EN 1993-1-5 [46]. When numerically based results are used for the
determination of Ff, it is concluded that the Roberts criterion, see Eq. 6.8, seems to
be more appropriate. Figure 6.24 shows the results of the study. It can be shown that
though different loading paths were studied, the data points are rather homogenous ex-
cept for two outliers. The Roberts interaction which is recommended in [24] is definitely
conservative and may be too strict.

It is assumed that mainly due to the large number of test results no experimental
reference strengths have been determined as this has been done for the F-V test series by
Roberts and Shahabian [101, 116] which makes it difficult to draw a concise conclusion.
Therefore, Sec. 6.5.3.2 aims to improve the F-M interaction equation with focus on its
consistency with the F-V interaction.

6.5.3 Proposal for improved design rules

6.5.3.1 Transverse patch loading and shear force (F-V)

Following the principles which were set up in Secs. 6.2 and 6.3, an interaction equation
which is applicable in the framework of EN 1993-1-5 is developed.

In Fig. 6.25 the interaction diagram with reference strengths based on experimental and
numerical basic loadings and average shear force definition is given. It was shown that
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Figure 6.25: Curve fitting of the F-V interaction equation, Fz and Vx according to
experiments or based on FEA

the proposed interaction equation of Roberts and Shahabian [101, 116] is only valid for
relative loading lengths up to ss/h,, < 0.25 so that the formulation of a new interaction
equation is required to ensure e.g. the applicability to bridge launching situations with
long loading lengths. Based on the least squares error method a new curve is fitted as

lower bound to the data. The interaction equation is based on the general format as given
in Eq. 6.11.

FA\Y V —0.5-F\*
= T ) <10 6.11
(7) * () < (6.11)

The parameters a and b are determined and rounded off to a single decimal place. The
values a = 1.6 and b = 1.0 turn out to be appropriate so that:

F V —0.5- F\¢
(") <10 6.12
P (6.12)

Equation 6.12 is shown in Fig. 6.25. The analysis in Sec. 5.5 showed that a further
differentiation between girders without and with longitudinal stiffener, as well as other
key parameters, is not feasible so that a single interaction criterion is kept. The proposal
of Roberts and Shahabian [101, 116] is not explicitely considered in the following but it
could be used for short loading lengths when the limit of ss/h,, < 0.25 applies.

The appropriateness for girders without longitudinal stiffener as well as for the global
and local buckling behaviour of girders with longitudinal stiffener will be justified by

180



6.5 Effective width method

2_
1.84 .
g Ui.. © ©  experiments
A . .
1.6 FOUN o* o 4+ simulations
1 A 4 4 L0
144 w4 .0 proposal acc. to Eq. 6.12
J A : e 4
: 1.24 ut AL L as s 0
Z. ) A a A4 an
m 1- EN AA A
& ] Ul
aQ
= 0.8 oagob
4 A 4a 2
0.6 * it
1 N
0.4 - fog
021 e
OF——T——T—T T —r%ere*r—T—1

0 02 04 06 08 1 12 14 16 1.8 2

Vavg/ VR,EN [-]

Figure 6.26: F-V interaction proposal, girders without longitudinal stiffener,
Fr and Vi according to Chapters 5 and 6, EN 1993-1-5 [46]

a statistical analysis of the interaction equation with regard to the use with different
resistance models for the transverse loading. With the statistics for a comparison between
experimentally or numerically determined resistance R, and calculated resistance R; the
different approaches are evaluated in the following.

Girders without longitudinal stiffener. The evaluation with EN reference strengths
is given in Fig. 6.26. The data scatter for the shear resistance is low whereas the patch
loading resistance is characterised by a wide dispersion of data.

Although the inaccuracy of the patch loading resistance model for slender girders shifts
the data scatter along the x-axis, the high standard deviation leads to a lower 5 %-fractile
of 1.099, see Table 6.9. It indicates that the interaction equation is approved, slightly on
the safe side.

The question is whether the improved patch loading resistance model as proposed by
Gozzi [56] still leads to appropriate results. Fig. 6.27 shows the results of the improved
resistance model in the interaction diagram. It can be seen that the scatter is reduced for
patch loading, thus resulting in a smaller standard deviation and shifting the data points
closer to the interaction curve. The evaluation of the interaction equation gives a lower
5 %-fractile of 1.007, see Table 6.9. Thus, the proposed interaction equation can be taken
as approved also for the improved resistance model by Gozzi [56].

Girders with longitudinal stiffener. In Fig. 6.28 the resistances according to
EN 1993-1-5 [46] are compared to the proposed interaction equation for girders with longi-
tudinal stiffener. Due to the high mean values of the patch loading resistance model based
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Figure 6.27: F-V interaction proposal, girders without longitudinal stiffener, Fr
according to Gozzi [56], Vi according to Chapter 5, EN 1993-1-5 [46]

Table 6.9: Statistical evaluation of the F-V interaction proposal for girders without
longitudinal stiffener

patch loading resistance model mean value standard deviation lower 5 %-fractile

Chapter 6, EN 1993-1-5 [46] 1.458 0.219 1.099
Gozzi [56] 1.309 0.184 1.007

Table 6.10: Statistical evaluation of the F-V interaction proposal for girders with
longitudinal stiffener

patch loading resistance model mean value standard deviation lower 5 %-fractile

Chapter 6, EN 1993-1-5 [46] 1.752 0.215 1.398
Davaine [24] 1.574 0.139 1.346
Clarin [19] 1.556 0.126 1.348
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Figure 6.28: F-V interaction proposal, girders with longitudinal stiffener, Fgr and Vx
according to Chapters 5 and 6, EN 1993-1-5 [46]

on Graciano [57], the data scatter is significantly shifted away from the interaction curve.
An improvement of the resistance function may shift the data closer to the interaction
curve so that it becomes more relevant. However, as it has been shown in the studies
on interaction behaviour, the global and local buckling phenomena are covered within
the interaction range for the unstiffened cases so that it should be fulfilled even for more
advantageous resistance models which will be studied below.

In Fig. 6.29 the interaction diagram is shown with the patch loading reference strength
according to Davaine [24]. The improvement of the resistance model can be clearly seen
because not only the points are shifted closer to the interaction curve but also the data
scatter has been significantly reduced. However, the interaction equation is still on the
safe side. Due to the fact that also girders with closed-section stiffeners are included in
the calculation of the patch loading resistance, the data scatter is rather conservative
because the torsional rigidities are not considered in the design procedures. Figure 6.30
shows the interaction diagram with the patch loading resistances according to Clarin [19].
Here, the improvement of the resistance model leads to a shift of the data scatter closer to
the interaction curve. However, the results are still on the safe side. As the improvement
in the design procedure of Clarin [19] is about the same as of Davaine [24], a very similar
data scatter is found, see Table 6.10.
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Figure 6.29: F-V interaction proposal, girders with longitudinal stiffener, Fjr according
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Figure 6.30: F-V interaction proposal, girders with longitudinal stiffener, Fz according
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Figure 6.31: F-M interaction proposal, Fr according to the legend,
Mg based on the relevant cross-section class

6.5.3.2 Enhancement of the F-V proposal with bending moment

Following the principles which were set up in Secs. 6.2 and 6.3, an interaction equation
which can be consistently merged with the F-V proposal is derived on the basis of the
general format according to Eq. 6.13 for the F-M interaction.

F+<M)c<1o (6.13)
Fr Mgp) — '

Equation 6.13 is fitted as lower bound curve to the data for welded girders without
longitudinal stiffener based on Gozzi’s resistance model, girders with longitudinal stiff-
ener based on Clarin’s resistance model and the results of Davaine’s small study with
numerically based reference strengths. The comparison is shown in Figs. 6.31 and 6.32.
The difference between both figures is the reference strength which has been chosen as
bending moment resistance. Data points inside the interaction curve are disregarded since
they are close to the basic loading cases so that their deviation is considered as inherent
to the resistance models for the reference strengths.

In Fig. 6.31 the reference strength for the bending moment resistance is based on the
relevant cross-section class. The parameter c is determined and rounded off to a single
decimal place so that ¢ = 5.0. It can be shown that for high levels of bending moment
the interaction curve hardly catches the distribution of data points. For that reason, the
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Figure 6.32: F-M interaction proposal, Fr according to the legend, Mr = My r
irrespective of the cross-section class (here: My g/M, r = 0.88)

plastic moment resistance irrespective of the cross-section class was chosen as reference
strength as it is similarly used in the M-V interaction of Sec. 7.1, EN 1993-1-5 [46]. The
parameter c is determined and rounded off to a single decimal place so that ¢ = 3.6. The
results are given in Fig. 6.32. It can be shown that the data is slightly more homogeneous
though it is hardly perceptible. The statistical evaluation of both proposals which is given
in Tables 6.12 and 6.13 supports this. In Table 6.11 the results when applying Sec. 7.1,
EN 1993-1-5 [46] are given and a comparison shows that in both cases an improvement
exists which can be identified by comparing especially the standard deviation. It should
be noted that in terms of statistical quality both proposals are almost identical.

However, there are two advantages of the proposal based on the plastic bending moment
resistance. The first one is the compatibility to Sec. 7.1, EN 1993-1-5 [46]. The second
one is that for Class 1 and Class 2 cross-sections interaction becomes more strict. It can
be seen from Fig. 6.33 that there is no cut-off since Class 1 and Class 2 cross-sections use
the plastic bending moment resistance by themselves. When comparing test results for
high levels of bending moment, Fig. 6.33 shows that in fact no results are available and a
more favourable curve might be nothing else than a good guess. This consistency and the
data scatter which is perceived to be slightly more homogeneous leads to the adoption of
the plastic bending moment resistance as reference value.

Finally, the consistent definition of the F-V and F-M interaction equations as continuous
function enables the merging of both criteria. The full F-M-V interaction equation may
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Figure 6.33: F-M interaction proposal applied to Class 1 and Class 2 cross-sections, Fg
according to Gozzi [56], Mg = M, r

Table 6.11: Statistical evaluation of the EN interaction equation,
Fr and Mg according to EN 1993-1-5 [46]

type of longitudinal stiffening mean value standard deviation lower 5 %-fractile

unstiffened 1.548 0.255 1.128
stiffened 1.598 0.315 1.080
all 1.583 0.300 1.090

Table 6.12: Statistical evaluation of the proposal with ¢ = 5.0, Fr according to the
table, Mp = Mg gn based on the relevant cross-section class

type of longitudinal stiffening mean value standard deviation lower 5 %-fractile

unstiffened, Fr Gozzi [56] 1.462 0.243 1.063
stiffened, Fy crarin [19] 1.456 0.224 1.088
all 1.458 0.229 1.081
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Table 6.13: Statistical evaluation of the proposal with ¢ = 3.6, Fr according to the
table, Mr = M, r irrespective of the cross-section class

type of longitudinal stiffening mean value standard deviation lower 5 %-fractile

unstiffened, Fr Gozzi [56] 1.466 0.242 1.068

stiffened, Fp crarin [19] 1.466 0.224 1.098

all 1.466 0.229 1.089
F/Fy

M/M,,

Figure 6.34: F-M-V interaction surface (here: M /M, r = 0.88)

be written according to Eq. 6.14. The interaction surface is shown in Figure 6.34.

F M O\*® v, N6
— + + (9) < 1.0 6.14
Fr (Mpz,R> Vr (6.14)

A formulation for an implementation in a future revision of EN 1993-1-5 has been

prepared and is given in Annex C.

6.6 Conclusions

Based on the work of the previous chapters, evident and necessary improvements regarding
the interaction criteria of steel plates were developed in this chapter. At the beginning,
considerations on the formulation of interaction criteria and verification points were made
in general. In detail, a modification of the reduced stress method based on a single plate

188



6.6 Conclusions

slenderness for biaxially loaded steel plates and a new interaction equation for the effective
width method in case of transverse patch loading, bending moment and shear force have
been proposed. A formulation for an implementation in a future revision of EN 1993-1-5
has been prepared and is given in Annex C. Both proposals are summarised below.

Reduced stress method. The consideration of favourable tensile stresses and in-
fluence of deviation forces for small slendernesses are clear advantages of Chapter 10,
EN 1993-1-5 [46], in comparison to DIN 18800-3 [28] and DNV-RP-C201 [33]. The effect
of tensile stresses has not been studied in this work, however, the latter issue turns out
to be a requirement which has been neglected in DIN 18800-3 [28] so far.

For square plates it can be shown that a linear interaction is approached the more
slender the plate becomes. As a result the proposed interaction curves coincide with
DIN 18800-3 [28]. However, for small slendernesses a stronger interaction needs to be taken
into account so that the proposed interaction equation becomes the most conservative
one. For panel aspect ratios other than square the imperfection shape has a strong
influence on the curvature of the interaction curves. It has been shown that the linear
interaction which DIN 18800-3 [28] assumes is too conservative there. On the other hand,
the interaction according to Chapter 10, EN 1993-1-5 [46] is too favourable. Here, the
proposed interaction equation is successfully able to take the positive influence of the
imperfection shape into account. A formulation for an implementation in a future revision
of EN 1993-1-5 has been prepared and is given in Annex C.

Effective width method. A comparison of the experimental and numerical F-V
results with known tests from literature shows that the interaction between transverse
patch loading and shear force is not negligible. The evaluation of interaction equations
from literature leads to the conclusion that the proposals on the basis of cold-formed
trapezoidal beams [41] and hot rolled sections [126] are not applicable to slender steel
plates. Also the recommendation of Oxfort and Gauger [87] turns out to be inappropriate
which is mainly due to the insufficient number of tested girders. On the other hand the
interaction equation proposed by Roberts and Shahabian [101, 116] can be approved for
short relative loading lengths of s,/h,, < 0.25. For longer loading lengths their equation
does not lead to safe results which requires the formulation of a new interaction equation.
By choosing the verification point at the centerline of the transverse loading the part of the
shear force which is induced by the transverse loading and which is already included in the
resistance model can be accounted for. As a result not only the lowest data scatter is found
but also a conclusive subdivision of the interaction cases into the basic loadings “transverse
patch loading” and “shear force” is possible which makes an interaction verification for a
pure transverse patch loading obsolete.

Plates under transverse patch loading are unavoidably subjected to bending moment
so that this interaction has been already addressed in a number of research works. The
performance of all proposals is similar and it could be shown that the trilinear approach of
Sec. 7.2, EN 1993-1-5 [46] is simple though appropriate. However, the objective to propose
a single F-M-V interaction equation leads to the development of an F-M interaction
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equation which can be consistently merged with the F-V proposal. The verification point
is naturally chosen at the centerline of the transverse loading which is usually also the
location where the maximum bending moment occurs.

The proposed interaction criterion is based on the experimental and numerical data set
from own work and from literature and a statistical evaluation proves the applicability of
the equation not only to current EN resistance models but also to the improved resistance
models developed by Gozzi [56], Davaine [24] and Clarin [19] for girders without and
with longitudinal stiffener. A formulation for an implementation in a future revision of
EN 1993-1-5 has been prepared and is given in Annex C. Chacon [16] developed a proposal
for hybrid girders which is currently in the process of harmonisation with the proposal
of Gozzi [56]. The applicability of the proposed interaction criterion should be finally
checked with the relevant data.
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7.1 Summary

In the frame of this work the stability behaviour of steel plates under selected load com-
binations was analysed and improved design rules were proposed for the following cases:

o Plates under biaxial compression and application of the reduced stress method based
on a single plate slenderness

o Plate I-girder webs under transverse patch loading, bending moment and shear force
(F-M-V) and application of the effective width method

In the initial step shortcomings of these two topics were identified in a review of design
methods, code rules and earlier research work. Based on experimental studies, a numerical
model was developed and its applicability was proven by the recalculation of buckling
curves, own experiments and experiments from literature. The numerical model was
then used for parameter studies in which key parameters were varied in order to develop
improved design rules. The results of the studies are summarised below.

Plates under biaxial compression and application of the reduced stress me-
thod based on a single plate slenderness. The reduced stress method based on a
single plate slenderness is contradictory to existing knowledge and simulation results on
the stability behaviour of plates under biaxial compression for medium to high slender-
nesses. However, its application still leads to acceptable strengths in case both in-plane
and rotational edge boundary conditions are conservatively considered as unconstrained
and hinged. Nevertheless, reference strengths should consider boundary conditions as
accurate as possible for several reasons. If certain effects are deliberately neglected on
the side of the reference strengths, it is the author’s opinion that the interaction criterion
also should not take them into account. Thus, an improved interaction equation based
on Chapter 10, EN 1993-1-5 [46], was developed which reflects the mechanically correct
stability behaviour. As a result, reference strengths for the biaxial compression load case
may now be used to account for actual edge boundary conditions, e.g. by using numeri-
cal methods to determine elastic critical loads more precisely, which fully contributes to
numerically assisted verification procedures in the future.

On the other hand, it could be also shown that the reduced stress method based on
a single plate slenderness is a step in the right direction for small slendernesses because
the transition from the equivalent stress hypothesis to the reduction which is required for
stocky plates becomes more consistent with simulation results.
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Plate I-girder webs under transverse patch loading, bending moment and
shear force (F-M-V) and application of the effective width method. The inter-
action between transverse patch loading and shear force is not negligible and the results
from the small experimental study in [115] were confirmed. It was shown that the loading
length is the most influential factor on the interaction behaviour which is not adequately
considered in [115] so that a modification of the interaction criterion was required. By
doing this, the transferability of the results to girders with longitudinal stiffener has been
also checked for key parameters and their behaviour which may show global or local
buckling is found to be covered by the interaction criterion proposed for girders without
longitudinal stiffener.

A feasible use of an interaction criterion is only possible if all relevant internal forces are
considered such as transverse loading and shear force as well as bending moment. Thus,
the proposed F-V interaction criterion was finally enhanced with bending moment and an
F-M-V interaction criterion was proposed which is intended to replace the F-M interaction
criterion of Sec. 7.2, EN 1993-1-5 [46]. A reevaluation of F-M results showed that a partial
plastic stress redistribution is admissible so that as reference value the plastic bending
moment resistance is proposed. In turn, this decision is more conservative for Class 1
and Class 2 cross-sections which is judged to be adequate because in the relevant range a
sufficient number of results does not exist to draw further conclusions.

7.2 Qutlook

In the near future finite element based design procedures similar to the combination
of LBA and MNA analyses in shell design will further spread and new questions will
definitely appear. A basic issue which could be concluded from this work is the need for
a consistent definition of imperfection shapes and amplitudes which relate to fabrication
and buckling curves used in design and numerical modelling. Nevertheless, reduced stress
method and effective width method remain the main design procedures and will also be
further developed. Future questions for both methods are summarised below.

Reduced stress method based on a single plate slenderness. A major drawback
of the reduced stress method is that a redistribution of stresses between cross-sectional
elements is currently neither allowed nor reasonably feasible to do so that efforts are
undertaken to overcome this [86]. A very basic requirement has to be, however, that the
interaction equation describes the behaviour of a single plate sufficiently well. In case
of a biaxial loading including compressive and tensile stresses, the stabilising influence
of the tensile stresses is taken into account according to Chapter 10, EN 1993-1-5 [46],
which is a clear improvement over DIN 18800-3 [28]. However, it is felt that only few pilot
studies have looked at this effect. Further work should also study the plastic destabilising
influence of these tensile stresses.
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Recent tendencies in the formulation of buckling curves aim at harmonisation in order
to reduce their overall number and to achieve a general format, e.g. by developing “gen-
eralised buckling curves” [84]. The latter development can be similarly observed in the
field of shell buckling. The former, however, inevitably neglects the specific characteris-
tics of loadings and boundary conditions. It was shown in [76] that a further increase of
resistance is possible if the membrane in-plane restraint condition is considered. Thus,
further work should reassess the reference strengths not only with regard to an improved
description of edge boundary conditions but also with regard to a consistent definition of
imperfections.

Effective width method. The F-M interaction criterion according to Sec. 7.2,
EN 1993-1-5 [46], can be applied so far to both rolled and welded cross-sections provided
that the transverse patch loading resistance model according to Chapter 6, EN 1993-1-5
46], is used. It is shown in this work that the criterion does not apply to rolled sections
any longer when using e.g. the improved transverse patch loading resistance model devel-
oped by Gozzi [56]. In general, results of Class 1 and Class 2 cross-sections exist mainly
for M /Mpg-ratios less than 0.4. The conservative approach in this work could possibly
be improved in the future when data including high utilisation levels of bending moment
become available. Since experimental and numerical data on rolled girders and on Class 1

and Class 2 cross-sections are few and not sufficiently conclusive further work is required
in this field.

In general, an existing interaction criterion requires at least a critical reevaluation
when a new resistance model is introduced as reference strength. Chacon [16] developed
a proposal for hybrid girders which is currently in the process of harmonisation with the
proposal of Gozzi [56]. The applicability of the proposed interaction criterion should be
finally checked with the relevant data.

The herein proposed F-M-V interaction criterion presumes that a transverse patch
loading is present. Since in general the interaction surface is also able to comprise the
interaction between bending moment and shear force, it appears to be possible and de-
sirable to harmonise the F-M-V interaction criterion with the M-V interaction criterion
according to Sec. 7.1, EN 1993-1-5 [46], in the future.
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A Specimen data of girders under
transverse patch loading and
shear force

A.1 Girders without longitudinal stiffeners

In Table A.1 experimental data is given for 26 girders. References are listed below ac-
cording to the consecutive numbering:

e 1-24: Shahabian and Roberts [116]
e 25-26: Tests by the author, see Chapter 4

In Table A.2 numerical data is given for 145 girders. The simulations were solely carried
out by the author.

Table A.1: Experimental data

# Specimen fyw fyf a hy tw bf ty Sg Fu Vavg

[N/mm?] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kN]
1 PG1-18 343 257 600 600 4.1 200 12.5 n.a. n.a. 373
2 PG1-1P 343 257 600 600 4.1 200 12.5 50 220 0
3 PG1-2SP1 339 250 600 600 4.1 200 12.3 50 205 158
4 PG1-2SP2 339 250 600 600 4.1 200 12.3 50 208 97
5 PG1-3SP1 338 251 600 600 4.1 200 12.5 50 175 266
6 PG1-3SP2 338 251 600 600 4.1 200 12.5 50 186 215
7 PG2-18 285 254 900 900 3.1 300 10.2 n.a. n.a. 271
8 PG2-1P 285 254 900 900 3.1 300 10.2 50 113 0
9 PG2-2SP1 284 256 900 900 3.1 300 10.2 50 51 241
10 PG2-2S5P2 284 256 900 900 3.1 300 10.2 50 25 247
11 PG2-3SP1 282 253 900 900 3.1 300 10.2 50 74 230
12 PG2-3SP2 282 253 900 900 3.1 300 10.2 50 16 260
13 PG3-1S 282 264 900 600 3.2 200 10.1 n.a. n.a. 202
14 PG3-1P 282 264 900 600 3.2 200 10.1 50 120 0
15 PG3-2SP1 273 263 900 600 3.2 200 10.2 50 36 169
16 PG3-2S5P2 273 263 900 600 3.2 200 10.2 50 110 52
17 PG3-35P1 275 258 900 600 3.2 200 10.2 50 60 161
18 PG3-35P2 275 258 900 600 3.2 200 10.2 50 106 107
19 PG4-18 250 293 1000 500 1.9 200 9.9 n.a. n.a. 87
20 PG4-1P 250 293 1000 500 1.9 200 9.9 50 52 0
21 PG4-2SP1 247 313 1000 500 1.9 200 9.8 50 38 61
22 PG4-25P2 247 313 1000 500 1.9 200 9.8 50 20 72
23 PG4-3SP1 236 294 1000 500 1.9 200 10.0 50 32 62
24 PG4-35P2 236 294 1000 500 1.9 200 10.0 50 44 43

725 T TSP600 T T 383 777773854 2390 600 6.0 450 20.0 200 423 317

26 SP1200 383 354 2390 1200 6.0 450 20.0 200 515 386
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Table A.2: Numerical data

# Specimen fyw fyf a hy tw bf ty Ss Fu Vavg
[N/mm2] [N/mm?] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kN]

1 R-60-V 355 355 2400 1200 20.0 600 50.0 n.a. n.a. 5598
2 R-60-025 355 355 2400 1200 20.0 600 50.0 300 4502 0
3 R-60-050 355 355 2400 1200 20.0 600 50.0 600 5178 0
4 R-60-075 355 355 2400 1200 20.0 600 50.0 900 6129 0
5 R-60-025-050 355 355 2400 1200 20.0 600 50.0 300 4405 1101
6 R-60-025-0 355 355 2400 1200 20.0 600 50.0 300 4149 2075
7 R-60-025-18 355 355 2400 1200 20.0 600 50.0 300 3438 3226
8 R-60-025-36 355 355 2400 1200 20.0 600 50.0 300 2658 3935
9 R-60-025-54 355 355 2400 1200 20.0 600 50.0 300 1885 4442
10 R-60-025-72 355 355 2400 1200 20.0 600 50.0 300 1048 4873
11 R-60-050-050 355 355 2400 1200 20.0 600 50.0 600 5026 1257
12 R-60-050-0 355 355 2400 1200 20.0 600 50.0 600 4545 2272
13 R-60-050-18 355 355 2400 1200 20.0 600 50.0 600 3651 3287
14 R-60-050-36 355 355 2400 1200 20.0 600 50.0 600 2803 3909
15 R-60-050-54 355 355 2400 1200 20.0 600 50.0 600 1999 4388
16 R-60-050-72 355 355 2400 1200 20.0 600 50.0 600 1120 4806
17 R-60-075-050 355 355 2400 1200 20.0 600 50.0 900 5726 1431
18 R-60-075-0 355 355 2400 1200 20.0 600 50.0 900 4909 2454
19 R-60-075-18 355 355 2400 1200 20.0 600 50.0 900 3831 3336
20 R-60-075-36 355 355 2400 1200 20.0 600 50.0 900 2947 3914
21 R-60-075-54 355 355 2400 1200 20.0 600 50.0 900 2116 4380
22 R-60-075-72 355 355 2400 1200 20.0 600 50.0 900 1225 4912
23 R-60-100 355 355 2400 1200 20.0 600 50.0 900 7071 0
24 R-60-100-050 355 355 2400 1200 20.0 600 50.0 900 6368 1592
25 R-60-100-0 355 355 2400 1200 20.0 600 50.0 900 5181 2591
26 R-60-100-18 355 355 2400 1200 20.0 600 50.0 900 3993 3398
27 R-60-100-36 355 355 2400 1200 20.0 600 50.0 900 3080 3958
28 R-60-100-54 355 355 2400 1200 20.0 600 50.0 900 2232 4434
29 R-60-100-72 355 355 2400 1200 20.0 600 50.0 900 1288 4928
30 N-100-V 355 355 2400 1200 12.0 450 30.0 n.a. n.a. 2692
31 N-100-025 355 355 2400 1200 12.0 450 30.0 300 1803 0
32 N-100-050 355 355 2400 1200 12.0 450 30.0 600 2142 0
33 N-100-075 355 355 2400 1200 12.0 450 30.0 900 2428 0
34 N-100-025-050 355 355 2400 1200 12.0 450 30.0 300 1750 438
35 N-100-025-0 355 355 2400 1200 12.0 450 30.0 300 1665 833
36 N-100-025-18 355 355 2400 1200 12.0 450 30.0 300 1391 1427
37 N-100-025-36 355 355 2400 1200 12.0 450 30.0 300 1087 1819
38 N-100-025-54 355 355 2400 1200 12.0 450 30.0 300 781 2127
39 N-100-025-72 355 355 2400 1200 12.0 450 30.0 300 441 2414
40 N-100-050-050 355 355 2400 1200 12.0 450 30.0 600 2057 514
41 N-100-050-0 355 355 2400 1200 12.0 450 30.0 600 1864 932
42 N-100-050-18 355 355 2400 1200 12.0 450 30.0 600 1501 1454
43 N-100-050-36 355 355 2400 1200 12.0 450 30.0 600 1165 1805
44 N-100-050-54 355 355 2400 1200 12.0 450 30.0 600 847 2109
45 N-100-050-72 355 355 2400 1200 12.0 450 30.0 600 482 2386
46 N-100-075-050 355 355 2400 1200 12.0 450 30.0 900 2276 569
47 N-100-075-0 355 355 2400 1200 12.0 450 30.0 900 1989 994
48 N-100-075-18 355 355 2400 1200 12.0 450 30.0 900 1581 1485
49 N-100-075-36 355 355 2400 1200 12.0 450 30.0 900 1224 1815
50 N-100-075-54 355 355 2400 1200 12.0 450 30.0 900 893 2109
51 N-100-075-72 355 355 2400 1200 12.0 450 30.0 900 511 2382
52 N-100-100 355 355 2400 1200 12.0 450 30.0 1200 2666 0
53 N-100-100-050 355 355 2400 1200 12.0 450 30.0 1200 2448 612
54 N-100-100-0 355 355 2400 1200 12.0 450 30.0 1200 2098 1049
55 N-100-100-18 355 355 2400 1200 12.0 450 30.0 1200 1646 1509
56 N-100-100-36 355 355 2400 1200 12.0 450 30.0 1200 1286 1841
57 N-100-100-54 355 355 2400 1200 12.0 450 30.0 1200 934 2116
58 N-100-100-72 355 355 2400 1200 12.0 450 30.0 1200 536 2385
59 R-100-V 355 355 2400 1200 12.0 450 30.0 n.a. n.a. 2692
60 R-100-025 355 355 2400 1200 12.0 450 30.0 300 1807 0
61 R-100-050 355 355 2400 1200 12.0 450 30.0 600 2151 0
62 R-100-075 355 355 2400 1200 12.0 450 30.0 900 2430 0
63 R-100-025-050 355 355 2400 1200 12.0 450 30.0 300 1756 439
64 R-100-025-0 355 355 2400 1200 12.0 450 30.0 300 1663 832
65 R-100-025-18 355 355 2400 1200 12.0 450 30.0 300 1390 1426
66 R-100-025-36 355 355 2400 1200 12.0 450 30.0 300 1096 1836
67 R-100-025-54 355 355 2400 1200 12.0 450 30.0 300 780 2128
68 R-100-025-72 355 355 2400 1200 12.0 450 30.0 300 440 2412
69 R-100-050-050 355 355 2400 1200 12.0 450 30.0 600 2057 514
70 R-100-050-0 355 355 2400 1200 12.0 450 30.0 600 1864 932
71 R-100-050-18 355 355 2400 1200 12.0 450 30.0 600 1501 1454
72 R-100-050-36 355 355 2400 1200 12.0 450 30.0 600 1165 1805
73 R-100-050-54 355 355 2400 1200 12.0 450 30.0 600 849 2113
74 R-100-050-72 355 355 2400 1200 12.0 450 30.0 600 482 2386
75 R-100-075-050 355 355 2400 1200 12.0 450 30.0 900 2269 567
76 R-100-075-0 355 355 2400 1200 12.0 450 30.0 900 1989 994
77 R-100-075-18 355 355 2400 1200 12.0 450 30.0 900 1580 1484
78 R-100-075-36 355 355 2400 1200 12.0 450 30.0 900 1226 1818
continued on next page
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continued from previous page

# Specimen fyw fyf a hy tw bf ty Ss Fu Vavg

[N/mm?] [N/mm?] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kN]
79 R-100-075-54 355 355 2400 1200 12.0 450 30.0 900 895 2114
80 R-100-075-72 355 355 2400 1200 12.0 450 30.0 900 510 2383
81 R-100-100 355 355 2400 1200 12.0 450 30.0 1200 2681 0
82 R-100-100-050 355 355 2400 1200 12.0 450 30.0 1200 2450 613
83 R-100-100-0 355 355 2400 1200 12.0 450 30.0 1200 2098 1049
84 R-100-100-18 355 355 2400 1200 12.0 450 30.0 1200 1655 1517
85 R-100-100-36 355 355 2400 1200 12.0 450 30.0 1200 1286 1842
86 R-100-100-54 355 355 2400 1200 12.0 450 30.0 1200 937 2123
87 R-100-100-72 355 355 2400 1200 12.0 450 30.0 1200 536 2385
88 N-200-V 355 355 2400 1200 6.0 300 25.0 n.a. n.a. 750
89 N-200-025 355 355 2400 1200 6.0 300 25.0 300 561 0
90 N-200-050 355 355 2400 1200 6.0 300 25.0 600 644 0
91 N-200-075 355 355 2400 1200 6.0 300 25.0 900 698 0
92 N-200-025-050 355 355 2400 1200 6.0 300 25.0 300 552 138
93 N-200-025-0 355 355 2400 1200 6.0 300 25.0 300 532 266
94 N-200-025-18 355 355 2400 1200 6.0 300 25.0 300 458 438
95 N-200-025-36 355 355 2400 1200 6.0 300 25.0 300 357 545
96 N-200-025-54 355 355 2400 1200 6.0 300 25.0 300 253 616
97 N-200-025-72 355 355 2400 1200 6.0 300 25.0 300 141 683
98 N-200-050-050 355 355 2400 1200 6.0 300 25.0 600 622 155
99 N-200-050-0 355 355 2400 1200 6.0 300 25.0 600 576 288
100 N-200-050-18 355 355 2400 1200 6.0 300 25.0 600 473 437
101 N-200-050-36 355 355 2400 1200 6.0 300 25.0 600 372 538
102 N-200-050-54 355 355 2400 1200 6.0 300 25.0 600 266 610
103 N-200-050-72 355 355 2400 1200 6.0 300 25.0 600 151 680
104 N-200-075-050 355 355 2400 1200 6.0 300 25.0 900 669 167
105 N-200-075-0 355 355 2400 1200 6.0 300 25.0 900 600 300
106 N-200-075-18 355 355 2400 1200 6.0 300 25.0 900 482 436
107 N-200-075-36 355 355 2400 1200 6.0 300 25.0 900 379 533
108 N-200-075-54 355 355 2400 1200 6.0 300 25.0 900 274 609
109 N-200-075-72 355 355 2400 1200 6.0 300 25.0 900 156 679
110 N-200-100 355 355 2400 1200 6.0 300 25.0 1200 755 0
111 N-200-100-050 355 355 2400 1200 6.0 300 25.0 1200 708 177
112 N-200-100-0 355 355 2400 1200 6.0 300 25.0 1200 614 307
113 N-200-100-18 355 355 2400 1200 6.0 300 25.0 1200 487 437
114 N-200-100-36 355 355 2400 1200 6.0 300 25.0 1200 379 526
115 N-200-100-54 355 355 2400 1200 6.0 300 25.0 1200 276 602
116 N-200-100-72 355 355 2400 1200 6.0 300 25.0 1200 160 679
117 R-200-V 355 355 2400 1200 6.0 300 25.0 n.a. n.a. 758
118 R-200-025 355 355 2400 1200 6.0 300 25.0 300 561 0
119 R-200-050 355 355 2400 1200 6.0 300 25.0 600 645 0
120 R-200-075 355 355 2400 1200 6.0 300 25.0 900 703 0
121 R-200-025-050 355 355 2400 1200 6.0 300 25.0 300 552 138
122 R-200-025-0 355 355 2400 1200 6.0 300 25.0 300 532 266
123 R-200-025-18 355 355 2400 1200 6.0 300 25.0 300 462 444
124 R-200-025-36 355 355 2400 1200 6.0 300 25.0 300 374 574
125 R-200-025-54 355 355 2400 1200 6.0 300 25.0 300 265 651
126 R-200-025-72 355 355 2400 1200 6.0 300 25.0 300 146 712
127 R-200-050-050 355 355 2400 1200 6.0 300 25.0 600 623 156
128 R-200-050-0 355 355 2400 1200 6.0 300 25.0 600 576 288
129 R-200-050-18 355 355 2400 1200 6.0 300 25.0 600 487 451
130 R-200-050-36 355 355 2400 1200 6.0 300 25.0 600 390 569
131 R-200-050-54 355 355 2400 1200 6.0 300 25.0 600 278 644
132 R-200-050-72 355 355 2400 1200 6.0 300 25.0 600 155 706
133 R-200-075-050 355 355 2400 1200 6.0 300 25.0 900 669 167
134 R-200-075-0 355 355 2400 1200 6.0 300 25.0 900 602 301
135 R-200-075-18 355 355 2400 1200 6.0 300 25.0 900 506 460
136 R-200-075-36 355 355 2400 1200 6.0 300 25.0 900 401 568
137 R-200-075-54 355 355 2400 1200 6.0 300 25.0 900 288 642
138 R-200-075-72 355 355 2400 1200 6.0 300 25.0 900 162 710
139 R-200-100 355 355 2400 1200 6.0 300 25.0 1200 756 0
140 R-200-100-050 355 355 2400 1200 6.0 300 25.0 1200 709 177
141 R-200-100-0 355 355 2400 1200 6.0 300 25.0 1200 622 311
142 R-200-100-18 355 355 2400 1200 6.0 300 25.0 1200 521 466
143 R-200-100-36 355 355 2400 1200 6.0 300 25.0 1200 413 572
144 R-200-100-54 355 355 2400 1200 6.0 300 25.0 1200 290 631
145 R-200-100-72 355 355 2400 1200 6.0 300 25.0 1200 162 687
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A Specimen data of girders under transverse patch loading and shear force

A.2 Girders with longitudinal stiffeners

In Table A.3 experimental data is given for one girder. The test was carried out by
Seitz [114].
In Table A.4 numerical data is given for 58 girders with closed-section stiffeners and in

Table A.5 for 29 girders with open-section stiffeners. The simulations were solely carried
out by the author.

Table A.3: Experimental data, girder with closed-section stiffeners

# Specimen fyw fyr a hoy by tw by ty Ss Tse1 Fu Vavg
[N/mm?] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [em?] [kN] [kN]
1 V-2 373 378 2400 1200 250 6.0 260 20.0 700 343.99 987 370

Table A.4: Numerical data, girders with closed-section stiffeners

Specimen fyw f,yf a hy b1 tw by ty Ss Tse,1 Fo Vavg
[N/mm?] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [cm4] [kN] [kN]

1 Cg-200-V-025 355 355 2400 1200 250 6.0 300 25.0 n.a. 271.00 n.a. 1035
2 Cg-200-025-025 355 355 2400 1200 250 6.0 300 25.0 300 271.00 719 0
3 Cg-200-050-025 355 355 2400 1200 250 6.0 300 25.0 600 271.00 896 0
4 Cg-200-075-025 355 355 2400 1200 250 6.0 300 25.0 900 271.00 998 0
5 Cg-200-025-025-05 355 355 2400 1200 250 6.0 300 25.0 300 271.00 709 177
6 Cg-200-025-025-0 355 355 2400 1200 250 6.0 300 25.0 300 271.00 697 349
7 Cg-200-025-025-18 355 355 2400 1200 250 6.0 300 25.0 300 271.00 660 648
8 Cg-200-025-225-36 355 355 2400 1200 250 6.0 300 25.0 300 271.00 517 815
9 Cg-200-025-025-54 355 355 2400 1200 250 6.0 300 25.0 300 271.00 354 899
10 Cg-200-025-025-72 355 355 2400 1200 250 6.0 300 25.0 300 271.00 191 971
11 Cg-200-050-025-05 355 355 2400 1200 250 6.0 300 25.0 600 271.00 879 220
12 Cg-200-050-025-0 355 355 2400 1200 250 6.0 300 25.0 600 271.00 859 429
13 Cg-200-050-025-18 355 355 2400 1200 250 6.0 300 25.0 600 271.00 763 680
14 Cg-200-050-025-36 355 355 2400 1200 250 6.0 300 25.0 600 271.00 576 793
15 Cg-200-050-025-54 355 355 2400 1200 250 6.0 300 25.0 600 271.00 404 873
16 Cg-200-050-025-72 355 355 2400 1200 250 6.0 300 25.0 600 271.00 228 958
17 Cg-200-075-025-05 355 355 2400 1200 250 6.0 300 25.0 900 271.00 974 244
18 Cg-200-075-025-0 355 355 2400 1200 250 6.0 300 25.0 900 271.00 932 466
19 Cg-200-075-025-18 355 355 2400 1200 250 6.0 300 25.0 900 271.00 788 678
20 Cg-200-075-025-36 355 355 2400 1200 250 6.0 300 25.0 900 271.00 599 783
21 Cg-200-075-025-54 355 355 2400 1200 250 6.0 300 25.0 900 271.00 429 869
22 Cg-200-075-025-72 355 355 2400 1200 250 6.0 300 25.0 900 271.00 243 952
23 Cg-200-100-025 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 1109 0
24 Cg-200-100-025-05 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 1078 270
25 Cg-200-100-025-0 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 1011 506
26 Cg-200-100-025-18 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 811 675
27 Cg-200-100-025-36 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 623 774
28 Cg-200-100-025-54 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 450 860
29 Cg-200-100-025-72 355 355 2400 1200 250 6.0 300 25.0 1200 271.00 258 942
30 Cl1-200-V-025 355 355 2400 1200 250 6.0 300 25.0 n.a. 595.00 n.a. 1047
31 Cl1-200-025-025 355 355 2400 1200 250 6.0 300 25.0 300 595.00 740 0
32 Cl1-200-050-025 355 355 2400 1200 250 6.0 300 25.0 600 595.00 1158 0
33 Cl1-200-075-025 355 355 2400 1200 250 6.0 300 25.0 900 595.00 1552 0
34 Cl1-200-025-025-05 355 355 2400 1200 250 6.0 300 25.0 300 595.00 736 184
35 C1-200-025-025-0 355 355 2400 1200 250 6.0 300 25.0 300 595.00 719 360
36 C1-200-025-18 355 355 2400 1200 250 6.0 300 25.0 300 595.00 680 661
37 C1-200-025-36 355 355 2400 1200 250 6.0 300 25.0 300 595.00 536 835
38 C1-200-025-54 355 355 2400 1200 250 6.0 300 25.0 300 595.00 365 913
39 C1-200-025-72 355 355 2400 1200 250 6.0 300 25.0 300 595.00 198 983
40 C1-200-050-025-05 355 355 2400 1200 250 6.0 300 25.0 600 595.00 1114 279
41 C1-200-050-025-0 355 355 2400 1200 250 6.0 300 25.0 600 595.00 1040 520
42 C1-200-050-025-18 355 355 2400 1200 250 6.0 300 25.0 600 595.00 833 689
43 C1-200-050-025-36 355 355 2400 1200 250 6.0 300 25.0 600 595.00 637 784
44 C1-200-050-025-54 355 355 2400 1200 250 6.0 300 25.0 600 595.00 460 866
45 C1-200-050-025-72 355 355 2400 1200 250 6.0 300 25.0 600 595.00 265 954
46 C1-200-075-025-05 355 355 2400 1200 250 6.0 300 25.0 900 595.00 1387 347

continued on next page
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A.2 Girders with longitudinal stiffeners

continued from previous page

# Specimen fyw fyf a hy b1 tw bf ty Ss Tse1 Fu Vavg

[N/mm2]  [N/mm?]  [mm]  [mm]  [mm]  [mm]  [mm]  [mm]  (mm]  fem?]  kN][kN]
47 C1-200-075-025-0 355 355 2400 1200 250 6.0 300 25.0 900 595.00 1103 551
48 C1-200-075-18 355 355 2400 1200 250 6.0 300 25.0 900 595.00 848 685
49 C1-200-075-36 355 355 2400 1200 250 6.0 300 25.0 900 595.00 655 778
50 C1-200-075-54 355 355 2400 1200 250 6.0 300 25.0 900 595.00 479 866
51 C1-200-075-72 355 355 2400 1200 250 6.0 300 25.0 900 595.00 277 947
52 C1-200-100-025 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 1666 0
53 C1-200-100-025-05 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 1449 362
54 C1-200-100-025-0 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 1123 561
55 C1-200-100-18 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 861 691
56 C1-200-100-36 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 665 783
57 C1-200-100-54 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 486 867
58 C1-200-100-72 355 355 2400 1200 250 6.0 300 25.0 1200 595.00 281 949

Table A.5: Numerical data, girders with open-section stiffeners

# Specimen fyw fyf a hy b1 tw bf ty Ss Tse,1 Fo Vavg

[N/mm2]  [N/mm?]  [mm]  [mm]  [mm]  [mm]  [mm]  [mm]  (mm] fem?]  kN][kN]
1 0O-200-V-025 355 355 2400 1200 300 6.0 300 25.0 n.a. 278.00 n.a. 990
2 0-200-025-025 355 355 2400 1200 300 6.0 300 25.0 300 278.00 625 0
3 0O-200-050-025 355 355 2400 1200 300 6.0 300 25.0 600 278.00 813 0
4 0-200-075-025 355 355 2400 1200 300 6.0 300 25.0 900 278.00 1011 0
5 0-200-025-025-05 355 355 2400 1200 300 6.0 300 25.0 300 278.00 620 155
6 0-200-025-025-0 355 355 2400 1200 300 6.0 300 25.0 300 278.00 606 303
7 0-200-025-18 355 355 2400 1200 300 6.0 300 25.0 300 278.00 566 583
8 0-200-025-36 355 355 2400 1200 300 6.0 300 25.0 300 278.00 463 781
9 0-200-025-54 355 355 2400 1200 300 6.0 300 25.0 300 278.00 312 856
10 0-200-025-72 355 355 2400 1200 300 6.0 300 25.0 300 278.00 167 924
11 0-200-050-025-05 355 355 2400 1200 300 6.0 300 25.0 600 278.00 808 202
12 0-200-050-025-0 355 355 2400 1200 300 6.0 300 25.0 600 278.00 793 396
13 0-200-050-025-18 355 355 2400 1200 300 6.0 300 25.0 600 278.00 711 644
14 0-200-050-025-36 355 355 2400 1200 300 6.0 300 25.0 600 278.00 533 750
15 0-200-050-025-54 355 355 2400 1200 300 6.0 300 25.0 600 278.00 373 828
16 0-200-050-025-72 355 355 2400 1200 300 6.0 300 25.0 600 278.00 208 905
17 0-200-075-025-05 355 355 2400 1200 300 6.0 300 25.0 900 278.00 1016 254
18 0-200-075-025-0 355 355 2400 1200 300 6.0 300 25.0 900 278.00 946 473
19 0-200-075-18 355 355 2400 1200 300 6.0 300 25.0 900 278.00 750 630
20 0-200-075-36 355 355 2400 1200 300 6.0 300 25.0 900 278.00 578 729
21 0-200-075-54 355 355 2400 1200 300 6.0 300 25.0 900 278.00 418 810
22 0-200-075-72 355 355 2400 1200 300 6.0 300 25.0 900 278.00 241 895
23 0-200-100-025 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 1199 0
24 0-200-100-025-05 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 1172 293
25 0-200-100-025-0 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 979 490
26 0-200-100-18 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 763 632
27 0O-200-100-36 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 591 729
28 0O-200-100-54 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 427 808
29 0O-200-100-72 355 355 2400 1200 300 6.0 300 25.0 1200 278.00 248 895
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B Specimen data of girders under
transverse patch loading and

bending moment

B.1 Girders without longitudinal stiffeners

The specimen data is mainly taken from Lagerqvist [77] and Gozzi [56]. Tests which have
been already excluded according to Sec. 7.3 in [77] and Sec. 5.3 in [56] are not shown here.

In Table B.1 experimental data is given for 238 welded girders. References are listed

below according to the consecutive numbering:

. 1-4:
. 5-10:
. 11:
. 12-41:
. 42-45:
. 46-47:
. 48-95:
. 96-97:
. 98-99:
e 100-115:
o 116-144:
e 145-162:
e 163-183:
e 184-186:
e 187-200:
e 201-205:
e 206-210:
e 211-220:
. 221:
o 222-230:
o 231-234:
. 235:
e 236-238:

Bamm et al. [2]

Granholm [58]

Galéa et al. [55]

Scheer et al. [112]

Shimizu et al. [117]

Oxfort and Gauger [87]

Dubas and Tschamper [39]

Hoglund [62]

Dogaki et al. [35]

Drdacky and Novotny [37]

Bergfelt [9]

Bergfelt [10]

Skaloud and Novak, data taken from Roberts and Rockey [100]
Bagchi and Rockey, data taken from Roberts and Rockey [100]
Roberts [96]

Roberts and Coric [98]

Bossert and Ostapenko, data taken from Roberts and Chong [97]
Roberts and Markovic [99]

Raoul et al. [94]

Lagerqvist [77]

Shahabian and Roberts [116]

Seitz [114]

Gozzi [56]
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B Specimen data of girders under transverse patch loading and bending moment

Specimens 167 and 211 are not considered in the statistical evaluation because they
have been classified as outliers according to Fig. 6.19, Sec. 6.5.2.2, which adulterate the
statistical parameters. They are highlighted with a grey background in Table B.1.

In Table B.2 experimental data is given for 30 rolled girders. References are listed below
according to the consecutive numbering:
e 1-11: Zoetemeijer [126]
e 12-15: Elgaaly and Nunan [43]
e 16-30: Elgaaly and Salkar [44]

Table B.1: Experimental data, welded girders

# Ref. in Specimen fyw fyf a hy tw bf ty Ss Fu M,
[56, 77] [N/mm?] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kNm]
1 2001 77 305 427 1840 558 8.0 150 16.0 38 652 300
2 2002 78 305 427 1840 558 8.0 150 16.0 75 610 281
3 2003 79 305 305 1840 558 8.0 300 8.0 75 525 242
4 2004 80 286 427 1840 558 8.0 150 16.0 75 625 288
s T T T 2006 E21 T 275 343 78000 580 4.6 180 9.0~ 1200 170 339
6 2007 E23 275 343 8000 580 4.6 180 9.0 0 178 354
7 2008 E31 275 343 8000 580 3.1 180 9.0 120 91 182
8 2009 34 275 343 8000 580 3.1 180 9.0 0 83 313
9 2010 E36 275 343 8000 580 3.1 180 9.0 0 106 257
10 2011 E43 275 343 8000 580 3.1 200 10.0 0 105 210
S 2023 ] PT T T 276 250 1800 1274 6.0 230 ~ 40.0 690 530 2040 ~
iz T T T T 2024 T Ay T T T T 341 7777363 2300 800 3.7 7200 20277 280 176 925
13 2025 Al2 341 363 2300 800 3.7 200 20.2 280 10 1204
14 2026 A13 341 363 2300 800 3.7 201 20.3 280 228 622
15 2027 Al4 341 363 2300 800 3.7 200 20.3 280 139 1102
16 2028 Al5 352 363 2300 800 4.1 199 20.3 280 217 922
17 2029 Al6 341 363 2300 800 3.7 200 20.3 140 178 943
18 2030 A17 341 363 2300 800 3.7 199 20.3 140 201 556
19 2031 A21 341 329 2300 800 3.8 298 30.3 280 236 916
20 2032 A22 341 329 2300 800 3.8 300 30.2 280 264 716
21 2033 A23 341 329 2300 800 3.8 301 30.1 280 244 1302
22 2034 A24 341 329 2300 800 3.7 301 30.3 280 262 397
23 2035 A25 341 329 2300 800 3.7 301 30.2 280 205 1656
24 2036 A26 341 329 2300 800 3.7 299 30.4 140 238 1243
25 2037 A27 352 329 2300 800 4.1 299 30.1 140 258 702
26 2038 B11 329 335 1700 800 6.3 201 20.4 280 439 1156
27 2039 B12 328 335 1700 800 6.0 201 20.4 140 397 1051
28 2040 B13 325 327 2700 800 6.1 201 20.2 280 469 1219
29 2041 B21 332 329 2300 800 5.1 299 30.4 280 309 2421
30 2042 B22 332 329 2300 800 5.1 300 30.2 280 357 1854
31 2043 B23 332 329 2300 800 5.1 300 30.1 280 396 1047
32 2044 C11 378 363 2300 800 7.4 201 20.3 280 544 1412
33 2045 C12 378 363 2300 800 198 20.3 280 267 1450
34 2046 C13 378 363 2300 800 200 20.2 280 375 1574
35 2047 C14 378 363 2300 800 200 20.2 280 204 1698
36 2048 C15 373 363 2300 800 199 20.1 280 572 859
37 2049 C21 378 329 2300 800 299 30.9 280 806 2072
38 2050 C22 378 329 2300 800 301 30.3 280 314 2466
39 2051 C23 378 329 2300 800 299 30.3 280 623 2378
40 2052 C24 378 329 2300 800 298 30.2 280 500 2581
41 2053 C25 373 329 2300 800 300 30.2 280 631 951
T4z T T T 2054 T ALa T 319 7320 1000~ 1000 T 6.0 300 T 9.0 T 3000 7332 4T
43 2055 AL-2 320 320 1000 1000 300 9.0 500 355 799
44 2056 AS-1 320 320 1000 1000 300 9.0 300 353 529
45 2057 AS-2 325 320 1000 1000 300 9.0 500 480 720
46 T T T T 2062 7 A 215 ~ 7195 2000 1300 ~ 11.8° 302 T "38.3 100 888 2334 ~
47 2063 V2 339 329 2000 1300 261 38.1 100 663 2975
B 2064 7 TO1-1~ 77T 360 281 2400 990 4.0 T 150 71000 T 407 T T120 450
49 2065 T01-2 360 281 1800 990 150 10.0 40 177 80
50 2066 T01-3 360 281 1800 990 150 10.0 40 174 78
51 2067 TO01-5 360 274 1800 990 150 10.0 40 173 78
52 2068 TO01-6 360 274 1800 990 150 10.0 40 165 74
53 2069 T02-1 349 293 2400 990 150 8.0 40 134 309
54 2070 T02-2 349 293 1800 990 150 8.0 40 157 71
55 2071 T02-3 349 293 1800 990 150 8.0 40 154 69
56 2072 T02-5 349 298 1800 990 150 8.0 40 150 67
57 2073 T02-6 349 298 1800 990 150 8.0 40 161 72
58 2074 T03-1 317 294 2400 990 150 8.0 40 107 466

continued on next page
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B.1 Girders without longitudinal stiffeners

continued from previous page

# Ref. in Specimen fyw fyf a hy tw bf ty Ss Fu M,
[56, 77] [N/mm?] [N/mm?] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kNm]
59 2075 T03-2 317 294 1800 990 5.0 150 8.0 40 196 88
60 2076 T03-3 317 294 1800 990 5.0 150 8.0 40 194 87
61 2077 T03-5 317 294 1800 990 5.0 150 8.0 40 197 89
62 2078 T03-6 317 294 1800 990 5.0 150 8.0 40 197 89
63 2079 VTO01-1 369 293 2480 1000 3.8 150 8.4 240 125 305
64 2080 VTO01-2 369 293 1760 1000 3.8 150 8.4 40 146 64
65 2081 VTO01-3 369 293 1760 1000 3.8 150 8.4 240 193 85
66 2082 VTO01-4 369 327 2480 1000 3.8 150 8.5 240 124 466
67 2083 VTO01-5 369 327 1760 1000 3.8 150 8.5 240 191 84
68 2084 VTO01-6 369 327 1760 1000 3.8 150 8.5 40 146 64
69 2085 VTO02-1 352 292 2480 1000 3.8 100 11.9 40 97 356
70 2086 VT02-2 352 292 1760 1000 3.8 100 11.9 40 143 63
71 2087 VT02-3 352 292 1760 1000 3.8 100 11.9 40 145 64
72 2088 VT02-4 352 292 2480 1000 3.8 100 11.9 40 125 310
73 2089 VTO02-5 352 292 1760 1000 3.8 100 11.9 40 144 63
74 2090 VTO03-1 305 286 2480 1000 5.2 150 12.0 40 140 668
75 2091 VTO03-2 305 286 1760 1000 5.2 150 12.0 40 259 114
76 2092 VTO03-3 305 286 1760 1000 5.2 150 12.0 240 353 155
7 2093 VTO03-5 305 277 1760 1000 5.2 150 12.0 40 231 102
78 2094 VTO03-6 305 277 1760 1000 5.2 150 12.0 240 333 146
79 2095 VT04-1 300 279 2480 1000 5.2 150 12.0 240 187 588
80 2096 VTO04-2 300 279 1760 1000 5.2 150 12.0 40 243 107
81 2097 VTO04-3 300 279 1760 1000 5.2 150 12.0 640 421 185
82 2098 VTO04-4 300 284 2480 1000 5.2 150 12.0 640 292 628
83 2099 VTO04-5 300 284 1760 1000 5.2 150 12.0 40 246 108
84 2100 VTO04-6 300 284 1760 1000 5.2 150 12.0 640 427 188
85 2101 VTO05-1 292 300 2480 800 5.0 150 8.4 40 114 382
86 2102 VTO05-2 292 300 1760 800 5.0 150 8.4 40 179 79
87 2103 VTO05-3 292 300 1760 800 5.0 150 8.4 240 250 110
88 2104 VTO05-5 292 300 1760 800 5.0 150 8.4 40 187 82
89 2105 VTO05-6 292 300 1760 800 5.0 150 8.4 240 255 112
90 2106 VTO06-1 301 291 2480 800 5.0 150 12.0 40 172 364
91 2107 VT06-2 301 291 1760 800 5.0 150 12.0 40 211 93
92 2108 VTO06-3 301 286 1760 800 5.0 150 12.0 240 266 117
93 2109 VTO06-4 301 286 2480 800 5.0 150 12.0 240 217 455
94 2110 VTO06-5 301 286 1760 800 5.0 150 12.0 40 216 95
95 2111 VTO06-6 301 291 1760 800 5.0 150 12.0 640 388 171
96 T T T T T 21127 T T T T T 422777777355 3150 830 4.9 T 200 1000 1707 "250 197
97 2113 5 422 355 3150 830 4.9 200 10.0 0 224 176
g T T T T 2114 T N 255 308 900 900 T 3.2 7778 50 90 110 T 25
99 2115 2 306 308 900 900 6.0 80 5.0 90 298 67
TTioo T T T T T T 2135 T TTGI ~ 7777 285 7269 7300 300 40 497771000 T 780 7130 T 10~
101 2136 TTG2 270 288 300 300 4.0 50 9.9 30 148 11
102 2137 TTG3 281 265 300 300 4.0 50 15.9 30 170 13
103 2138 TTG4 267 267 450 450 4.0 49 10.0 45 120 14
104 2139 TTG6 249 265 450 450 4.0 50 15.8 45 150 17
105 2140 TTG7 257 274 600 600 3.6 50 10.0 60 140 21
106 2141 TTGS8 282 279 600 600 3.6 50 10.1 60 148 22
107 2142 TTG9 306 282 600 600 3.7 49 16.0 60 150 22
108 2143 TTG’1 285 269 300 300 4.0 49 10.0 45 150 11
109 2144 TTG2 270 288 300 300 4.0 50 9.9 60 146 11
110 2145 TTG’3 281 265 300 300 4.0 49 15.9 30 150 11
111 2146 TTG4 267 267 450 450 4.0 49 10.0 60 136 15
112 2147 TTG’6 249 265 450 450 4.0 50 15.8 45 160 18
113 2148 TTG'7 257 274 600 600 3.6 50 10.0 30 119 18
114 2149 TTG’8 282 279 600 600 3.6 50 10.1 45 138 21
115 2150 TTG’9 306 282 600 600 3.7 49 16.0 60 146 22
TTite T T T T T 2168 T T B23 T 325 7777347 79400 T 700 T 837150 6.1 0 95 T 57
117 2169 B1 325 347 2400 700 3.3 150 6.1 100 106 64
118 2170 B2 325 235 2400 700 3.3 200 8.5 0 110 66
119 2171 B3 325 235 2400 700 3.3 200 8.5 100 122 73
120 2172 B4 325 243 2400 700 3.3 250 10.1 0 121 72
121 2173 B5 325 243 2400 700 3.3 250 10.1 100 133 80
122 2174 B6 325 232 2400 700 3.3 250 11.9 0 135 81
123 2175 B7 325 232 2400 700 3.3 250 11.9 100 139 84
124 2176 B8 325 305 2400 700 3.3 300 15.3 0 151 91
125 2177 B9 325 305 2400 700 3.3 300 15.3 100 156 94
126 2178 R1 266 295 800 800 2.1 300 15.5 40 60 12
127 2179 R12 266 295 800 800 2.1 300 15.5 40 66 13
128 2180 R3 266 285 800 800 2.0 120 5.1 40 38 8
129 2181 R32 266 285 800 800 2.0 120 5.1 40 41 8
130 2182 All 300 295 2500 800 2.1 300 15.4 40 64 8
131 2183 A13 300 295 1200 800 2.1 300 15.4 40 66 20
132 2184 A21 245 265 2500 800 3.0 250 12.0 40 84 17
133 2185 A23 245 265 1200 800 3.0 250 12.0 40 85 26
134 2186 A31 354 290 2200 680 2.1 120 5.1 40 47 56
135 2187 A33 354 290 1020 680 2.1 120 5.1 40 51 13
136 2188 B8 285 290 800 800 2.1 120 5.0 40 48 10
137 2189 B6 285 290 800 600 2.1 120 5.0 40 42 8
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# Ref. in Specimen fyw fyf a hy tw bf ty Ss Fu M,
[56, 77] [N/mm?] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kNm]
138 2190 B4 285 290 800 400 2.1 120 5.0 40 48 10
139 2191 B3 285 290 800 300 2.1 120 5.0 40 49 10
140 2192 B41 285 290 400 400 2.1 120 5.0 40 53 5
141 2193 B31 285 290 400 300 2.1 120 5.0 40 51 5
142 2194 B83 328 298 800 800 2.9 250 12.4 40 121 24
143 2195 B63 328 298 800 600 2.9 250 12.4 40 120 24
144 2196 B43 328 298 800 400 2.9 250 12.4 40 119 24
145 T T T T 2288 T 324 T T T T T 207 77277 2400 T 300 2.0 100 T 6.1 T 40 a0 T 24
146 2289 325 207 277 900 300 2.0 100 6.1 40 34 8
147 2290 326 207 277 900 300 2.0 100 6.1 120 38 9
148 2291 624 206 284 2400 600 2.0 100 6.1 40 35 21
149 2292 625 206 284 900 600 2.0 100 6.1 40 31 7
150 2293 626 206 284 900 600 2.0 100 6.1 120 38 8
151 2294 424 205 278 3000 400 2.0 100 12.2 40 41 30
152 2295 425 205 278 1100 400 2.0 100 12.2 40 37 10
153 2296 426 205 278 1100 400 2.0 100 12.2 120 42 12
154 2297 824 205 277 3000 800 2.0 100 12.1 40 42 31
155 2298 825 205 277 1100 800 2.0 100 12.1 40 41 11
156 2299 826 205 277 1100 800 2.0 100 12.1 120 47 13
157 2300 827 206 273 3000 800 2.0 250 12.3 40 38 29
158 2301 828 206 273 1100 800 2.0 250 12.3 40 41 11
159 2302 829 206 273 1100 800 2.0 250 12.3 120 41 11
160 2303 837 215 268 3000 800 3.0 250 12.0 40 82 61
161 2304 838 215 268 1100 800 3.0 250 12.0 40 91 25
162 2305 839 215 268 1100 800 3.0 250 12.0 120 93 25
163 T T T 2306 T TGI T 208 7777342 7771000 T 1000 T 2.5 160 5.5 100 0 52 137
164 2307 TG2 299 253 1000 1000 2.5 200 10.1 100 64 16
165 2308 TG3 251 266 1000 1000 2.5 200 16.2 100 69 17
166 2309 TG4 254 231 1000 1000 2.5 200 20.2 100 88 22
167 2310 TGS 289 261 1000 1000 2.5 250 30.5 100 179 45
168 2311 TG6 290 294 2000 1000 3.0 160 6.3 100 82 41
169 2312 TGT7 297 253 2000 1000 3.0 200 10.0 100 98 49
170 2313 TGS 308 266 2000 1000 3.0 200 16.6 100 118 59
171 2314 TG9 300 231 2000 1000 3.0 200 19.8 100 126 63
172 2315 TG10 299 261 2000 1000 3.0 250 30.0 100 147 74
173 2316 TG11 290 294 2000 1000 3.0 160 6.3 200 93 47
174 2317 TG12 297 253 2000 1000 3.0 200 10.0 200 118 59
175 2318 TG13 308 266 2000 1000 3.0 200 16.6 200 132 66
176 2319 TG14 300 231 2000 1000 3.0 200 19.8 200 152 76
177 2320 TG15 299 261 2000 1000 3.0 250 30.0 200 158 79
178 2321 STG12 243 294 500 500 2.0 50 6.0 50 37 5
179 2322 STG34 243 261 500 500 2.0 45 16.2 50 54 7
180 2323 STG56 243 225 500 500 2.0 50 24.6 50 76 10
181 2324 STG78 280 294 1000 500 2.0 50 5.0 100 36 9
182 2325 STG910 280 261 1000 500 2.0 45 15.9 100 49 12
183 2326 STG1112 280 225 1000 500 2.0 60 24.8 100 56 14
R 2327 T T BRI~~~ 250 7250 660 635 ~ 3.3° 152 127 75 141 23
185 2328 BR2 250 250 864 635 3.3 152 12.7 50 124 27
186 2329 BR3 250 250 1270 635 3.3 152 12.7 50 89 28
TTIsT T T T T 2333 T A23” T T T T T 2247777722177 7600 250 2.1 0149 T 731 T B0 033 T T
188 2334 A2-7 224 279 600 250 2.1 149 6.8 50 42 6
189 2335 A2-12 224 305 600 250 2.1 149 11.8 50 53 8
190 2336 A3-3 221 221 600 250 3.1 149 3.1 50 80 12
191 2337 A3-7 221 279 600 250 3.1 149 6.8 50 101 15
192 2338 A3-12 221 305 600 250 3.1 149 11.8 50 129 19
193 2342 B2-2 224 221 600 500 2.1 149 3.1 50 34 5
194 2343 B2-7 224 279 600 500 2.1 149 6.8 50 38 6
195 2344 B2-12 224 305 600 500 2.1 149 11.8 50 44 7
196 2345 B2-20 224 305 600 500 2.1 149 20.1 50 85 13
197 2346 B3-3 221 221 600 500 3.1 149 3.1 50 71 11
198 2347 B3-7 221 279 600 500 3.1 149 6.8 50 91 14
199 2348 B3-12 221 305 600 500 3.1 149 11.8 50 111 17
200 2349 B3-20 221 305 600 500 3.1 149 20.1 50 131 20
201 T 2356 ] D22” T T 178 7777272777760 380 2.0 80 31 T TB0 T34 T T8
202 2357 D3-6 245 298 760 380 3.0 80 6.3 50 84 16
203 2358 D5-10 292 305 760 380 4.9 100 10.0 50 253 48
204 2359 D2-3S 178 272 760 380 2.0 80 3.1 50 32 18
205 2360 D3-6S 245 298 760 380 3.0 80 6.3 50 84 48
2060 T T 2365 EG2.1 T 252 7300 1092 T 914 T 2.9 7203 159 © 10927 T134 T 18
207 2367 EG2.3 252 300 1092 914 2.9 203 15.9 1092 205 28
208 2368 EG2.4 252 300 1092 914 2.9 203 15.9 1092 194 26
209 2369 EG3.1 236 300 1448 914 3.1 203 15.9 1448 201 36
210 2370 EG3.2 236 300 1448 914 3.1 203 15.9 1448 170 31
211 2371 E10-1/1 222 240 500 500 10.0 150 10.0 0 716 90
212 2372 E10-2/1 247 250 500 500 10.0 150 10.0 100 787 98
213 2373 E10-1/2 222 240 500 500 10.0 150 10.0 50 698 87
214 2374 E10-2/2 247 250 500 500 10.0 150 10.0 50 738 92
215 2375 E6-1/1 253 250 500 500 6.0 150 10.0 0 304 38
216 2376 E6-1/2 253 250 500 500 6.0 150 10.0 50 378 47
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# Ref. in Specimen fyw fyf a hy tw bf ty Ss Fu M,
[56, 77] [N/mm?] [N/mm?] [mm] [mm] [mm] [mm] [mm] [mm] [kN] [kNm]
217 2377 E6-2/1 253 237 500 500 6.0 150 10.0 100 399 50
218 2378 E6-2/2 253 237 500 500 6.0 150 10.0 50 344 43
219 2379 F3-1/1 242 308 500 500 3.0 150 5.9 50 89 11
220 2380 F3-1/2 242 308 500 500 3.0 150 5.9 50 89 11
221 T T 2384 T 1T T 362 286 1780 1274 6.0 230  40.0 230 610 271
TTe22T T T T 2385 Al3p T T 830 844 1008~ 240 3.8 119 T 120 40 T323 % 81~
223 2386 Al4p 830 844 1004 240 3.8 119 12.0 80 346 87
224 2387 A22p 830 844 1260 278 3.8 120 12.0 80 357 113
225 2388 A32p 832 844 1404 320 3.9 120 12.0 40 334 117
226 2389 A4lp 832 844 1315 360 3.8 121 11.9 40 311 102

Table B.2: Experimental data, rolled girders

# Ref. in Specimen fy 0.8-fy a hoyy hy tw by ty Ss Fu M,
[77] [N/mm?2] [N/mmZ2] [mm)] [mm)] [mm)] [mm)] [mm)] [mm] [mm] [kN] [kNm]
1 2012 1 367 293.6 900 220 190 6.2 120 9.8 40 380 0
2 2013 2 367 293.6 900 220 190 6.2 120 9.8 40 349 78
3 2014 26 317 253.6 900 206 164 7.5 240 12.0 40 480 108
4 2015 27 317 253.6 1200 206 164 7.5 240 12.0 40 458 137
5 2016 31 317 253.6 800 206 164 7.5 240 12.0 40 473 0
6 2017 Al 357 285.6 1000 262 208 8.5 300 14.0 40 660 165
7 2018 A2 357 285.6 2000 262 208 8.5 300 14.0 40 560 280
8 2019 All 357 285.6 1067 262 208 8.5 300 14.0 40 670 168
9 2020 Al12 357 285.6 1067 262 208 8.5 300 14.0 40 670 168
10 2021 B1 286 228.8 1800 444 390 12.0 300 23.0 40 1000 450
11 2022 B2 286 228.8 2700 444 390 12.0 300 23.0 40 870 587
iz T T 2116~ T 11T T T T T 3527 X 281.6 305 291 268 6.1 99 T 82 T T T Tel T T 204 T T 227
13 2117 II:1 476 380.8 305 291 268 6.5 102 9.0 61 492 37
14 2118 II:2 476 380.8 305 291 268 6.5 102 9.0 61 447 34
15 2119 1I:3 476 380.8 305 291 268 6.5 102 9.0 61 438 33
TTie T T T T 2120 1T T T T T T 348 T 2784 T 482 T 7291 T 7267 T 5.1 104 T B4 T T 61T 234 T 28
17 2121 2 348 278.4 482 291 267 5.1 104 5.4 121 331 40
18 2122 3 368 294.4 479 291 267 5.0 103 5.3 182 335 40
19 2123 4 356 284.8 562 332 305 6.2 130 8.5 70 396 56
20 2124 5 356 284.8 562 332 305 6.2 130 8.5 140 432 61
21 2125 6 320 256.0 559 332 305 5.8 130 8.4 210 384 54
22 2126 7 389 311.2 644 381 346 6.7 140 10.9 81 498 80
23 2127 8 389 311.2 644 381 346 6.7 140 10.9 162 645 104
24 2128 9 363 290.4 644 381 346 6.8 143 10.9 243 754 121
25 2129 10 331 264.8 717 428 394 7.7 154 11.0 90 489 88
26 2130 11 331 264.8 717 428 394 7.7 154 11.0 180 556 100
27 2131 12 421 336.8 721 428 394 7.3 154 10.9 270 823 148
28 2132 13 399 319.2 840 502 434 8.9 169 13.4 106 863 181
29 2133 14 399 319.2 840 502 434 8.9 169 13.4 213 1032 217
30 2134 15 392 313.6 840 502 434 9.0 169 13.4 319 1316 277
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B Specimen data of girders under transverse patch loading and bending moment

B.2 Girders with longitudinal stiffeners

The specimen data is mainly taken from Graciano [57], Clarin [19] and Davaine [24]. Tests
which have been already excluded according to Sec. 4.5 in [19] are not shown here.

In Table B.3 experimental data is given for 24 girders with closed-section stiffeners.
References are listed below according to the consecutive numbering:

e 1-12: Dubas and Tschamper [39]
e 13-18: Carratero and Lebet [15]

o 19-22: Seitz [114]

e 23-24: Walbridge and Lebet [123]

In Table B.4 experimental data is given for 136 girders with open-section stiffeners.
References are listed below according to the consecutive numbering:

. 1-98:  Janus et al. [64]

e 99-100: Rockey et al. [104]

o 101-111: Bergfelt [9]

o 112-113: Dogaki et al. [34]

o 114-115: Galéa et al. [55]

o 116-121: Bergfelt [10]

e 122-133: Dubas and Tschamper [39]
e 134-136: Walbridge and Lebet [123]

In Table B.5 numerical data is given for 421 girders with open-section stiffeners. The
simulations were solely carried out by Davaine [24]. Specimens 187 to 189 and 193 to
195 are not considered in the statistical evaluation because they have been classified as
outliers according to Fig. 6.20, Sec. 6.5.2.2, which adulterate the statistical parameters.
They are highlighted with a grey background in Table B.4.

Table B.3: Experimental data, girders with closed-section stiffeners

# Specimen fyw fyf a hy b1 tw by ty Ss Tep,1 Fu My,
[N/mm2] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [(:1114] [kN] [kNm]
1 VT07-1 375 296 2480 1000 150 3.8 150 8.4 40 62.40 130 582
2 VT07-2 375 296 1760 1000 150 3.8 150 8.4 40 62.40 176 7
3 VT07-3 375 296 1760 1000 150 3.8 150 8.4 40 62.40 172 76
4 VT08-1 358 292 2480 1000 150 3.8 150 8.3 240 62.74 160 558
5 VTO08-2 358 292 1760 1000 150 3.8 150 8.3 240 62.74 280 123
6 VTO08-3 358 292 1760 1000 150 3.8 150 8.3 240 62.74 300 132
7 VT09-1 371 286 2480 1000 150 3.8 150 12.0 40 62.49 130 635
8 VT09-2 371 286 1760 1000 150 3.8 150 12.0 40 62.49 198 87
9 VTO09-3 371 286 1760 1000 150 3.8 150 12.0 40 62.49 210 92
10 VT10-1 380 282 2480 1000 150 3.8 150 12.0 240 62.30 247 617
11 VT10-2 380 282 1760 1000 150 3.8 150 12.0 240 62.30 330 145
12 VT10-3 380 282 1760 1000 150 3.8 150 12.0 240 62.30 315 139
B Panel 1-5 4 483777 T 399 1050 800 230 6.0 300 ~20.0 200 ~129.55 " "645 169~
14 Panel 2-1 405 371 1200 800 160 4.0 160 10.0 300 102.12 437 131
15 Panel 2-2 447 364 1200 800 300 6.0 200 15.0 300 130.53 632 190
16 Panel 2-6 483 399 1050 800 160 6.0 300 20.0 200 129.55 778 204
17 Panel 4-4 483 399 1200 800 230 6.0 300 20.0 300 129.55 590 177
18 Panel 6-4 483 399 1800 800 160 6.0 300 20.0 300 129.55 698 314
19 Trager 11 367 396 2400 1200 250 6.0 260 20.0 700 344.45 1034 517
20 Trager 111 367 378 2400 1200 310 6.0 260 20.0 700 344.45 949 475
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B.2 Girders with longitudinal stiffeners
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# Specimen fyw fyf a hy b1 tw bf ty Ss Fu M,
[N/mm?]  [N/mm?]  [mm] [mm] [mm] [mm] [mm] [mm]  [mmn)] [kN]  [kNm]
21 Trager IV 373 378 2400 1200 250 6.0 260 20.0 700 991 2731
22 Trager V 373 378 2400 1200 310 6.0 260 20.0 700 958 2653
T2y T T Panel 2-C1~ % 3927 T 355 1000 700 T 75 5.0 225 ~20.0 200 11825 699 7 175"
24 Panel 3-C2 392 355 1000 700 125 5.0 225 20.0 200 507 127
Table B.4: Experimental data, girders with open-section stiffeners
# Specimen fyw f a hoy b1 tw by ty Ss Tep,1 Fo My,
[N/mm?2] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [cm4] [kN] [kNm]
1 TG 2-1 234 453 505 505 100 2.0 50 5.0 50 0.28 37 5
2 TG 2-2 232 446 505 505 100 2.0 50 5.0 50 1.02 36 4
3 TG 2-3 233 458 505 505 100 2.0 50 5.0 50 2.92 41 5
4 TG 3-1(1) 236 485 505 505 50 2.0 50 5.0 50 0.28 35 4
5 TG 3-1(2) 234 466 505 505 50 2.0 50 5.0 50 0.28 42 5
6 TG 3-2(1) 239 467 505 505 50 2.0 50 5.0 50 1.02 39 5
7 TG 3-2(2) 232 471 505 505 50 2.0 50 5.0 50 1.02 42 5
8 TG 3-3(1) 231 461 505 505 50 2.0 50 5.0 50 2.92 48 6
9 TG 3-3(2) 233 481 505 505 50 2.0 50 5.0 50 2.92 43 5
10 TG 11-1 191 293 1005 503 250 2.0 50 5.0 100 0.28 32 8
11 TG 11-2 210 472 1005 503 250 2.0 50 5.0 100 1.02 34 9
12 TG 11-3 215 476 1005 503 250 2.0 50 5.0 100 2.92 38 9
13 TG 12-1 204 295 1005 503 100 2.0 50 5.0 100 0.28 33 8
14 TG 12-2 218 461 1005 503 100 2.0 50 5.0 100 1.02 38 10
15 TG 12-3 218 470 1005 503 100 2.0 50 5.0 100 2.92 38 10
16 TG 13-1(1) 191 303 1005 503 50 2.0 50 5.0 100 0.28 29 7
17 TG 13-1(2) 204 293 1005 503 50 2.0 50 5.0 100 0.28 33 8
18 TG 13-2(1) 210 475 1005 503 50 2.0 50 5.0 100 1.02 44 11
19 TG 13-2(2) 218 469 1005 503 50 2.0 50 5.0 100 1.02 34 9
20 TG 13-3(1) 215 478 1005 503 50 2.0 50 5.0 100 2.92 43 11
21 TG 13-3(2) 218 473 1005 503 50 2.0 50 5.0 100 2.92 40 10
22 TG 31-1 256 242 623 500 200 6.0 120 12.0 62 11.89 315 49
23 TG 31-1’ 256 242 623 500 200 6.0 120 12.0 62 11.89 300 47
24 TG 31-2 256 242 623 500 125 6.0 120 12.0 62 11.89 342 53
25 TG 31-2’ 256 242 623 500 125 6.0 120 12.0 62 11.89 327 51
26 TG 31-3 256 242 623 500 75 6.0 120 12.0 62 11.75 370 58
27 TG 31-3’ 256 242 623 500 75 6.0 120 12.0 62 11.75 395 61
28 TG 32-1 256 242 623 500 200 6.0 120 12.0 62 11.89 285 44
29 TG 32-1’ 256 242 623 500 200 6.0 120 12.0 62 11.89 295 46
30 TG 32-2 256 242 623 500 125 6.0 120 12.0 62 11.89 290 45
31 TG 32-2° 256 242 623 500 125 6.0 120 12.0 62 11.89 299 47
32 TG 32-3 256 242 623 500 75 6.0 120 12.0 62 11.75 351 55
33 TG 32-3’ 256 242 623 500 75 6.0 120 12.0 62 11.75 338 53
34 TG 33-1 256 242 623 500 200 6.0 120 12.0 62 11.89 296 46
35 TG 33-1’ 256 242 623 500 200 6.0 120 12.0 62 11.89 276 43
36 TG 33-2 256 242 623 500 125 6.0 120 12.0 62 11.89 300 47
37 TG 33-2’ 256 242 623 500 125 6.0 120 12.0 62 11.89 282 44
38 TG 33-3 256 242 623 500 75 6.0 120 12.0 62 11.75 372 58
39 TG 33-3’ 256 242 623 500 75 6.0 120 12.0 62 11.75 399 62
40 TG 021-0 224 292 500 500 100 2.4 100 5.1 50 0.42 40 5
41 TG 021-1 238 309 500 500 100 2.2 120 6.1 50 3.63 55 7
42 TG 021-2 238 309 500 500 100 2.2 120 6.0 50 6.78 58 7
43 TG 021-3 238 309 500 500 100 2.2 120 6.0 50 12.34 62 8
44 TG 022-1 238 239 500 500 100 2.2 120 11.7 50 3.68 65 8
45 TG 022-2 238 239 500 500 100 2.2 119 11.9 50 6.78 67 8
46 TG 022-3 238 239 500 500 100 2.2 120 11.9 50 11.96 59 7
47 TG 041-0 362 262 500 500 100 4.4 119 8.5 50 1.16 192 24
48 TG 041-1 360 262 500 500 100 4.0 119 8.4 50 13.83 190 24
49 TG 041-2 360 262 500 500 100 4.0 119 7.8 50 23.52 202 25
50 TG 041-3 360 262 500 500 100 4.0 119 8.5 50 39.84 194 24
51 TG 042-1 360 285 500 500 100 4.0 121 20.0 50 12.30 315 39
52 TG 042-2 360 285 500 500 100 4.0 121 20.0 50 25.03 290 36
53 TG 042-3 360 285 500 500 100 4.0 120 20.0 50 39.35 276 35
54 TG 061-0 426 239 500 500 100 5.6 120 11.9 50 3.90 339 42
55 TG 061-1 426 277 500 500 100 5.6 90 12.3 50 11.04 387 48
56 TG 061-2 455 277 500 500 100 5.5 90 12.3 50 37.58 408 51
57 TG 061-3 455 277 500 500 100 5.5 89 12.1 50 52.83 420 53
58 TG 062-1 426 254 500 500 100 5.6 99 30.4 50 11.22 564 71
59 TG 062-2 426 254 500 500 100 5.6 100 30.5 50 35.09 592 74
60 TG 062-3 426 254 500 500 100 5.6 100 30.0 50 55.33 610 76
61 TG 121-1 244 274 500 500 100 2.0 120 6.0 50 0.65 55 7
62 TG 121-2 244 274 500 500 100 2.0 120 6.0 50 1.07 50 6
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# Specimen fyw fyf a hy b1 tw bf ty Ss Is0.1 Fu M,
[N/mm?]  [N/mm?]  [mm] [mm] [mm] [mm] [mm]  [mm]  [mm] [em*]  [kN]  [kNm]
63 TG 121-3 244 274 500 500 100 2.0 120 6.1 50 1.84 57 7
64 TG 122-1 244 254 500 500 100 2.0 121 12.1 50 0.56 84 11
65 TG 122-2 244 254 500 500 100 2.0 121 12.1 50 1.07 72 9
66 TG 122-3 244 254 500 500 100 2.0 121 12.1 50 1.87 76 10
67 TG 141-1 283 294 500 500 100 4.0 120 8.4 50 2.40 171 21
68 TG 141-2 283 294 500 500 100 4.0 120 8.5 50 6.98 156 20
69 TG 141-3 283 294 500 500 100 4.0 120 8.3 50 9.26 185 23
70 TG 142-1 283 270 500 500 100 4.0 121 20.3 50 2.30 257 32
71 TG 142-2 283 270 500 500 100 4.0 121 20.4 50 6.81 248 31
72 TG-142-3 283 270 500 500 100 4.0 121 20.2 50 10.24 257 32
73 TG-161-1 396 272 500 500 100 5.4 91 12.4 50 5.78 336 42
74 TG-161-2 396 272 500 500 100 5.4 91 12.3 50 9.95 388 48
75 TG 161-3 396 272 500 500 100 5.4 91 12.4 50 14.10 399 50
76 TG 162-1 396 269 500 500 100 5.4 100 30.4 50 6.13 610 76
77 TG 162-2 396 269 500 500 100 5.4 99 30.6 50 10.03 600 75
78 TG 162-3 396 269 500 500 100 5.4 100 30.6 50 13.29 605 76
79 TG 241-1 304 278 500 500 50 4.1 120 8.3 50 0.94 201 25
80 TG241-1° 304 278 500 500 50 4 120 8.3 50 0.93 196 25
81 TG 241-2 304 278 500 500 50 4.1 121 8.2 50 2.56 186 23
82 TG 241-2° 304 278 500 500 50 4.1 121 8.1 50 2.78 199 25
83 TG 241-3 304 278 500 500 50 4.1 120 8.2 50 4.35 199 25
84 TG 241-3’ 304 278 500 500 50 4.1 121 8.2 50 4.31 186 23
85 TG 241-4 304 278 500 500 50 4.1 121 8.1 50 6.67 187 23
86 TG 241-4’ 304 278 500 500 50 4.1 121 8.4 50 6.73 210 26
87 TG 241-5 304 278 500 500 50 4.1 121 8.1 50 9.46 192 24
88 TG 241-6 304 278 500 500 50 4.1 121 8.2 50 13.92 208 26
89 TG 242-1 304 244 500 500 50 4.1 118 19.7 50 0.86 243 30
90 TG 242-1’ 304 244 500 500 50 4.1 119 19.7 50 0.92 237 30
91 TG 242-2 304 244 500 500 50 4.1 119 19.8 50 2.50 267 33
92 TG 242-2’ 304 244 500 500 50 4.1 118 19.9 50 2.44 259 32
93 TG 242-3 304 244 500 500 50 4.1 119 19.8 50 3.97 255 32
94 TG 242-3’ 304 244 500 500 50 4.1 119 19.9 50 3.93 261 33
95 TG 242-4 304 244 500 500 50 4.1 119 19.7 50 6.68 264 33
96 TG 242-4’ 304 244 500 500 50 4.1 118 19.6 50 7.02 266 33
97 TG 242-5 304 244 500 500 50 4.1 118 19.6 50 9.55 270 34
98 TG 242-6 304 244 500 500 50 4.1 118 19.6 50 13.83 285 36
S99 T T T TRz T T 266 286 802 798 T 168 2.1 T 301 ~ 15.6 40 2061 71 " 14
100 R4 266 285 800 798 162 2.0 120 5.1 40 5.17 45 9
7101 T T T T T TR22ss T 266 295 800 800 168 2.0 ~ 300 ~ 15.0 40 2061 69 " 14~
102 R42ss 266 285 800 800 162 2.0 120 5.0 40 5.17 43 9
103 Al2s 300 295 2500 800 160 2.0 300 15.0 40 19.37 80 50
104 Al4s 300 295 1200 800 160 2.0 300 15.0 40 19.37 78 23
105 Al6s 300 295 600 800 160 2.0 300 15.0 40 19.37 92 14
106 A22s 245 265 2500 800 160 3.0 250 12.0 40 26.53 133 83
107 A24s 245 265 1200 800 160 3.0 250 12.0 40 26.53 98 29
108 A26s 245 265 600 800 160 3.0 250 12.0 40 26.53 121 18
109 A32s 354 290 2200 680 136 2.0 120 5.0 40 4.94 46 25
110 A34s 354 290 1020 680 136 2.0 120 5.0 40 4.94 54 14
111 A36s 354 290 510 680 136 2.0 120 5.0 40 4.94 55 7
71127 T T T T TModel 47T T T T T 270 7266 897 899 T 180 3.2 7181 T 80 90 7383 105 24
113 Model 5 270 266 892 902 180 3.2 180 8.0 90 7.03 110 25
i T T T T TR T T T 279 7T 7244 T 1780 © 1274 T 7327 T 6.0~ 230 40.0 690  331.52 720 2772
115 P3 286 267 1780 1274 264 6.0 230 40.0 690 330.27 730 2811
S I £ R 2527 77277 78000 735 250 3.0 250 12.0 40 26427 93 7 70
117 732 252 277 1100 735 250 3.0 250 12.0 40 26.42 92 25
118 733 252 277 1100 735 250 3.0 250 12.0 120 26.42 101 28
119 734 252 277 3000 735 150 3.0 250 12.0 40 26.42 105 79
120 735 252 277 1100 735 150 3.0 250 12.0 40 26.42 102 28
121 736 252 277 1100 735 150 3.0 250 12.0 120 26.42 106 29
T2 T T vVToT4 T T T T T 375 777281 2480 1000 T 200 3.8 T 150 84 40 8444 "135 5027
123 VTO07-5 375 281 1760 1000 200 3.8 150 8.4 40 84.44 165 73
124 VTO07-6 375 281 1760 1000 200 3.8 150 8.4 40 84.44 170 75
125 VTO08-4 358 328 2480 1000 200 3.8 150 8.3 240 84.44 199 553
126 VTO08-5 358 328 1760 1000 200 3.8 150 8.3 240 84.44 229 101
127 VTO08-6 358 328 1760 1000 200 3.8 150 8.3 240 84.44 235 103
128 VT09-4 371 283 2480 1000 150 3.8 150 12.0 40 84.44 145 552
129 VT09-5 371 283 1760 1000 150 3.8 150 12.0 40 84.44 184 81
130 VT09-6 371 283 1760 1000 150 3.8 150 12.0 40 84.44 180 79
131 VT10-4 380 275 2480 1000 150 3.8 150 12.0 240 84.44 161 655
132 VT10-5 380 275 1760 1000 150 3.8 150 12.0 240 84.44 275 121
133 VT10-6 380 275 1760 1000 150 3.8 150 12.0 240 84.44 288 127
TT134 77T T TPanel4-C2 T 39277 355 1000 700 125 ~ 5.0 225 ~20.0 200 106.52 521 130
135 Panel 5-C3 392 355 1000 700 75 5.0 225 20.0 200 106.52 560 140
136 Panel 6-C3 392 355 1000 700 100 5.0 225 20.0 200 106.52 582 146
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B.2 Girders with longitudinal stiffeners

Table B.5: Numerical data, girders with open-section stiffeners

# Specimen fyw fyf a hoy b1 tw bf ty Ss Ise1 Fu M,
[N/mm?] [N/mm?2] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [em?] [kN] [kNm]
1 P101 355 355 8000 3000 285 20.0 900 60.0 1000 19116.00 6948 13896
2 P102 355 355 8000 3000 435 20.0 900 60.0 1000 19116.00 6987 13974
3 P103 355 355 8000 3000 585 20.0 900 60.0 1000 19116.00 6558 13116
4 P104 355 355 8000 3000 735 20.0 900 60.0 1000 19116.00 6348 12696
5 P105 355 355 8000 3000 885 20.0 900 60.0 1000 19116.00 6009 12018
6 P106 355 355 8000 3000 1035 20.0 900 60.0 1000 19116.00 5770 11540
7 P107 355 355 8000 3000 1185 20.0 900 60.0 1000 19116.00 5714 11428
8 P111 355 355 4000 3000 285 20.0 900 60.0 1000 19116.00 7906 7906
9 P112 355 355 4000 3000 435 20.0 900 60.0 1000 19116.00 7646 7646
10 P113 355 355 4000 3000 585 20.0 900 60.0 1000 19116.00 7045 7045
11 P114 355 355 4000 3000 735 20.0 900 60.0 1000 19116.00 6705 6705
12 P115 355 355 4000 3000 885 20.0 900 60.0 1000 19116.00 6290 6290
13 P116 355 355 4000 3000 1035 20.0 900 60.0 1000 19116.00 6100 6100
14 P117 355 355 4000 3000 1185 20.0 900 60.0 1000 19116.00 6061 6061
15 P121 355 355 12000 3000 285 20.0 900 60.0 1000 19116.00 6385 19155
16 P122 355 355 12000 3000 435 20.0 900 60.0 1000 19116.00 6652 19956
17 P123 355 355 12000 3000 585 20.0 900 60.0 1000 19116.00 6559 19677
18 P124 355 355 12000 3000 735 20.0 900 60.0 1000 19116.00 6499 19497
19 P125 355 355 12000 3000 885 20.0 900 60.0 1000 19116.00 6212 18636
20 P126 355 355 12000 3000 1035 20.0 900 60.0 1000 19116.00 5945 17835
21 P127 355 355 12000 3000 1185 20.0 900 60.0 1000 19116.00 5568 16704
22 P131 355 355 8000 3000 288 20.0 900 60.0 1000 10369.10 6691 13382
23 P132 355 355 8000 3000 438 20.0 900 60.0 1000 10369.10 6838 13676
24 P133 355 355 8000 3000 588 20.0 900 60.0 1000 10369.10 6479 12958
25 P134 355 355 8000 3000 738 20.0 900 60.0 1000 10369.10 6326 12652
26 P135 355 355 8000 3000 888 20.0 900 60.0 1000 10369.10 6068 12136
27 P136 355 355 8000 3000 1038 20.0 900 60.0 1000 10369.10 5869 11738
28 P137 355 355 8000 3000 1188 20.0 900 60.0 1000 10369.10 5715 11430
29 P141 355 355 4000 3000 288 20.0 900 60.0 1000 10369.10 7649 7649
30 P142 355 355 4000 3000 438 20.0 900 60.0 1000 10369.10 7456 7456
31 P143 355 355 4000 3000 588 20.0 900 60.0 1000 10369.10 6888 6888
32 P144 355 355 4000 3000 738 20.0 900 60.0 1000 10369.10 6584 6584
33 P145 355 355 4000 3000 888 20.0 900 60.0 1000 10369.10 6228 6228
34 P146 355 355 4000 3000 1038 20.0 900 60.0 1000 10369.10 6097 6097
35 P147 355 355 4000 3000 1188 20.0 900 60.0 1000 10369.10 6071 6071
36 P151 355 355 12000 3000 288 20.0 900 60.0 1000 10369.10 6222 18666
37 P152 355 355 12000 3000 438 20.0 900 60.0 1000 10369.10 6466 19398
38 P153 355 355 12000 3000 588 20.0 900 60.0 1000 10369.10 6472 19416
39 P154 355 355 12000 3000 738 20.0 900 60.0 1000 10369.10 6478 19434
40 P155 355 355 12000 3000 888 20.0 900 60.0 1000 10369.10 6334 19002
41 P156 355 355 12000 3000 1038 20.0 900 60.0 1000 10369.10 6332 18996
42 P157 355 355 12000 3000 1188 20.0 900 60.0 1000 10369.10 5664 16992
43 P161 355 355 8000 3000 290 20.0 900 60.0 1000 4840.37 6469 12938
44 P162 355 355 8000 3000 440 20.0 900 60.0 1000 4840.37 6688 13376
45 P163 355 355 8000 3000 590 20.0 900 60.0 1000 4840.37 6414 12828
46 P164 355 355 8000 3000 740 20.0 900 60.0 1000 4840.37 6334 12668
47 P165 355 355 8000 3000 890 20.0 900 60.0 1000 4840.37 6134 12268
48 P166 355 355 8000 3000 1040 20.0 900 60.0 1000 4840.37 6030 12060
49 P167 355 355 8000 3000 1190 20.0 900 60.0 1000 4840.37 5674 11348
50 P171 355 355 4000 3000 290 20.0 900 60.0 1000 4840.37 7441 7441
51 P172 355 355 4000 3000 440 20.0 900 60.0 1000 4840.37 7304 7304
52 P173 355 355 4000 3000 590 20.0 900 60.0 1000 4840.37 6779 6779
53 P174 355 355 4000 3000 740 20.0 900 60.0 1000 4840.37 6510 6510
54 P175 355 355 4000 3000 890 20.0 900 60.0 1000 4840.37 6192 6192
55 P176 355 355 4000 3000 1040 20.0 900 60.0 1000 4840.37 6092 6092
56 P177 355 355 4000 3000 1190 20.0 900 60.0 1000 4840.37 6077 6077
57 P181 355 355 12000 3000 290 20.0 900 60.0 1000 4840.37 6088 18264
58 P182 355 355 12000 3000 440 20.0 900 60.0 1000 4840.37 6299 18897
59 P183 355 355 12000 3000 590 20.0 900 60.0 1000 4840.37 6387 19161
60 P184 355 355 12000 3000 740 20.0 900 60.0 1000 4840.37 6458 19374
61 P185 355 355 12000 3000 890 20.0 900 60.0 1000 4840.37 6474 19422
62 P186 355 355 12000 3000 1040 20.0 900 60.0 1000 4840.37 6144 18432
63 P187 355 355 12000 3000 1190 20.0 900 60.0 1000 4840.37 5835 17505
64 P1101 355 355 8000 3000 298 20.0 900 60.0 1000 67.96 6043 12086
65 P1102 355 355 8000 3000 448 20.0 900 60.0 1000 67.96 6113 12226
66 P1103 355 355 8000 3000 598 20.0 900 60.0 1000 67.96 6064 12128
67 P1104 355 355 8000 3000 748 20.0 900 60.0 1000 67.96 6126 12252
68 P1105 355 355 8000 3000 898 20.0 900 60.0 1000 67.96 6118 12236
69 P1106 355 355 8000 3000 1048 20.0 900 60.0 1000 67.96 6139 12278
70 P1107 355 355 8000 3000 1198 20.0 900 60.0 1000 67.96 6155 12310
71 P1201 355 355 8000 3000 270 20.0 900 60.0 1000 30979.60 7840 15680
72 P1202 355 355 8000 3000 420 20.0 900 60.0 1000 30979.60 7640 15280
73 P1203 355 355 8000 3000 570 20.0 900 60.0 1000 30979.60 7109 14218
74 P1204 355 355 8000 3000 720 20.0 900 60.0 1000 30979.60 6767 13534
75 P1205 355 355 8000 3000 870 20.0 900 60.0 1000 30979.60 6148 12296
76 P1206 355 355 8000 3000 1020 20.0 900 60.0 1000 30979.60 5672 11344
7 P1207 355 355 8000 3000 1170 20.0 900 60.0 1000 30979.60 5700 11400
78 P1301 355 355 8000 3000 275 20.0 900 60.0 1000 57562.80 7760 15520
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B Specimen data of girders under transverse patch loading and bending moment

continued from previous page

# Specimen fyw fyr a hoy b1 taw by ty Ss Tse,1 Fu My,
[N/mm?]  [N/mm?] [mm]  [mm] [mm] [mm] [mm] [mm] [mm] [em?] [kN] [kNm]
79 P1302 355 355 8000 3000 425 20.0 900 60.0 1000 57562.80 7568 15136
80 P1303 355 355 8000 3000 575 20.0 900 60.0 1000 57562.80 7022 14044
81 P1304 355 355 8000 3000 725 20.0 900 60.0 1000 57562.80 6662 13324
82 P1305 355 355 8000 3000 875 20.0 900 60.0 1000 57562.80 6076 12152
83 P1306 355 355 8000 3000 1025 20.0 900 60.0 1000 57562.80 5673 11346
84 P1307 355 355 8000 3000 1175 20.0 900 60.0 1000 57562.80 5698 11396
85 P1401 355 355 4000 3000 298 20.0 900 60.0 1000 67.96 6596 6596
86 P1402 355 355 4000 3000 448 20.0 900 60.0 1000 67.96 6690 6690
87 P1403 355 355 4000 3000 598 20.0 900 60.0 1000 67.96 6615 6615
88 P1404 355 355 4000 3000 748 20.0 900 60.0 1000 67.96 6702 6702
89 P1405 355 355 4000 3000 898 20.0 900 60.0 1000 67.96 6639 6639
90 P1406 355 355 4000 3000 1048 20.0 900 60.0 1000 67.96 6723 6723
91 P1407 355 355 4000 3000 1198 20.0 900 60.0 1000 67.96 6677 6677
92 P1501 355 355 4000 3000 270 20.0 900 60.0 1000 30979.60 8685 8685
93 P1502 355 355 4000 3000 420 20.0 900 60.0 1000 30979.60 8385 8385
94 P1503 355 355 4000 3000 570 20.0 900 60.0 1000 30979.60 7855 7855
95 P1504 355 355 4000 3000 720 20.0 900 60.0 1000 30979.60 7533 7533
96 P1505 355 355 4000 3000 870 20.0 900 60.0 1000 30979.60 6758 6758
97 P1506 355 355 4000 3000 1020 20.0 900 60.0 1000 30979.60 6005 6005
98 P1507 355 355 4000 3000 1170 20.0 900 60.0 1000 30979.60 6001 6001
99 P1601 355 355 4000 3000 275 20.0 900 60.0 1000 57562.80 8633 8633
100 P1602 355 355 4000 3000 425 20.0 900 60.0 1000 57562.80 8311 8311
101 P1603 355 355 4000 3000 575 20.0 900 60.0 1000 57562.80 7757 7757
102 P1604 355 355 4000 3000 725 20.0 900 60.0 1000 57562.80 7402 7402
103 P1605 355 355 4000 3000 875 20.0 900 60.0 1000 57562.80 6669 6669
104 P1606 355 355 4000 3000 1025 20.0 900 60.0 1000 57562.80 6011 6011
105 P1607 355 355 4000 3000 1175 20.0 900 60.0 1000 57562.80 6006 6006
106 P1701 355 355 12000 3000 298 20.0 900 60.0 1000 67.96 5766 17298
107 P1702 355 355 12000 3000 448 20.0 900 60.0 1000 67.96 5828 17484
108 P1703 355 355 12000 3000 598 20.0 900 60.0 1000 67.96 5796 17388
109 P1704 355 355 12000 3000 748 20.0 900 60.0 1000 67.96 5824 17472
110 P1705 355 355 12000 3000 898 20.0 900 60.0 1000 67.96 5812 17436
111 P1706 355 355 12000 3000 1048 20.0 900 60.0 1000 67.96 5835 17505
112 P1707 355 355 12000 3000 1198 20.0 900 60.0 1000 67.96 5844 17532
113 P1801 355 355 12000 3000 270 20.0 900 60.0 1000 30979.60 7255 21765
114 P1802 355 355 12000 3000 420 20.0 900 60.0 1000 30979.60 7377 22131
115 P1803 355 355 12000 3000 570 20.0 900 60.0 1000 30979.60 7021 21063
116 P1804 355 355 12000 3000 720 20.0 900 60.0 1000 30979.60 6871 20613
117 P1805 355 355 12000 3000 870 20.0 900 60.0 1000 30979.60 6443 19329
118 P1806 355 355 12000 3000 1020 20.0 900 60.0 1000 30979.60 5642 16926
119 P1807 355 355 12000 3000 1170 20.0 900 60.0 1000 30979.60 5569 16707
120 P1901 355 355 12000 3000 275 20.0 900 60.0 1000 57562.80 7169 21507
121 P1902 355 355 12000 3000 425 20.0 900 60.0 1000 57562.80 7304 21912
122 P1903 355 355 12000 3000 575 20.0 900 60.0 1000 57562.80 6898 20694
123 P1904 355 355 12000 3000 725 20.0 900 60.0 1000 57562.80 6642 19926
124 P1905 355 355 12000 3000 875 20.0 900 60.0 1000 57562.80 6119 18357
125 P1906 355 355 12000 3000 1025 20.0 900 60.0 1000 57562.80 5519 16557
126 P1907 355 355 12000 3000 1175 20.0 900 60.0 1000 57562.80 5548 16644
127 P2001 355 355 4000 2000 485 14.0 900 40.0 500 14887.40 2923 2923
128 P2002 355 355 4000 2000 485 16.0 900 40.0 500 16376.70 3494 3494
129 P2003 355 355 4000 2000 485 20.0 900 40.0 500 19116.00 4709 4709
130 P2004 355 355 8000 2000 485 14.0 900 40.0 500 14887.40 2830 5660
131 P2005 355 355 8000 2000 485 16.0 900 40.0 500 16376.70 3452 6904
132 P2006 355 355 8000 2000 485 20.0 900 40.0 500 19116.00 4896 9792
133 P2007 355 355 4000 2000 485 14.0 900 120.0 500 14887.40 4487 4487
134 P2008 355 355 4000 2000 485 16.0 900 120.0 500 16376.70 5457 5457
135 P2009 355 355 4000 2000 485 20.0 900 120.0 500 19116.00 7618 7618
136 P2010 355 355 8000 2000 485 14.0 900 120.0 500 14887.40 4377 8754
137 P2011 355 355 8000 2000 485 16.0 900 120.0 500 16376.70 5359 10718
138 P2012 355 355 8000 2000 485 20.0 900 120.0 500 19116.00 7482 14964
139 P2013 355 355 4000 2000 485 14.0 900 40.0 1000 14887.40 4031 4031
140 P2014 355 355 4000 2000 485 16.0 900 40.0 1000 16376.70 4910 4910
141 P2015 355 355 4000 2000 485 20.0 900 40.0 1000 19116.00 6779 6779
142 P2016 355 355 8000 2000 485 14.0 900 40.0 1000 14887.40 3817 7634
143 P2017 355 355 8000 2000 485 16.0 900 40.0 1000 16376.70 5152 10304
144 P2018 355 355 8000 2000 485 20.0 900 40.0 1000 19116.00 7294 14588
145 P2019 355 355 4000 2000 485 14.0 900 120.0 1000 14887.40 4939 4939
146 P2020 355 355 4000 2000 485 16.0 900 120.0 1000 16376.70 6035 6035
147 P2021 355 355 4000 2000 485 20.0 900 120.0 1000 19116.00 8414 8414
148 P2022 355 355 8000 2000 485 14.0 900 120.0 1000 14887.40 4684 9368
149 P2023 355 355 8000 2000 485 16.0 900 120.0 1000 16376.70 5765 11530
150 P2024 355 355 8000 2000 485 20.0 900 120.0 1000 19116.00 8119 16238
151 P2025 355 355 4000 2000 485 14.0 900 40.0 2000 14887.40 8048 8048
152 P2026 355 355 4000 2000 485 16.0 900 40.0 2000 16376.70 9812 9812
153 P2027 355 355 4000 2000 485 20.0 900 40.0 2000 19116.00 13558 13558
154 P2028 355 355 8000 2000 485 14.0 900 40.0 2000 14887.40 5195 10390
155 P2029 355 355 8000 2000 485 16.0 900 40.0 2000 16376.70 6635 13270
156 P2030 355 355 8000 2000 485 20.0 900 40.0 2000 19116.00 8570 17140
157 P2031 355 355 4000 2000 485 14.0 900 120.0 2000 14887.40 9837 9837
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B.2 Girders with longitudinal stiffeners
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# Specimen fyw fyr a hoy b1 tw by ty Ss Tse,1 Fau My,
[N/mm?]  [N/mm?] (mm]  [mm]  [mm] [mm] [mm] [mm] [mm] [em®] [kN] [kNm]
158 P2032 355 355 4000 2000 485 16.0 900 120.0 2000 16376.70 12039 12039
159 P2033 355 355 4000 2000 485 20.0 900 120.0 2000 19116.00 16788 16788
160 P2034 355 355 8000 2000 485 14.0 900 120.0 2000 14887.40 5810 11620
161 P2035 355 355 8000 2000 485 16.0 900 120.0 2000 16376.70 7164 14328
162 P2036 355 355 8000 2000 485 20.0 900 120.0 2000 19116.00 10006 20012
163 P2037 355 355 4000 2000 185 14.0 900 40.0 500 14887.40 3611 3611
164 P2038 355 355 4000 2000 185 16.0 900 40.0 500 16036.20 4303 4303
165 P2039 355 355 4000 2000 185 20.0 900 40.0 500 18223.60 5728 5728
166 P2040 355 355 8000 2000 185 14.0 900 40.0 500 14887.40 3427 6854
167 P2041 355 355 8000 2000 185 16.0 900 40.0 500 16036.20 4121 8242
168 P2042 355 355 8000 2000 185 20.0 900 40.0 500 18223.60 5483 10966
169 P2043 355 355 4000 2000 185 14.0 900 120.0 500 14887.40 4906 4906
170 P2044 355 355 4000 2000 185 16.0 900 120.0 500 16036.20 5922 5922
171 P2045 355 355 4000 2000 185 20.0 900 120.0 500 18223.60 8047 8047
172 P2046 355 355 8000 2000 185 14.0 900 120.0 500 14887.40 4406 8812
173 P2047 355 355 8000 2000 185 16.0 900 120.0 500 16036.20 5324 10648
174 P2048 355 355 8000 2000 185 20.0 900 120.0 500 18223.60 7418 14836
175 P2049 355 355 4000 2000 185 14.0 900 40.0 1000 14887.40 4394 4394
176 P2050 355 355 4000 2000 185 16.0 900 40.0 1000 16036.20 5323 5323
177 P2051 355 355 4000 2000 185 20.0 900 40.0 1000 18223.60 7253 7253
178 P2052 355 355 8000 2000 185 14.0 900 40.0 1000 14887.40 3905 7810
179 P2053 355 355 8000 2000 185 16.0 900 40.0 1000 16036.20 4692 9384
180 P2054 355 355 8000 2000 185 20.0 900 40.0 1000 18223.60 6252 12504
181 P2055 355 355 4000 2000 185 14.0 900 120.0 1000 14887.40 5142 5142
182 P2056 355 355 4000 2000 185 16.0 900 120.0 1000 16036.20 6230 6230
183 P2057 355 355 4000 2000 185 20.0 900 120.0 1000 18223.60 8517 8517
184 P2058 355 355 8000 2000 185 14.0 900 120.0 1000 14887.40 4508 9016
185 P2059 355 355 8000 2000 185 16.0 900 120.0 1000 16036.20 5482 10964
186 P2060 355 355 8000 2000 185 20.0 900 120.0 1000 18223.60 7748 15496
187 P2061 355 355 4000 2000 185 14.0 900 40.0 2000 14887.40 8668 8668
188 P2062 355 355 4000 2000 185 16.0 900 40.0 2000 16036.20 10552 10552
189 P2063 355 355 4000 2000 185 20.0 900 40.0 2000 18223.60 14441 14441
190 P2064 355 355 8000 2000 185 14.0 900 40.0 2000 14887.40 4328 8656
191 P2065 355 355 8000 2000 185 16.0 900 40.0 2000 16036.20 5604 11208
192 P2066 355 355 8000 2000 185 20.0 900 40.0 2000 18223.60 6926 13852
193 P2067 355 355 4000 2000 185 14.0 900 120.0 2000 14887.40 10158 10158
194 P2068 355 355 4000 2000 185 16.0 900 120.0 2000 16036.20 12321 12321
195 P2069 355 355 4000 2000 185 20.0 900 120.0 2000 18223.60 16910 16910
196 P2070 355 355 8000 2000 185 14.0 900 120.0 2000 14887.40 4842 9684
197 P2071 355 355 8000 2000 185 16.0 900 120.0 2000 16036.20 5912 11824
198 P2072 355 355 8000 2000 185 20.0 900 120.0 2000 18223.60 8574 17148
199 P3001 355 355 6000 3000 735 16.0 1000 40.0 1000 16376.70 4167 6251
200 P3002 355 355 6000 3000 735 20.0 1000 40.0 1000 19116.00 5888 8832
201 P3003 355 355 6000 3000 735 25.0 1000 40.0 1000 22045.10 8455 12683
202 P3004 355 355 6000 3000 735 16.0 1000 120.0 1000 16376.70 5311 7967
203 P3005 355 355 6000 3000 735 20.0 1000 120.0 1000 19116.00 7598 11397
204 P3006 355 355 6000 3000 735 25.0 1000 120.0 1000 22045.10 10733 16100
205 P3007 355 355 8000 3000 735 16.0 1000 40.0 1000 16376.70 4075 8150
206 P3008 355 355 8000 3000 735 20.0 1000 40.0 1000 19116.00 6027 12054
207 P3009 355 355 8000 3000 735 25.0 1000 40.0 1000 22045.10 10295 20590
208 P3010 355 355 8000 3000 735 16.0 1000 120.0 1000 16376.70 5287 10574
209 P3011 355 355 8000 3000 735 20.0 1000 120.0 1000 19116.00 7532 15064
210 P3012 355 355 8000 3000 735 25.0 1000 120.0 1000 22045.10 10595 21190
211 P3013 355 355 6000 3000 735 16.0 1000 40.0 2000 16376.70 5433 8150
212 P3014 355 355 6000 3000 735 20.0 1000 40.0 2000 19116.00 7835 11753
213 P3015 355 355 6000 3000 735 25.0 1000 40.0 2000 22045.10 11791 17687
214 P3016 355 355 6000 3000 735 16.0 1000 120.0 2000 16376.70 6384 9576
215 P3017 355 355 6000 3000 735 20.0 1000 120.0 2000 19116.00 9524 14286
216 P3018 355 355 6000 3000 735 25.0 1000 120.0 2000 22045.10 14188 21282
217 P3019 355 355 8000 3000 735 16.0 1000 40.0 2000 16376.70 5211 10422
218 P3020 355 355 8000 3000 735 20.0 1000 40.0 2000 19116.00 8474 16948
219 P3021 355 355 8000 3000 735 25.0 1000 40.0 2000 22045.10 11398 22796
220 P3022 355 355 8000 3000 735 16.0 1000 120.0 2000 16376.70 6415 12830
221 P3023 355 355 8000 3000 735 20.0 1000 120.0 2000 19116.00 9595 19190
222 P3024 355 355 8000 3000 735 25.0 1000 120.0 2000 22045.10 13787 27574
223 P3025 355 355 6000 3000 735 16.0 1000 40.0 3000 16376.70 6635 9953
224 P3026 355 355 6000 3000 735 20.0 1000 40.0 3000 19116.00 9528 14292
225 P3027 355 355 6000 3000 735 25.0 1000 40.0 3000 22045.10 14774 22161
226 P3028 355 355 6000 3000 735 16.0 1000 120.0 3000 16376.70 7650 11475
227 P3029 355 355 6000 3000 735 20.0 1000 120.0 3000 19116.00 11555 17333
228 P3030 355 355 6000 3000 735 25.0 1000 120.0 3000 22045.10 17734 26601
229 P3031 355 355 8000 3000 735 16.0 1000 40.0 3000 16376.70 6060 12120
230 P3032 355 355 8000 3000 735 20.0 1000 40.0 3000 19116.00 10666 21332
231 P3033 355 355 8000 3000 735 25.0 1000 40.0 3000 22045.10 12424 24848
232 P3034 355 355 8000 3000 735 16.0 1000 120.0 3000 16376.70 7473 14946
233 P3035 355 355 8000 3000 735 20.0 1000 120.0 3000 19116.00 11606 23212
234 P3036 355 355 8000 3000 735 25.0 1000 120.0 3000 22045.10 15939 31878
235 P3037 355 355 6000 3000 285 16.0 1000 40.0 1000 16376.70 5389 8084
236 P3038 355 355 6000 3000 285 20.0 1000 40.0 1000 19116.00 7319 10979
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# Specimen fyw fyr a hoy b1 taw by ty Ss Tse,1 Fu My,
[N/mm?]  [N/mm?] [mm]  [mm] [mm] [mm] [mm] [mm] [mm] [em?] [kN] [kNm]
237 P3039 355 355 6000 3000 285 25.0 1000 40.0 1000 21729.40 9832 14748
238 P3040 355 355 6000 3000 285 16.0 1000 120.0 1000 16376.70 6503 9755
239 P3041 355 355 6000 3000 285 20.0 1000 120.0 1000 19116.00 8708 13062
240 P3042 355 355 6000 3000 285 25.0 1000 120.0 1000 21729.40 11609 17414
241 P3043 355 355 8000 3000 285 16.0 1000 40.0 1000 16376.70 5093 10186
242 P3044 355 355 8000 3000 285 20.0 1000 40.0 1000 19116.00 6833 13666
243 P3045 355 355 8000 3000 285 25.0 1000 40.0 1000 21729.40 8927 17854
244 P3046 355 355 8000 3000 285 16.0 1000 120.0 1000 16376.70 5991 11982
245 P3047 355 355 8000 3000 285 20.0 1000 120.0 1000 19116.00 7998 15996
246 P3048 355 355 8000 3000 285 25.0 1000 120.0 1000 21729.40 10922 21844
247 P3049 355 355 6000 3000 285 16.0 1000 40.0 2000 16376.70 6443 9665
248 P3050 355 355 6000 3000 285 20.0 1000 40.0 2000 19116.00 8840 13260
249 P3051 355 355 6000 3000 285 25.0 1000 40.0 2000 21729.40 11738 17607
250 P3052 355 355 6000 3000 285 16.0 1000 120.0 2000 16376.70 7093 10640
251 P3053 355 355 6000 3000 285 20.0 1000 120.0 2000 19116.00 9770 14655
252 P3054 355 355 6000 3000 285 25.0 1000 120.0 2000 21729.40 13203 19805
253 P3055 355 355 8000 3000 285 16.0 1000 40.0 2000 16376.70 5801 11602
254 P3056 355 355 8000 3000 285 20.0 1000 40.0 2000 19116.00 7692 15384
255 P3057 355 355 8000 3000 285 25.0 1000 40.0 2000 21729.40 9813 19626
256 P3058 355 355 8000 3000 285 16.0 1000 120.0 2000 16376.70 6514 13028
257 P3059 355 355 8000 3000 285 20.0 1000 120.0 2000 19116.00 8742 17484
258 P3060 355 355 8000 3000 285 25.0 1000 120.0 2000 21729.40 12071 24142
259 P3061 355 355 6000 3000 285 16.0 1000 40.0 3000 16376.70 7129 10694
260 P3062 355 355 6000 3000 285 20.0 1000 40.0 3000 19116.00 9860 14790
261 P3063 355 355 6000 3000 285 25.0 1000 40.0 3000 21729.40 13124 19686
262 P3064 355 355 6000 3000 285 16.0 1000 120.0 3000 16376.70 7822 11733
263 P3065 355 355 6000 3000 285 20.0 1000 120.0 3000 19116.00 10821 16232
264 P3066 355 355 6000 3000 285 25.0 1000 120.0 3000 21729.40 14761 22142
265 P3067 355 355 8000 3000 285 16.0 1000 40.0 3000 16376.70 6290 12580
266 P3068 355 355 8000 3000 285 20.0 1000 40.0 3000 19116.00 8272 16544
267 P3069 355 355 8000 3000 285 25.0 1000 40.0 3000 21729.40 10531 21062
268 P3070 355 355 8000 3000 285 16.0 1000 120.0 3000 16376.70 7027 14054
269 P3071 355 355 8000 3000 285 20.0 1000 120.0 3000 19116.00 9536 19072
270 P3072 355 355 8000 3000 285 25.0 1000 120.0 3000 21729.40 13149 26298
271 P4001 355 355 6000 4000 985 20.0 1200 60.0 1000 19116.00 6161 9242
272 P4002 355 355 6000 4000 985 25.0 1200 60.0 1000 22045.10 8607 12911
273 P4003 355 355 6000 4000 985 30.0 1200 60.0 1000 24503.70 11236 16854
274 P4004 355 355 6000 4000 985 20.0 1200 150.0 1000 19116.00 7731 11597
275 P4005 355 355 6000 4000 985 25.0 1200 150.0 1000 22045.10 10952 16428
276 P4006 355 355 6000 4000 985 30.0 1200 150.0 1000 24503.70 14490 21735
277 P4007 355 355 8000 4000 985 20.0 1200 60.0 1000 19116.00 5970 11940
278 P4008 355 355 8000 4000 985 25.0 1200 60.0 1000 22045.10 8465 16930
279 P4009 355 355 8000 4000 985 30.0 1200 60.0 1000 24503.70 11366 22732
280 P4010 355 355 8000 4000 985 20.0 1200 150.0 1000 19116.00 7594 15188
281 P4011 355 355 8000 4000 985 25.0 1200 150.0 1000 22045.10 10874 21748
282 P4012 355 355 8000 4000 985 30.0 1200 150.0 1000 24503.70 14393 28786
283 P4013 355 355 6000 4000 985 20.0 1200 60.0 2000 19116.00 7911 11867
284 P4014 355 355 6000 4000 985 25.0 1200 60.0 2000 22045.10 11469 17204
285 P4015 355 355 6000 4000 985 30.0 1200 60.0 2000 24503.70 15487 23231
286 P4016 355 355 6000 4000 985 20.0 1200 150.0 2000 19116.00 8890 13335
287 P4017 355 355 6000 4000 985 25.0 1200 150.0 2000 22045.10 13009 19514
288 P4018 355 355 6000 4000 985 30.0 1200 150.0 2000 24503.70 17766 26649
289 P4019 355 355 8000 4000 985 20.0 1200 60.0 2000 19116.00 7546 15092
290 P4020 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 11194 22388
291 P4021 355 355 8000 4000 985 30.0 1200 60.0 2000 24503.70 16122 32244
292 P4022 355 355 8000 4000 985 20.0 1200 150.0 2000 19116.00 8693 17386
293 P4023 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 13046 26092
294 P4024 355 355 8000 4000 985 30.0 1200 150.0 2000 24503.70 17868 35736
295 P4025 355 355 6000 4000 985 20.0 1200 60.0 3000 19116.00 9630 14445
296 P4026 355 355 6000 4000 985 25.0 1200 60.0 3000 22045.10 14119 21179
297 P4027 355 355 6000 4000 985 30.0 1200 60.0 3000 24503.70 19244 28866
298 P4028 355 355 6000 4000 985 20.0 1200 150.0 3000 19116.00 10439 15659
299 P4029 355 355 6000 4000 985 25.0 1200 150.0 3000 22045.10 15528 23292
300 P4030 355 355 6000 4000 985 30.0 1200 150.0 3000 24503.70 21678 32517
301 P4031 355 355 8000 4000 985 20.0 1200 60.0 3000 19116.00 8851 17702
302 P4032 355 355 8000 4000 985 25.0 1200 60.0 3000 22045.10 13409 26818
303 P4033 355 355 8000 4000 985 30.0 1200 60.0 3000 24503.70 20504 41008
304 P4034 355 355 8000 4000 985 20.0 1200 150.0 3000 19116.00 9887 19774
305 P4035 355 355 8000 4000 985 25.0 1200 150.0 3000 22045.10 15514 31028
306 P4036 355 355 8000 4000 985 30.0 1200 150.0 3000 24503.70 21913 43826
307 P4037 355 355 6000 4000 385 20.0 1200 60.0 1000 19116.00 7481 11222
308 P4038 355 355 6000 4000 385 25.0 1200 60.0 1000 22045.10 10028 15042
309 P4039 355 355 6000 4000 385 30.0 1200 60.0 1000 24503.70 12884 19326
310 P4040 355 355 6000 4000 385 20.0 1200 150.0 1000 19116.00 9676 14514
311 P4041 355 355 6000 4000 385 25.0 1200 150.0 1000 22045.10 13278 19917
312 P4042 355 355 6000 4000 385 30.0 1200 150.0 1000 24503.70 17009 25514
313 P4043 355 355 8000 4000 385 20.0 1200 60.0 1000 19116.00 7119 14238
314 P4044 355 355 8000 4000 385 25.0 1200 60.0 1000 22045.10 9826 19652
315 P4045 355 355 8000 4000 385 30.0 1200 60.0 1000 24503.70 12777 25554
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B.2 Girders with longitudinal stiffeners

continued from previous page

# Specimen fyw fyr a hoy b1 tw by ty Ss Tse,1 Fau My,
[N/mm?]  [N/mm?] (mm]  [mm]  [mm] [mm] [mm] [mm] [mm] [em®] [kN] [kNm]
316 P4046 355 355 8000 4000 385 20.0 1200 150.0 1000 19116.00 9252 18504
317 P4047 355 355 8000 4000 385 25.0 1200 150.0 1000 22045.10 12528 25056
318 P4048 355 355 8000 4000 385 30.0 1200 150.0 1000 24503.70 15973 31946
319 P4049 355 355 6000 4000 385 20.0 1200 60.0 2000 19116.00 10017 15026
320 P4050 355 355 6000 4000 385 25.0 1200 60.0 2000 22045.10 13626 20439
321 P4051 355 355 6000 4000 385 30.0 1200 60.0 2000 24503.70 17522 26283
322 P4052 355 355 6000 4000 385 20.0 1200 150.0 2000 19116.00 11017 16526
323 P4053 355 355 6000 4000 385 25.0 1200 150.0 2000 22045.10 15204 22806
324 P4054 355 355 6000 4000 385 30.0 1200 150.0 2000 24503.70 19421 29132
325 P4055 355 355 8000 4000 385 20.0 1200 60.0 2000 19116.00 9085 18170
326 P4056 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 12415 24830
327 P4057 355 355 8000 4000 385 30.0 1200 60.0 2000 24503.70 15914 31828
328 P4058 355 355 8000 4000 385 20.0 1200 150.0 2000 19116.00 10239 20478
329 P4059 355 355 8000 4000 385 25.0 1200 150.0 2000 22045.10 13844 27688
330 P4060 355 355 8000 4000 385 30.0 1200 150.0 2000 24503.70 17690 35380
331 P4061 355 355 6000 4000 385 20.0 1200 60.0 3000 19116.00 11175 16763
332 P4062 355 355 6000 4000 385 25.0 1200 60.0 3000 22045.10 15478 23217
333 P4063 355 355 6000 4000 385 30.0 1200 60.0 3000 24503.70 20088 30132
334 P4064 355 355 6000 4000 385 20.0 1200 150.0 3000 19116.00 12079 18119
335 P4065 355 355 6000 4000 385 25.0 1200 150.0 3000 22045.10 16882 25323
336 P4066 355 355 6000 4000 385 30.0 1200 150.0 3000 24503.70 21818 32727
337 P4067 355 355 8000 4000 385 20.0 1200 60.0 3000 19116.00 10119 20238
338 P4068 355 355 8000 4000 385 25.0 1200 60.0 3000 22045.10 13831 27662
339 P4069 355 355 8000 4000 385 30.0 1200 60.0 3000 24503.70 17578 35156
340 P4070 355 355 8000 4000 385 20.0 1200 150.0 3000 19116.00 11156 22312
341 P4071 355 355 8000 4000 385 25.0 1200 150.0 3000 22045.10 15202 30404
342 P4072 355 355 8000 4000 385 30.0 1200 150.0 3000 24503.70 19480 38960
343 P5001 355 355 8000 5000 1235 25.0 1200 60.0 1000 22045.10 8283 16566
344 P5002 355 355 8000 5000 1235 30.0 1200 60.0 1000 24503.70 10860 21720
345 P5003 355 355 8000 5000 1235 25.0 1200 150.0 1000 22045.10 10551 21102
346 P5004 355 355 8000 5000 1235 30.0 1200 150.0 1000 24503.70 13976 27952
347 P5005 355 355 8000 5000 1235 25.0 1200 60.0 2000 22045.10 10304 20608
348 P5006 355 355 8000 5000 1235 30.0 1200 60.0 2000 24503.70 13924 27848
349 P5007 355 355 8000 5000 1235 25.0 1200 150.0 2000 22045.10 12135 24270
350 P5008 355 355 8000 5000 1235 30.0 1200 150.0 2000 24503.70 16767 33534
351 P5009 355 355 8000 5000 1235 25.0 1200 60.0 3000 22045.10 11851 23702
352 P5010 355 355 8000 5000 1235 30.0 1200 60.0 3000 24503.70 16158 32316
353 P5011 355 355 8000 5000 1235 25.0 1200 150.0 3000 22045.10 13784 27568
354 P5012 355 355 8000 5000 1235 30.0 1200 150.0 3000 24503.70 19750 39500
355 P5013 355 355 8000 5000 485 25.0 1200 60.0 1000 22045.10 9643 19286
356 P5014 355 355 8000 5000 485 30.0 1200 60.0 1000 24503.70 12528 25056
357 P5015 355 355 8000 5000 485 25.0 1200 150.0 1000 22045.10 12698 25396
358 P5016 355 355 8000 5000 485 30.0 1200 150.0 1000 24503.70 16353 32706
359 P5017 355 355 8000 5000 485 25.0 1200 60.0 2000 22045.10 12946 25892
360 P5018 355 355 8000 5000 485 30.0 1200 60.0 2000 24503.70 16808 33616
361 P5019 355 355 8000 5000 485 25.0 1200 150.0 2000 22045.10 14560 29120
362 P5020 355 355 8000 5000 485 30.0 1200 150.0 2000 24503.70 18644 37288
363 P5021 355 355 8000 5000 485 25.0 1200 60.0 3000 22045.10 14710 29420
364 P5022 355 355 8000 5000 485 30.0 1200 60.0 3000 24503.70 18751 37502
365 P5023 355 355 8000 5000 485 25.0 1200 150.0 3000 22045.10 16171 32342
366 P5024 355 355 8000 5000 485 30.0 1200 150.0 3000 24503.70 20684 41368
U367 T P4020-1 777 355 7355 8000 4000 985 ~ 25.0 1200 ~ 60.0 ~ 2000 ~ 22045.10 ~ 9101 78202
368 P4020-2 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 9167 90334
369 P4020-3 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 9035 102071
370 P4020-4 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 8478 112956
371 P4020-5 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 6802 121604
372 P4020-6 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 5600 132842
373 P4020-7 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 6720 131125
374 P4020-8 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 7840 127540
375 P4020-9 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 8960 123234
376 P4020-10 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 10080 115256
377 P4020-11 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 9463 120321
378 P4020-12 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 8215 126451
379 P4020-13 355 355 8000 4000 985 25.0 1200 60.0 2000 22045.10 10395 98124
380 P4023-1 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 12667 145335
381 P4023-2 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 12539 169078
382 P4023-3 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 12395 192789
383 P4023-4 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 12039 216078
384 P4023-5 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 11718 239437
385 P4023-6 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 6500 292060
386 P4023-7 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 7800 289464
387 P4023-8 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 9100 285943
388 P4023-9 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 10400 280622
389 P4023-10 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 11700 257257
390 P4023-11 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 11781 241050
391 P4023-12 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 10848 272039
392 P4023-13 355 355 8000 4000 985 25.0 1200 150.0 2000 22045.10 12337 182827
393 P4056-1 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 11418 82836
394 P4056-2 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 11151 94301
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B Specimen data of girders under transverse patch loading and bending moment

continued from previous page

# Specimen fyw fyr a hoy b1 taw by ty Ss Tse,1 Fu My,
[N/mm?]  [N/mm?] [mm]  [mm] [mm] [mm] [mm] [mm] [mm] [em?] [kN] [kNm]
395 P4056-3 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 10597 105194
396 P4056-4 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 9108 114215
397 P4056-5 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 7519 123038
398 P4056-6 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 6200 125805
399 P4056-7 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 7440 122143
400 P4056-8 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 8680 117783
401 P4056-9 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 9920 112489
402 P4056-10 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 11160 104652
403 P4056-11 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 9634 112496
404 P4056-12 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 8375 118067
405 P4056-13 355 355 8000 4000 385 25.0 1200 60.0 2000 22045.10 11134 97085
406 P5005-1 355 355 8000 5000 1235 25.0 1200 60.0 2000 22045.10 5152 167052
407 P5005-2 355 355 8000 5000 1235 25.0 1200 60.0 2000 22045.10 9780 101560
408 P3021-1 355 355 8000 3000 735 25.0 1000 40.0 2000 22045.10 5699 57230
409 P3021-2 355 355 8000 3000 735 25.0 1000 40.0 2000 22045.10 8759 44518
410 P2030-1 355 355 8000 2000 485 20.0 900 40.0 2000 19116.00 4285 33474
411 P2030-2 355 355 8000 2000 485 20.0 900 40.0 2000 19116.00 6778 28755
412 P4019-1 355 355 8000 4000 985 20.0 1200 60.0 2000 19116.00 3773 125493
413 P4019-2 355 355 8000 4000 985 20.0 1200 60.0 2000 19116.00 6914 74829
414 P4021-1 355 355 8000 4000 985 30.0 1200 60.0 2000 24503.70 8061 143586
415 P4021-2 355 355 8000 4000 985 30.0 1200 60.0 2000 24503.70 14718 95435
416 P4032-1 355 355 8000 4000 985 25.0 1200 60.0 3000 22045.10 6705 135774
417 P4032-2 355 355 8000 4000 985 25.0 1200 60.0 3000 22045.10 15404 93807
418 P4002-1 355 355 6000 4000 985 25.0 1200 60.0 1000 22045.10 4304 130036
419 P4002-2 355 355 6000 4000 985 25.0 1200 60.0 1000 22045.10 8009 75014
420 P4026-1 355 355 6000 4000 985 25.0 1200 60.0 3000 22045.10 7060 134648
421 P4026-2 355 355 6000 4000 985 25.0 1200 60.0 3000 22045.10 12585 81877
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C Proposal for a modification of
EN 1993-1-5:2006

C.1 Reduced stress method

Based on the results from Chapter 6 it is proposed to modify Clause (5) of Chapter 10,
EN 1993-1-5 [46]. In order to improve in general the layout of the verification procedure
of Chapter 10, EN 1993-1-5, it is proposed to merge Clause (5) without replacement into

Clause (2) as follows:

10 Reduced stress method

(2) For unstiffened or stiffened panels subjected to combined stresses o, g4, 0, gq and

Trq the resistance should satisfy:

2 2 2
Oz Ed O0z,Ed Oz, Ed O0z,Ed TEd
_TmEd ) 4 ZAE )y, ) . 2 43— ) <1
(px'fy/’YM1> <pz'fy/’YM1> (pm‘fy/’YM1> (pz‘fy/’YM1> (Xw'fy/’YM1>

where

V = py-p. when o, g and o, g are both compression, else V' = 1;

p. is the reduction factor for longitudinal stresses from 4.5.4(1) taking into ac-
count column-like behaviour where relevant;

p- is the reduction factor for transverse stresses from 4.5.4(1) taking into account

column-like behaviour where relevant;
Xw is the reduction factor for shear stresses from 5.3(1);

each calculated for the slenderness ), according to equation (10.2).
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C Proposal for a modification of EN 1993-1-5:2006

C.2 Effective width method

Based on the results from Chapter 6 it is proposed to modify Clause (1) of Sec. 7.2,
EN 1993-1-5 [46], as follows:

7.2 Interaction between transverse force, bending moment and
shear force

(1) If the girder is subjected to a concentrated transverse force acting on the com-
pression flange in conjunction with bending moment and shear force, the resistance
should satisfy:

Uy I ﬁl 50 + 773,¢wg 16 S 1

where
Ty = Fgq
g = ——
Fra
7, = MEgq
' My R
) — VEd,avg _ |VEd,maaz| - 05 . FEd
3,avg — =
I ‘/b,Rd %,Rd

M, ra is the design plastic resistance of the cross section consisting of the effective
area of the flanges and the fully effective web irrespective of its section class.

VEd,avg 18 the absolute value of the maximum design shear force adjacent to the
centerline of the transverse loading less half of the design transverse force.

NOTE: If no transverse force is present section 7.1 should be applied.

In addition the requirements in sections 4.6, 5.5 and 6.6 should be met.
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