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Flange Buckling Behavior of Stainless Steel Girders with Trapezoidally Corrugated
Webs
A parametric numerical study
Master’s thesis in the Master’s Programme Structural Engineering and Building
Technology
ALAA ACHOUR
ZIAD MLLI
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
The replacement of a flat web with a corrugated one in steel girders is a way of

increasing the shear buckling capacity, without the need of additional vertical stiffen-
ers. But, except for that, the corrugation of the web changes the bending behavior,
more specifically the normal stress buckling behavior of the flange plate. Numerous
investigations have been conducted on this subject for trapezoidally corrugated web
I-girders in carbon steel, with the one by Jáger et al. being the most extensive one,
comprising both experimental and numerical investigations. But, no design models
for trapezoidally corrugated web I-girders in stainless steel are available.

The current study aims at investigating the normal stress flange buckling of
trapezoidally corrugated web I-girders in stainless steel in terms of the elastic buck-
ling coefficient and required reduction factor. The analyses are performed in the
analysis software ABAQUS. The results of the parametric numerical studies are
compared to the existing models for carbon steel girders suggested by Eurocode 3
(EN1993-1-5), the DASt Richtlinie 015 and Jáger et al. In case these prove to be
inaccurate, a design model is developed.

The results of the comparisons generally showed that the method of approxi-
mating the buckling coefficient and required reduction factor developed by Jáger et
al. is an improvement compared to Eurocode 3. The DASt Richtlinie 015 leads to
the most inaccurate approximations of the reduction factor.

The suggested buckling curve of Eurocode 3, originally developed for flat web
girders, has a too high relative slenderness limit of λ̄p = 0, 748, which, according
to the obtained results, should be λ̄p = 0, 4. This is the main reason behind the
Eurocode model resulting in over-estimations for almost all analysed girders. The
improvement in the accuracy of estimations demonstrated by the design models of
Jáger et al. are concluded to be the result of considering several parameters related
to corrugation geometry. This insight is applied in the development of a new model
to approximate the buckling coefficient, consequently used as input parameter in
the expression of the relative slenderness ratio λ̄p. A buckling curve is then designed
as a function of this parameter.

Keywords: corrugated web, stainless steel, Duplex, normal stress, flange buckling,
parametric study, numerical study.
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Beteendet av flänsbuckling hos stålbalkar i rostfritt stål med trapetsprofilerade liv
En parametrisk numerisk studie
Examensarbete inommasterprogrammet konstruktionsteknik och byggnadsteknologi
ALAA ACHOUR
ZIAD MLLI
Institutionen för arkitektur och samhällsbyggnadsteknik
Chalmers tekniska högskola

Sammanfattning
Ersättningen av en platt livplåt med en korrugerad hos stålbalkar är ett sätt att

öka sjuvbucklingskapaciteten, utan behovet av vertikala avstyvningar. Utöver detta
förändrar livplåtens korrugering beteendet i böjning, mer specifikt normalspännings-
bucklingen av flänsen. Flera studier har utförts på stålbalkar med korrugerade liv i
kolstål, där forskningen av Jáger et al. är den mest omfattande, med både fysiska
och numeriska studier. Dock, finns det inga modeller för balkar med korrugerade
liv i rostfritt stål.

Denna studie har som huvudsyfte att undersöka beteendet av flänsbuckling hos
stålbalkar i rostfritt stål med trapetsprofilerade liv i termer av den elastiska buck-
lingskoefficienten och reduktionsfaktorn. Analyserna körs i programvaran ABAQUS.
Resultaten av de parametriska numeriska studierna jämförs med de befintliga mod-
ellerna för balkar i kolstål som föreslås av Eurokod 3 (EN1993-1-5), DASt Richtlinie
015 och Jáger et al. Om dessa inte leder till bra approximationer utvecklas en ny
beräkningsmodell.

Resultaten av jämförelserna visade generellt att beräkningsmodellerna för att
approximera bucklingskoefficienten och reduktionsfaktorn, utvecklade av Jáger et
al., är bättre än Eurokod 3. DASt Richtlinie 015 leder till de mest inexakta approx-
imationerna av reduktionsfaktorn.

Den föreslagna knäckningskurvan av Eurokod 3, ursprungligen utvecklad för
balkar med platta livplåtar, har en för hög gräns på den relativa slankheten λ̄p =
0, 748, som i enlighet med dem erhållna resultaten borde vara λ̄p = 0, 4. Detta
är huvudorsaken bakom att Eurokodmodellen resulterar i överskattningar för näs-
tan alla analyserade balkar. Förbättringen av noggrannheten som demonstreras av
beräkningsmodellen utvecklad av Jáger et al. tros vara resultatet av övervägandet
av flera parametrar relaterade till korrugeringsgeometrin. Denna insikt tillämpas i
utvecklingen av en ny modell för att approximera bucklingskoefficienten, som sedan
används som indataparameter i uttrycket av den relativa slankheten λ̄p. En knäck-
ningskurva tas sedan fram som funktion av denna parameter.

Nyckelord: korrugerat liv, rostfritt stål, Duplex, normalspänning, flänsbuckling,
parametrisk studie, numerisk studie.
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1
Introduction

The concept of corrugated web I-girders has emerged as a way to increase structural
e�ciency, in terms of material usage [1]. The idea is built upon the use of a corru-
gated web plate welded to two �ange plates. There is a variety of corrugation types,
including sinusoidal and the trapezoidal, with the latter being the most widely used
[2]. The e�ciency of such members can be further expanded by using stainless steel,
reducing maintenance costs. In the following sub-chapter a brief history and a more
comprehensive background connected to the concept is presented.

1.1 Background

Beginning in 1956, corrugated web I-girders (CWIG) were initially a subject of in-
terest within the aeronautics industry and the area of application was in the airplane
wings. Due to the e�ciency of such structural members, the concept was adopted
within the �eld of civil engineering [3]. Applications in buildings can be dated back
to the beginning of the 1960s in Europe, and the 1980s in highway bridges in both
Europe and Japan [2]. The main e�ciency is coming from saving material due to
a signi�cantly high shear buckling strength of the corrugated web. Consequently,
reduced fabrication costs and fatigue performance are achieved through the use of
thinner web plates and no vertical sti�eners [1, 4].

Despite the recognized advantages of CWIG, there is very limited research done on
their behavior with respect to load-carrying capacity in bending and with respect
to �ange buckling [3]. But, it has been shown that classical beam theory cannot
be utilized to analyze CWIG [2]. Further, current design methods and research are
focused on corrugated web I-girders in carbon steel, and no regulations are available
for stainless steel.

CWIG are characterized by a di�erent stress distribution, compared to �at web
girders. More speci�cally, there is a deviation from uniform normal stresses in the
�anges, with the �rst research on the topic being performed by Lindner in 1992 [3].

Additionally, there is no commonly accepted procedure to calculate the �ange buck-
ling resistance in CWIG in carbon steel. There are several suggestions for the choice
of the buckling coe�cient � � , to implement in the calculation of the relative plate
slenderness�� p in the EN1993-1-5 [5, 6]. There is no agreement in the di�erent
methods and the suggested buckling curve given in the EN1993-1-5 [5, 6] often leads
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1. Introduction

to over-estimations of buckling capacities, especially in the case of �ange plates in
cross-section class 4. A background to this is its failure to consider weighing pa-
rameters regarding �ange buckling resistance of trapezoidally CWIG. Experimental
research has shown that the main a�ecting parameters are the �ange-to-web thick-
ness ratio (t f =tw) and the corrugation geometry (enclosing e�ectR) [7].

The most extensive research on the topic of �exural strength of CWIG in carbon
steel is made by Jáger et al. (2017) [8], comprising 16 physical tests and large-scale
numerical study with varying geometries [8]. For now, the design proposal of Jáger
et al., for the �exural resistance of CWIG, is the one with the most satisfactory
accuracy.

As the name suggests, stainless steels have an increased corrosion resistance, which
implies reduced costs during the service life of the structure. Apart from that, the
use of stainless steel has numerous advantages, ranging from high strength-to-weight
ratio to improved performance in extreme heat. [9].

The inconsistencies and unsatisfactory precision of the suggested calculation proce-
dure in the EN1993-1-5 [5, 6], on local �ange buckling of plates in cross-section class
4 advocate further investigations on the topic. Additionally, there is a lack of design
methods for slender �anges of CWIG in stainless steel, which supports research to
be conducted on the behavior, buckling coe�cient and buckling curves needed for
the design of such members.

1.2 Objectives

The objectives of the study are summarized as:

ˆ To perform a parametric study and investigate the buckling coe�cient� � and
the correlation between the relative slenderness ratio�� p and the reduction fac-
tor � with regard to the thin �ange buckling subjected to bending moment.

ˆ To establish the relevancy of current models, such as the one proposed by
Jáger et al. (2017) [7], on stainless steel and, in the event of that not being
the case, develop a relevant model.

1.3 Methods

The methods adopted in the current thesis comprise an initial and preparatory liter-
ature study, and with the gathered insight, an FE model is constructed and veri�ed.
This model then serves as a base for the parametric modelling for the purpose of
conducting a large-scale test based on FE models. The output is then compared
with models in design standards (EN1993-1-5 [5, 6] & DASt-Richtlinie 015 [10]), or
proposed in previous studies (Jáger et al. (2017) [7]). The mentioned method steps
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1. Introduction

are discretized and presented below:

ˆ As a �rst step, a literature study is performed, in order to gather relevant and
preparatory information connected to the �ange buckling behavior of steel
girders with trapezoidally corrugated webs.

ˆ The second step is building and verifying an initial FE model in the analy-
sis software ABAQUS to determine a suitable mesh size and boundary and
loading conditions. Veri�cation is made by comparing the results from the
numerical study with a chosen experiment from the literature.

ˆ Further, the veri�ed models are used to study the corresponding behavior of
the chosen stainless steel grade. This step is concluded with an imperfection
sensitivity analysis, to determine a suitable equivalent geometric imperfection.

ˆ The next step is to construct a parametric model to study the e�ect of di�er-
ent corrugation pro�les and girder geometries on the buckling coe�cient� �

and subsequent capacity reduction� of slender �anges in trapezoidally CWIG.

ˆ Lastly, a comparison between the obtained results and the design models pro-
vided in the EN1993-1-5 [5, 6], the DASt-Richtlinie 015 [10] and as proposed
by Jáger et al. (2017) [7] is conducted. A suitable design method is then
suggested (or the current methods are accepted).

1.4 Limitations

The scope is de�ned by the following limitations:

ˆ The study focuses on girder dimensions applicable for bridge girders (see Chap-
ter 5.1)

ˆ Only the stainless steel grade of Duplex 1.4162 is to be considered.

ˆ The corrugation of the web plate is limited to trapezoidal.

ˆ No physical tests will be performed in the current study.

ˆ The post-failure behavior will not be studied to deep extent.

1.5 Outline

ˆ Chapter 2 presents the conducted literature study on the �exural resistance of
trapezoidally CWIG.
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ˆ Chapter 3 introduces the construction and validation of the FE model in the
analysis software ABAQUS, against experimental specimens in carbon steel.

ˆ In Chapter 4, the adopted material model of the treated stainless steel grade
Duplex 1.4168 is presented. Further, the behavior of the constructed beams
in Chapter 3 is compared when applying carbon steel and stainless steel prop-
erties. The chapter is concluded with an imperfection sensitivity study of the
stainless steel beams.

ˆ Proceeding, in Chapter 5, the results of the linear buckling analyses of the
parametric study are presented. These include obtained �rst eigenmodes and
the relevancy of existing models for calculating the buckling coe�cient� � .
Finally, the developed approximating model is also presented.

ˆ Chapter 6 focuses on the observation of ultimate failure modes from the non-
linear analyses, and what characterizes them.

ˆ Chapter 7 concludes the parametric study through the comparison of existing
calculation models for determining the ultimate moment capacityM ult with
the FEA results. A developed buckling curve expression is �nally presented.

ˆ Chapter 8 summarizes the gained insights of the project.

ˆ In Chapter 9 further studies on the subject are suggested.
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2
Literature review

This chapter presents a brief introduction to normal stress buckling theory of plates
and normal stress buckling resistance of �at web I-girders, according to the Eu-
rocode. Further, the geometry and major e�ects that characterize trapezoidally
CWIG are introduced, and proceeded by design models on their normal stress buck-
ling resistance according to the EN1993-1-5 [5, 6], Jáger et al. [7] and the DASt
Richtlinie 015 [10]. Further, a�ecting parameters on the normal stress buckling re-
sistance are presented and, �nally, a short description of di�erent types of stainless
steels and their mechanical properties.

2.1 Normal stress buckling theory

As an introduction to the subject of plate buckling, the current sub-chapter presents
a brief theory background relating to the elastic critical stress� cr and buckling
coe�cient � � of plates. Further, the concept of cross-section classes suggested in
the EN1993-1-1 [11] is also presented.

2.1.1 Elastic critical stress and buckling coe�cient of plates

In the context of plate buckling due to axial loading, the concept of the elastic
critical stress � cr and the elastic buckling coe�cient � � are essential. To determine
whether a plate, under a certain axial loading condition, is susceptible to elastic
buckling, the elastic critical stress� cr needs to be determined. Consequently the
square root of the yield strength-to-critical stress ratio,

q
f y=� cr , can be determined,

which describes the relative slenderness of the plate�� p. The relative slenderness�� p

which determines if the current situation of plate geometry, boundary and loading
conditions would lead to elastic buckling (plate with class 4 classi�cation) [5].

To consider the current boundary and loading conditions of a plate, a corresponding
elastic buckling coe�cient � � can be derived. This procedure is built upon the dif-
ferential equation describing the relation between the out-of-plane de�ection� and
the in-plane loading� x , as in Equation 2.1* :

* Here, the demonstrated case is the one of a rectangular plate, simply supported on the 4 edges
and axially loaded with a uniform load � x along the short edge.
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Figure 2.1: Illustration of a possible buckling mode of a plate simply supported
on all edges, with the critical axial load� cr . In this case,mwav = 2 and nwav = 1.

D �

"
@4�
@x4

+ 2 �
@4�

@x2@y2
+

@4�
@y4

#

= � � cr � tp �
@2�
@x2

(2.1)

With the general solution presented in Equation 2.2:

� = A � sin(
mwav � � � x

a
) � sin(

nwav � � � y
b

) [m] (2.2)

Where D is the bending sti�ness of the plate, determined as in Equation 2.3:

D =
E � t3

p

12� (1 � � 2)
[Nm2=m] (2.3)

Here, the x- and y-directions refer to the longitudinal and transverse directions and
tp is the plate thickness.A corresponds to a constant,mwav and nwav are the num-
bers of half-sine waves in the x- and y-directions, respectively. The plate is assumed
to be loaded along the short edge with dimensionb, and a is the length of the plate.
An illustration of the above is in Figure 2.1.

Deriving the expressions of the di�erentials in Equation 2.1 with the aid of the gen-
eral solution in Equation 2.2 leads to the expression presented in Equation 2.4 for
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the elastic critical stress� cr , assuming the lowest possible number ofnwav=1 * :

� cr = � � �
� 2 � E

12� (1 � � 2) � ( b
tp

)2
[MPa] (2.4)

Where E is the material's Young's modulus and� is the Poisson ratio.

In the case of a rectangular plate, simply supported on the 4 edges and axially
loaded with a uniform load along the short edgeb, the expression for� � is derived
as in Equation 2.5:

� � =

"
mwav � b

a
+

a
mwav � b

#2

(2.5)

To obtain the lowest critical stress� cr , the buckling coe�cient � � needs to have the
lowest possible value, which is always 4 in the current case of loading and boundary
conditions. Di�erent buckling coe�cients can be derived for any combination of
loading and boundary conditions, examples of various� � are presented in Figure
2.2 [12].

Figure 2.2: Demonstration of di�erent buckling modes of plates, corresponding
to di�erent buckling coe�cients � � , relevant for di�erent types of plate members.
Adaptation from Al-Emrani & Åkesson (2020) [12].

* The only relevant value of nwav is 1, since a higher number of transverse waves could not
occur in this case.
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2.1.2 Cross-section classes of plates

To expand on the presented theory of the elastic buckling from Chapter 2.1.1, the
concept of cross-section classes according to the EN1993-1-1 [11] is reviewed in this
section. The determination of cross-section classes for plates is relevant in the design
of steel members in �exure, or pure compression, and there are 4 separate classes,
characterized by varying slenderness. The di�erences among the classes lies in their
capacity of elongation/compression on the edges before failure through buckling oc-
curs.

The classes are numbered in such a way that the lower the class, the lower is the
slenderness (stockier) and, thereby, the higher is the rotational capacity, see Figure
2.3. Members corresponding to classes 1 and 2 are expected to develop a fully plas-
tic �exural capacity, and the di�erence lies in the additional rotational capacity of
class 1 members, allowing them to work as mechanisms in statically indeterminate
structures. One step down are the class 3 members, with the possibility to develop
the full elastic capacity, with the yield stress occurring in the �bres with maximum
strain.

The last, and weakest, slenderness class is cross-section class 4, classifying members
with the inability to develop the full elastic capacity before local buckling occurs. To
take the elastic buckling into account in the design of such members, the area that is
expected to buckle is discarded in the calculations of the cross-sectional properties,
and an e�ective cross-section is considered instead (Figure 2.3). Reference is also
made to Figure 2.2, where the elastic buckling mode of a web plate in pure bending
is illustrated.
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Figure 2.3: Examples of cross-sections belonging to the 4 di�erent cross-section
classes. Also, the moment distributions in a statically indeterminate structure are
demonstrated. Adaption from Al-Emrani & Åkesson (2020) [12].

2.2 Normal stress buckling for �at web I-girders,
according to the Eurocode

Contrary to web plates in �exure, the �anges exhibit a constant stress state ( = 1)
and the EN1993-1-1 [11] considers such members as outstands* . The current
EN1993-1-1 (2005) [11] provides limitations for the 4 cross-section classes for mem-
bers in carbon steel, and the EN1993-1-4 (2006) [13, 14] for stainless steel. The
latest draft of the EN1993-1-4 (2020) [15] provides slightly di�erent limitations for
stainless steel, as shown below:

* Only recommendations regarding welded members are treated
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Figure 2.4: Illustration of �ange outstand cf , reference plate width�b, �ange thick-
nesst f and reduced �ange width � � �b for class 4 �ange plates in �at web girders
according to the EN1993-1-5 [5, 6].

Carbon steel Stainless steel (current version) Stainless steel (new draft) Class
cf =tf � 9� 9� ss 9� 1
cf =tf � 10� 10� ss 10� 2
cf =tf � 14� 14� ss 14� 3

Where cf is the dimension of the �ange outstand (discarding the welds) andt f is
the �ange plate thickness (Figure 2.4). A di�erentiation is made in the material
parameter � and � ss as presented in Equations 2.6 and 2.7:

� =
q

235=f y for carbon and stainless steel (2.6)

� ss =

$
235
f y

�
E

210000

%0:5

for stainless steel in EN1993-1-4 (2006) [13] (2.7)

Where f y [MPa] is the yield strength andE [MPa] is Young's modulus and, in the
current case of Equation 2.7,E = 200000 [MPa].

The same expression for the relative slenderness ratio�� p is provided for carbon and
stainless steel in the EN1993-1-5 [5, 6] and EN1993-1-4 [13, 15] correspondingly, as
in Equation 2.8:

�� p =

vu
u
t f y

� cr:p
=

�b=tf
28; 4�

p
� �

(2.8)

� � = 0; 43 in all cases
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Where � cr:p refers to the critical stress, and the de�nition of the plate width�b cor-
responds to the size of the �ange outstandcf (Figure 2.4). It is to be noted that
the material parameter� depends on which version of the Eurocode is applied (see
Equations 2.6 and 2.7)

Further, the consequent reduction factor� for the outstands is obtained with the
buckling curve de�ned by Equation 2.9:

� =
�� p � 0; 188

�� p
2 in all Eurocode versions (2.9)

Lastly, the e�ective �ange width of one outstand is bf:ef f = � � cf , see Figure 2.4.

Flexural resistance
The e�ective cross-section of the web is determined through a similar procedure as
presented above for the �anges, and the �nal �exural resistanceM y:Rd around the
major axis y (Figure 2.6) of the member can be determined as shown in Equation
2.10:

M y:Rd = Wy:ef f �
f y


 M 0
[kNm] (2.10)

Here, 
 M 0 is a partial factor suggested in the EN1993-1-1 [11] andWy;ef f is the
section modulus of the e�ective section de�ned as in Equation 2.11:

Wy:ef f =
I y:ef f

ztop
[m3] (2.11)

Where ztop [m] is the vertical distance from the neutral plane of the e�ective cross-
section to the compression �bre andI y:ef f [m4] is the second moment of area of the
e�ective cross-section.

2.3 Design models on normal stress buckling for
trapezoidally CWIG in carbon steel

This section presents the relevant geometric parameters related to trapezoidally
CWIG. To further deepen the understanding of these members, the section intro-
duces two of the major e�ects, the "accordion e�ect" and �ange transverse bending,
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that characterize and di�erentiate CWIG from regular, �at web I-girders. The
section is concluded with the suggested calculation procedures of the EN1993-1-5
[5, 6], Jáger et al. [7] and the DASt-Richtlinie 015 [10] relating to the normal stress
buckling resistance of trapezoidally CWIG in carbon steel.

2.3.1 Geometry

As mentioned in the introduction of Chapter 1, the trapezoidal con�guration is the
most commonly used for webs in corrugated web I-girders (CWIG). The corrugated
web consists of longitudinal and inclined folds, with the longitudinal being the seg-
ments that are parallel with the axial direction of the beam and the inclined the ones
having an angle with the axial direction. The geometry of the mentioned con�gu-
ration can be described with the aid of 5 parameters, 4 of them being dimensions
(a1, a2, a3 and a4) and one being the corrugation angle (� ) [16]. All geometric
parameters are as denoted in Figure 2.5.

Figure 2.5: Illustration of geometric parameters related to trapezoidally corru-
gated web I-girders. The notations L.O and S.O refer to the large and small �ange
outstands, respectively.

For the purpose of characterizing the corrugation geometry related to the �ange
width, a parameter called theenclosing e�ect (R) has been de�ned in the scope of
research related to trapezoidally CWIG. The enclosing e�ectR describes the ratio
of the area enclosed by two adjacent inclined folds (EFGH in Figure 2.5) and the
total �ange area (ABCD in Figure 2.5). The expression is as presented in Equation
2.12:

R =
(� 1 + � 4)� 3

(� 1 + 2� 4)bf
(2.12)

Where bf is the �ange width, as indicated in Figure 2.5.

In the context of describing the plate slenderness of the compression �ange, the
small and large �ange outstand are de�ned, as in Figure 2.5, with the sizing (small -
large) referring to the widths of the small and large �ange plate segments on either
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side of the longitudinal fold [16].

Figure 2.6: Used coordinate system.

In order to maintain a consistency throughout the report, the used coordinate system
is de�ned as in Figure 2.6, with the coordinate x describing the axial direction of
the beam, y the transverse and z the vertical direction.

2.3.2 The accordion e�ect

Transitioning to the behavior of CWIG, which despite their improved resistance
against shear buckling (compared with �at web I-girders), are a�ected by low axial
sti�ness as a result of the corrugation. The mentioned phenomenon is often referred
to as the accordion e�ect, referring to the high axial �exibility. The signi�cantly
low axial sti�ness of the corrugated web has led researchers treating the �exural
capacity of CWIG to neglect the contribution of the web, and only considering the
�ange contribution [16]. More detailed studies, as the one by Elgaaly et al. (1997)
[1] on the bending resistance of CWIG, have proven that indeed the majority of the
web shows negligible normal stresses, except for the parts close to, and constrained
by the �ange plates [1].

Figure 2.7: Intuitive illustration of the accordion e�ect.

A study concentrated on quantifying the contribution of the web in CWIG in car-
rying axial stresses by Inaam & Upadhyay (2022) [16] di�erentiates between the
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longitudinal and inclined folds with respect to their contributions to the axial sti�-
ness. More speci�cally, the longitudinal folds are only loaded in the global axial
direction and therefore deform less and demonstrate a higher axial rigidity com-
pared to the inclined folds, which are additionally loaded with in-plane bending and
deform to a higher degree (Figure 2.7). This would suggest that corrugations with
higher length of longitudinal folds per corrugation should have higher axial sti�ness,
and thereby reduced accordion e�ect.

Inaam & Upadhyay [16] concluded the study by de�ning aweb participation factor,
which indicates the degree of web contribution in �exural resistance, represented as a
corresponding web plate with a �ctitious thicknesstw:ef f , as shown in Equation 2.13:

tw:ef f = ( participation factor ) � tw (2.13)

Where tw:ef f and tw are the �ctitious web thickness and the actual web thickness,
respectively. Important to mention is that two prerequisites need to be satis�ed for
the justi�cation of applying the proposed model: (i) the �ange plates need to be
compact (non-slender) and (ii) laterally restrained [16].

2.3.3 Flange transverse bending

The corrugation of the web in CWIG causes a transverse bending of the �anges,
which, in turn, causes torsion of the section. The development of transverse bend-
ing in the �anges is a result of the transverse eccentricity of the longitudinal folds
(compared to the x-axis, see Figure 2.6). This means that the shear �ow at the
�ange-to-web intersection causes an additional loading of the �anges in the form
of transverse bending (around the strong axis of the �ange). With this as a back-
ground, it is deduced that classical beam theory cannot be exclusively used to study
the �exural behavior of CWIG.

A tested method to analyze the out-of-plane behavior of CWIG in bending is to
translate the components of the shear �ow at the �ange-to-web intersection as ex-
ternal loads acting on the �ange. A derivation of the transverse shear forceVy in
the �anges, based on equilibrium of an in�nitesimal beam segment, implies a de-
coupling of the �ange transverse bending and the in-plane bending behaviors. As a
conclusion, Abbas et al. [2] suggested that the normal stresses� x in the �anges can
be obtained by a superposition of the resulting stresses from the in-plane and trans-
verse �exure actions (around they- and z-axes, respectively), as shown in Equation
2.14:

� x =
M y � z

I y
+

M z � y
I z

[MPa] (2.14)
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Where z and y refer to distances in the vertical and transverse directions, respec-
tively, from the axes of symmetry.M y, I y and M z, I z refer to bending moments and
second moments of area around they- and z-axes, respectively (see Figure 2.6) [2].

2.3.4 Normal stress buckling resistance of trapezoidally
CWIG, in carbon steel, according to the Eurocode

For the case of trapezoidally CWIG, the Eurocode only provides a design procedure
for girders in carbon steel.

The elastic buckling coe�cient � � of the �ange outstand of CWIG is not constant
as for �at web I-girders (Chapter 2.2). This implies that there is no direct way of
determining if the �ange outstand is slender by only considering thecf =tf ratio. In-
stead, the relative slenderness ratio�� p needs to be determined �rst, and compared
to the limit value of 0; 748. A prerequisite for that is, as already discussed, the
determination of the buckling coe�cient � � .

The EN1993-1-5 [5, 6] provides the calculation formula of the buckling coe�cient
� �:EC as shown in Equation 2.15:

� �:EC = min (0; 43 +
� cf

a1 + 2a4

� 2

; 0; 6) (2.15)

The relative slenderness ratio�� p is determined as introduced for �at web I-girders
in Equation 2.8, where the de�nition of the plate width �b (see Figure 2.8) depends
on the version of the EN1993-1-5:

�b=
bf � tw

2
in the current EN1993-1-5 [5]

�b= cf =
bf + a3 � tw

2
in the new draft of EN1993-1-5 [6]

Further, the consequent reduction factor� for the �ange width bf is obtained with
the buckling curves de�ned by Equation 2.9, for �at web I-girders. The reduction
factor � is then applied on the complete �ange widthbf to obtain the e�ective width
bf:ef f = � � bf for the resistance, as indicated in Figure 2.8.
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Figure 2.8: Illustration of relevant parameters in the determination of e�ective
�ange area of class 4 �ange plates in CWIG according to the EN1993-1-5 [5, 6].

Flexural resistance
Both versions of the EN1993-1-5 (2006 & 2019) [5, 6] neglect the web contribution
in the �exural capacity M y;Rd around the major axisy (Figure 2.6). The current
version [5] suggests a capacity de�ned as theminimum of the capacities in Equations
2.16 a, b, c:

M y:Rd:1 =
bf:t � t f:t � f T � f y


 M 0
� hlever [kNm] (2.16a)

M y:Rd:2 =
bf:c � t f:c � f T � f y


 M 0
� hlever [kNm] (2.16b)

M y:Rd:3 =
bf:c � t f:c � � � f y


 M 1
� hlever [kNm] (2.16c)

Where hlever = hw + ( t f:t + t f:c )=2 is the lever arm between the centers of gravity
of the �anges. The subscriptf refers to "�ange" and the subscriptst and c refer to
the tension and compression �ange, respectively.
 M 0 and 
 M 1 are partial factors
suggested in the EN1993-1-1 [11].

M y:Rd:1 corresponds to the capacity restricted by the yielding of the tension �ange.
M y:Rd:2 describes the capacity of the section, being restricted by the yielding of the
compression �ange, with the �ange widthbf:c being the e�ective �ange width bf:ef f

with respect to elastic buckling, as discussed above. The factorf T is a reduction
factor taking into account the additional stresses from the transverse bending of the
�anges in trapezoidally CWIG. The expression forf T is given in Equation 2.17:

f y:r = f y � f T [MPa] (2.17)
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Where the reduction factorf T is determined as in Equation 2.18:

f T = 1 � 0; 4 �

vu
u
t

� x (M z)
f y


 M 0

(2.18)

The third mentioned capacity denoted asM y:Rd:3 refers to the capacity of the girder
limited by the global out-of-plane buckling of the compression �ange.� in the ex-
pression 2.16 c is a reduction factor related to instability.

The new draft of the EN1993-1-5 (2019) [6] suggests the same calculation procedure
of the �exural resistanceM y:Rd , with the only di�erence lying in the elimination of
the reduction factor f T .

2.3.5 Normal stress buckling resistance of trapezoidally CWIG,
in carbon steel, according to Jáger et al.

Buckling coe�cient
In the current formulation of the EN1993-1-5 [5] (Equation 2.15), the constant term
of the expression,0; 43, is replaced by Jáger et al. [7] in order to consider the sup-
porting e�ect of the web. The suggested replacement is as in Equation 2.19:

� �:Jager = 0; 43�

 

25; 5 �
bf =2
hw

�
tw

t f

! 0;6

+
� cf

a1 + 2 � a4

� 2

(2.19)

Where hw is the web height, and for the rest of the indications, reference is made to
Figures 2.5 and 2.8. Further, there was an observation of a shift in failure modes of
the �ange plates at t f =tw = 2; 5, marking the change in the rigidity of the support
in the �ange-to-web intersection. This is re�ected in Equation 2.19 by replacing the
term 25:5 bf =2=hw with 2,5 as in Equation 2.20:

� �:Jager = 0; 43�

 

2; 5 �
tw

t f

! 0;6

+
� cf

a1 + 2 � a4

� 2

(2.20)

As can be seen, fort f =tw = 2; 5 the �rst term in the expression becomes 0,43 (as in
the EN1993-1-5 [5]), representing a plate simply supported on three edges (Figure
2.2). Further, the results of the numerical analyses have indicated a power relation
between the buckling coe�cient � � and the inverse oft f =tw , related with the enclos-
ing e�ect R as the exponent. This inclusion ofR by Jáger et al. results in the �nal
expression of� �:Jager according to Equation 2.21:
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� �:Jager = 0; 43�

 

2; 5 �
tw

t f

! 0;6+ R

+
� cf

a1 + 2 � a4

� 2

� 1; 3 (2.21)

Buckling curve
Jáger et al. [7] concluded that the class 4 classi�cation ofcf =tf > 14� proposed by
the EN1993-1-5 [5] is appropriate for the large �ange outstands of CWIG. Though, it
was noted that the relative slenderness limit de�ning the transition between compact
and slender (class 4) �ange sub-plates needs to depend on the buckling coe�cient
� � as well.

So, inserting the slenderness limit of:

cf =tf = 14� =) cf =tf =� = 14

into the expression of the relative slenderness�� p in Equation 2.8, the expression in
Equation 2.22 is obtained:

�� p:lim =
0; 493
p

� �
(2.22)

Where �� p:lim symbolizes the current slenderness limit for cross-section class 4.

So, an expression as in Equation 2.23 was formulated:

� =

 �� p:lim

�� p

! �

=

 
0; 493

p
� � � �� p

! �

= ::: =

 

14� � �
t f

cf

! �

� 1; 0 (2.23)

Worth mentioning is that the reduction factor � was developed to be applied on the
large �ange outstandcf , and not the whole �ange width bf .

The factor � is an index that was calibrated based on parametric studies to obtain a
better �t of the obtained buckling curve in Equation 2.23 and the test results. The
expression of� was developed to take into account the �ange-to-web thickness ratio
t f =tw , corrugation angle� and enclosing e�ectR, which were found to be weighing
factors as discussed in Table 2.2. The calibration resulted in the following expression
of � in Equation 2.24:

� = 5 � � � R �

 
1

tan(� )

! �

= 5 � � � R �
� a4

a3

� �

0; 5 < � < 1; 0 (2.24)
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With the exponent � being as in Equation 2.25:

� = 0; 45 + 0; 06�
t f

tw
(2.25)

The lower limitation of the index � to 0,5 is due to the irrelevancy of lower values,
since they have been shown to lead to over-estimations of capacities [7].

2.3.6 Normal stress buckling resistance of trapezoidally CWIG,
in carbon steel, according to the DASt-Richtlinie 015

The method proposed in the DASt-Richtlinie 015 [10] suggests the reduction of the
compression �ange as an e�ective width,bf:ef f , calculated as in Equation 2.26:

bf:ef f = 30; 7 � t f �

s
240
f yf

� bf (2.26)

2.4 A�ecting parameters on normal stress buck-
ling of trapezoidally CWIG in carbon steel

The following presented parameters a�ecting the normal stress buckling behavior of
trapezoidally CWIG are based on the results of the experiments conducted by Jáger
et al. (2017) [3, 7] on carbon steel specimens.

2.4.1 Flange-to-web thickness ratio

The �ange-to-web thickness ratiot f =tw has been observed to heavily a�ect the rigid-
ity of the support in the �ange-to-web intersection. More speci�cally, at the lower
range of thet f =tw < 2; 5, the web can be seen as providing a rigid support, resulting
in a separated buckling of the �ange plate sub-panels. At highert f =tw > 2; 5, the
sti�ness of the support at the �ange-to-web intersection transfers to a pinned sup-
port, and an unrestricted rotation of the �ange plate is current as �ange buckling
failure instead. At more extremet f =tw higher than 5, the web plate may undergo a
�ange induced buckling, where a part of the web at its intersection with the com-
pression �ange cripples locally along a fold length. The latter is observed in the
post-failure range [3].
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2.4.2 Enclosing e�ect and corrugation angle (corrugation
geometry)

As a way to consider the overall geometry of the current corrugation con�gura-
tion, the enclosing e�ectR (see Chapter 2.3.1) has been used by researchers in the
studied subject of trapezoidally CWIG. It has been observed that higher values ofR
result in a weaker supporting condition of the compression �ange in the experiments
conducted by Jáger et al. [3]. The observation was made through the decreasing
buckling coe�cient � � for identical �ange-to-web thickness ratiost f =tw .

But, a certain corrugation con�guration cannot be entirely described by the enclos-
ing e�ect alone, instead, the corrugation angle� needs to be speci�ed along with
that. Consequently, the supporting e�ect of the corrugation, with respect to the
corrugation geometry, needs to include the corrugation angle� . Corrugation an-
gles approaching 0 have been shown to increase the web contribution in the �exural
resistance. This is a result of higher web contribution in the axial load-carrying
capacity, being increasingly similar to the behavior of �at web I-girders.

2.4.3 Summary of a�ecting parameters on normal stress
buckling capacity

To summarize, the main a�ecting parameters on the normal stress buckling resis-
tance of trapezoidally CWIG are presented below in Table 2.1.
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Table 2.1: Overview of the a�ecting parameters on the normal stress buckling of
�ange plates in trapezoidally CWIG in carbon steel.

Parameter Method Observed e�ect Buckling capacity

t f =tw
FE
&

experimental

Direct e�ect on the
failure mode.

At t f =tw < 2; 5:
separated buckling
of �ange subplates.

At t f =tw > 2; 5:
unrestricted rotation

of �ange plate.
Additionally, if t f =tw > 5:
�ange induced buckling

of the web.

Higher t f =tw �!
Lower capacity

R FE

A�ecting the supporting
e�ect of the web on

the compression
�ange.

Higher R �!
Lower capacity

� FE

Corrugation angles
approaching45o

lead to decreasing
supporting e�ect of

the �ange.

� = 45o �!
Lowest capacity
� < 45o �!
Among highest
capacities
� > 45o �!
Intermediate capacities

2.5 Stainless steel

This sub-chapter introduces the di�erent types of stainless steels, and highlights the
3 relevant stainless steel groups used in building construction. Further, an overview
of the mechanical properties of stainless steels is presented.

2.5.1 Types of stainless steels

According to [9], a common point for materials referred to as stainless steels is their
chromium content, with the minimum value of 10,5% and their distinct resistance
against corrosion and heat. In order to �t di�erent applications, there are di�er-
ent sub-categories of stainless steels, characterized by varying alloying properties.
There are 5 recognized groupings, with the 3 major ones in the context of building
construction, and their primary properties listed in Table 2.2.
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Table 2.2: Overview of general properties of the 3 most common stainless steel
groups in building construction.

Type Contents Distinct properties
Compared with

carbon steel
Applications

Austenitic
17-18% chromium

8-11% nickel
High ductility, adaptable

to cold forming and welding
Superior toughness in a
range of temperatures

Most commonly used
in building construction

Ferritic
10,5-18% chromium

� 0% nickel

Reasonable resistance against
stress corrosion cracking

Lower weldability and ductility
compared to Austenitic grades

Comparable with grade S355
steel, in machining and forming

Usually indoor applications and
less harsh environments

Duplex
20-26% chromium

1-8% nickel

Superior strength, and resistance
to stress corrosion cracking
Adaptable to welding but
less forming possibilities

Higher strength Lightweight structures

There are further 2 groups of stainless steels, themartensitic and precipitation hard-
ening stainless steels [9].

2.5.2 Mechanical properties of stainless steel

Stress-strain relationship

A major di�erence between stainless steels and ordinary carbon steels is the stress-
strain behavior. A typical stress-strain curve for carbon steels demonstrates a clear
distinction between the linear-elastic range and the initiation of plasticity at the
yield stressf y. The curve then exhibits a plateau, and strain hardening until fail-
ure. Stainless steels do not demonstrate the same behavior, since no clear yield limit
can be distinguished. In order to de�ne a corresponding yield strength for stain-
less steels, a de�nition of a so-called proof strength is used. It describes the stress
that corresponds to a 0,2% plastic strain upon unloading, as shown in Figure 2.9 [9].

Comparing the di�erent stainless steel grades (Figure 2.10), it can be observed that
the strongest one is the duplex, with a highly nonlinear stress strain behavior. The
ferritic grade exhibits lower strengths compared to duplex stainless steels, but still
higher than carbon steels [9].
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Figure 2.9: Illustration of the de�nition of proof strength. Adaptation from [9].

Figure 2.10: Full range stress-strain relations for stainless steel and carbon steel.
Adaptation from [9].

A�ecting factors on the stress-strain behavior

A way to increase the strength of steel materials is throughcold working, with the
downside of a minor reduction in ductility. This slightly negative e�ect is compen-
sated by the highly increased initial ductility from the annealing. It needs to be
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noted that the process of cold working leads to an anisotropy in the mechanical
properties of the material. Further, a distinction needs to be made between the
lower axial compressive strength and the tensile strength in both directions [9].

An additional increase in strength capacity of stainless steels can be obtained in
higher strain rates, in comparison with carbon steel members [9].
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3
Construction and validation of the

FE model

The current chapter presents the construction and validation of the FE model used
in the numerical study conducted in this thesis. The veri�cation was made based
on 4 out of the 16 experimental tests conducted by Jáger et al. (2017) [3], where
each specimen was modelled and a suitable mesh size determined. The choice of 4
specimens covers all the observed failure modes of normal stress buckling. The core
objects of the validation were the comparisons of ultimate moment capacities and
failure modes.

3.1 The software

In all the FE models constructed in the current study, the analysis software ABAQUS
CAE 2020 was implemented. It provides the necessary types of analyses of, among
others, linear buckling and material and geometric nonlinear analysis. The software
is also compatible with the Python programming language, making it suitable for
parametric studies.

3.2 Mesh setting

The structural shell elements were deemed suitable for modelling the studied trape-
zoidally CWIG. These are appropriate to use in the context of thin-walled elements,
and to describe both in-plane and out-of-plane bending as well as larger deforma-
tions. The two used elements in ABAQUS were the 4-noded, linear S4R and 8-noded,
quadratic S8R shell elements. Both element types have 6 degrees-of-freedom at each
node, 3 translational and 3 rotational.

3.3 Loading and boundary conditions

The applied boundary conditions in the models were a pinned and a roller in the
axial direction (x). Both ends have a rotational restraint around the vertical (z) and
longitudinal (x) directions. These two restraints ensure that the beam only bends
around its major axis (y). Additionally, to ensure that the outer sections respect
the condition of 'a plane section remaining plane', the shell edges of the web and
�anges on both ends were tied to their corresponding section master middle points,
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see Figure 3.1.

Proceeding to the loading condition, a moment around the major axis y was applied
at the master middle points on either side.

Figure 3.1: Illustration of the boundary and loading conditions used in all the
studied models.

3.4 Material model of carbon steel

For the validation study conducted by Jáger et al. [3], after the failure of the speci-
mens undamaged parts were collected from the �ange and web plates and their yield
f y and ultimate f u strengths were determined. In their model build and validation,
a linear elastic - hardening plastic material model was implemented, as illustrated
in Figure 3.2 was used [7]. The elastic sti�ness was de�ned by a Young's modulus
E = 210000MPa. The yield plateau starts at the end of the linear elastic part, de-
�ned by the strain "el = f y=E, and the strain of "pl1 = 0; 01. The ultimate strength
is assumed to be reached at the strain of"pl2 = 0; 15 [7].

The validation study in the current thesis is based on the same material model pre-
sented in Figure 3.2.
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Figure 3.2: Used material model for carbon steel. Adaptation from Jáger et al.
(2017) [7].

The Poisson ratio is taken as� = 0; 3 in all cases for carbon steel.

3.5 Modelling of initial imperfections

In the current study, in order to reach a similar failure mode and ultimate capacity
as the tested girders, the shape of the �rst eigenmode for each case was utilized.
The latter was obtained through the linear buckling analysis and the magnitudes
scaled with the measured initial geometric imperfections and introduced as the initial
shapes of the FE models in the nonlinear analyses.

3.6 Validation of the FE model

This sub-chapter presents the experiments by Jáger et al. [3] used as reference to
verify the constructed models. In total, four beams were modelled and veri�ed,
them being 2TP1-1, 7TP1, 9TP3 and 3TP1-1.

3.6.1 Description of the experimental setup of Jáger et al.

A four-point bending test arrangement was utilized by Jáger et al. [3] (Figure 3.3),
with a total span length of 8 m and the point loads applied3; 475m from each
support. The central part of the beam consists of a1; 050m long, interchangeable
corrugated test specimen, subjected to pure bending. The central part is attached to
the external girder parts through an bolted connection with exaggerated dimensions,
to provide a �xed connection. The beam is supported in the lateral direction at the
points of load introduction to eliminate the possibility of lateral torsional buckling.
The external girder parts are also overly sti�ened.
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Figure 3.3: Illustration of the used four-point bending test in the experiments
conducted by Jáger et al. (2017) [3].

To gather data on strains/stresses and displacements, strain gauges and displace-
ment transducers were placed at di�erent points in the �anges. The instruments
were placed at the sections of the longitudinal folds closest to the middle and of the
middle inclined fold. Focusing on the displacement transducers, there were two of
them, where one was placed at the edge of the bottom �ange at the mid-span sec-
tion, and the second one at the opposite edge of the top �ange at the section of one
of the two adjacent longitudinal folds. Apart from measuring global displacements,
these were used to collect data on the relative displacement of the top and bottom
�ange.

3.6.2 Geometries and material parameters

The chosen girders in the current validation process are 4, and have two di�erent
corrugation geometries, types TP1 and TP3. The former has a corrugation angle of
45 degand the latter 30 deg, an overview of the geometric parameters of the girders
is also presented in Table 3.1. There is a variation in �ange and web thicknesses,
but all specimens have the same web height ofhw = 500 mm, and nominal �ange
width of bf = 250 mm.

No data on the thickness of the vertical sti�eners at the points of load application
are presented in Jáger (2017) [3], but, in order to ensure a su�ciently high sti�ness,
these were modelled as16mm thick plates.
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Table 3.1: Overview of the geometric parameters corresponding to each considered
specimen of Jáger et al. [3].

Geometry
Beam 2TP1-1
a1 [mm] a3 [mm] � [o] t f [mm] bf [mm] tw [mm] t f =tw

97 69 45 7,9 250 5,97 1,32
Beam 7TP1
a1 [mm] a3 [mm] � [o] t f [mm] bf [mm] tw [mm] t f =tw

97 69 45 12,2 250 3,84 3,18
Beam 9TP3
a1 [mm] a3 [mm] � [o] t f [mm] bf [mm] tw [mm] t f =tw

88 44 30 12,16 247 4,04 3,01
Beam 3TP1-1
a1 [mm] a3 [mm] � [o] t f [mm] bf [mm] tw [mm] t f =tw

97 69 45 14,59 250 3,01 4,85

As previously mentioned, all specimens from the experiment have been tested with
regard to their yield and ultimate capacities,f y and f u, respectively. These are pre-
sented in Table 3.2, along with the corresponding ultimate elastic strain"el, based
on the Young's modulus ofE = 210000MPa.

As in the case of the geometry of the vertical sti�eners bounding the middle region,
no data is provided on the material parameters of these members. In the current
study, the same material parameters as for the �ange plates was applied.
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Table 3.2: Overview of the material parameters corresponding to each considered
specimen of Jáger et al. [3].

Material parameters
Beam 2TP1-1
Flange
f y [MPa] f u [MPa] "el

452 548 2,15e-03
Web
f y [MPa] f u [MPa] "el

406 530 1,93e-03
Beam 7TP1
Flange
f y [MPa] f u [MPa] "el

364 496 1,73e-03
Web
f y [MPa] f u [MPa] "el

474 584 2,26e-03
Beam 9TP3
Flange
f y [MPa] f u [MPa] "el

365 500 1,74e-03
Web
f y [MPa] f u [MPa] "el

457 584 2,18e-03
Beam 3TP1-1
Flange
f y [MPa] f u [MPa] � el

387 516 1,84e-03
Web
f y [MPa] f u [MPa] � el

363 514 1,73e-03

3.6.3 Girder 2TP1-1 of Jáger et al.

The �rst studied girder has a corrugation pro�le of type TP1, having a corrugation
angle of 45deg. The �ange-to-web thickness ratio is 1,32 and, according to the
results of the experiment, a separated �ange buckling should be expected. The
�ange of the current specimen is the most slender one among the studied specimens.

3.6.3.1 Mesh convergence

The mesh sensitivity analysis was applied with respect to the �rst eigenvalue in
the linear buckling analysis. The element sizes were determined based on even
number of elements per longitudinal fold, starting with the most coarse mesh with
2 elements/fold, to the most dense with 10 elements/fold. The sensitivity analysis
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was applied on the two considered element types of S4R and S8R. The results are
presented in a diagram in Figure 3.4, and in Table 3.3 for S8R and Table 3.4 for
S4R.

Figure 3.4: Plot of the mesh convergence study for specimen 2TP1-1.

Table 3.3: Mesh convergence study for 2TP1-1, type S8R.

S8R
Mesh size [mm] Per longitudinal fold Eigenvalue Relative di�

48 2 8,20 1,041
25 4 7,95 1,009
16 6 7,89 1,002
12 8 7,88 1,001
9 10 7,88 1

Table 3.4: Mesh convergence study for 2TP1-1, type S4R.

S4R
Mesh size [mm] Per longitudinal fold Eigenvalue Relative di�

48 2 8,33 1,054
25 4 8,19 1,037
16 6 7,96 1,008
12 8 7,92 1,003
9 10 7,90 1

As can be observed from the tables above, the S8R elements can be considered as
converged already at 2 elements per longitudinal fold, since a relative di�erence of

31



3. Construction and validation of the FE model

di� � 4% is obtained. For the linear S4R elements a �ner mesh was required to
obtain a convergence, with 4 elements per longitudinal fold. The element type S8R
was chosen to proceed with, with a mesh density corresponding to 4 elements per
longitudinal fold.

3.6.3.2 Linear buckling analysis

The linear buckling analysis on specimen 2TP1-1 resulted in a critical moment of
M cr:num = 796 kNm for the �rst eigenmode. The resulting shape is presented in
Figure 3.5, where a separated �ange buckling is observed, see Chapter 2.4.1.

Figure 3.5: First obtained eigenmode for specimen 2TP1-1.U represents combined
displacement magnitude.

3.6.3.3 Ultimate capacity from the nonlinear analysis

Applying the initial geometric imperfection amplitude on the �rst eigenmode (Fig-
ure 3.5) and conducting a material and geometric nonlinear analysis, result in what
is shown in Table 3.5, where the initial geometric imperfection is also presented.
The ultimate moment capacity ofM ult:num:geo = 408 kNm was obtained in the FE
analysis, compared to the experimental result ofM exp = 369 kNm leading to an
overestimation of 11%. This can be explained by the major di�erence in the applied
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�rst eigenmode shape and the actual measured distribution of initial imperfections
of the specimen (Figure 3.6).

Figure 3.6: Comparison of the measured initial geometric imperfections of speci-
men 2TP1-1 (left) and the obtained �rst eigenmode shape (right).

Comparing the failure modes (Figure 3.7), it is visible that they correspond to the
�rst eigenmode shape, where a separated buckling is noted. The limit value of
t f =tw < 2; 5 for separated buckling, suggested in the literature (see Chapter 2.4.1),
is also respected since the current ratio ist f =tw = 1; 32 (Table 3.1). This adds to the
reliability of the model in the current state, since the �rst of the three distinguished
failure modes is successfully described.

Table 3.5: Initial geometric imperfection, and ultimate moment capacities for
specimen 2TP1-1.

2TP1-1
Initial imperfection [mm] 1,1
M ult:num:geo [kNm] 408
M exp [kNm] 369
Relative di�. 1,11
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(a) Failure mode of specimen

(b) Failure mode of FE model

Figure 3.7: Comparison of the failure modes of specimen 2TP1-1 in the physical
experiment by Jáger et al. [3] (a) and the nonlinear FE analysis at the occurrence
of �ange buckling (b). Vertical displacementU3 in mm.

3.6.4 Girder 7TP1 of Jáger et al.

Specimen 7TP1 has also a corrugation angle of 45deg and the �ange-to-thickness
ratio of 3,18, implying an unrestricted rotation of the compression �ange in the
ultimate state, according to the results of the experiments.
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3.6.4.1 Mesh convergence

For the FE model of specimen 7TP1, a convergence was observed at 4 elements
per longitudinal fold, as shown in Tables 3.6 and 3.7 for elements S8R and S4R,
respectively. A drastic drop in relative di�erence was observed between the mesh
sizes corresponding to 2 and 4 elements/fold for type S8R as seen in Figure 3.8,
dropping from a relative di�erence of 5,1% to 1,2%. On the other hand, for type
S4R, the corresponding di�erence is negligible, more speci�cally 4,4% to 4,1%. In the
following, the element type S8R was implemented with 4 elements per longitudinal
fold.

Figure 3.8: Plot of the mesh convergence study for specimen 7TP1.

Table 3.6: Mesh convergence study for 7TP1, type S8R.

S8R
Mesh size [mm] Per longitudinal fold Eigenvalue Relative di�

48 2 21,82 1,051
24 4 21,01 1,012
16 6 20,82 1,003
12 8 20,78 1,001
9 10 20,76 1
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Table 3.7: Mesh convergence study for 7TP1, type S4R.

S4R
Mesh size [mm] Per longitudinal fold Eigenvalue Relative di�

48 2 21,71 1,044
24 4 21,65 1,041
16 6 20,97 1,008
12 8 20,85 1,002
9 10 20,80 1

3.6.4.2 Linear buckling analysis

The �rst eigenmode from the linear buckling analysis for the model of specimen
7TP1 is shown in Figure 3.9, with a critical moment ofM cr:num = 2101 kNm.
Contrary to specimen 2TP1-1, an unrestricted �ange rotation can be noted in this
eigenmode.

Figure 3.9: First obtained eigenmode for specimen 7TP1.U represents combined
displacement magnitude.
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3.6.4.3 Ultimate capacity from the nonlinear analysis

The nonlinear analysis resulted in an ultimate moment capacity ofM ult:num:geo =
553kNm compared to the actual capacity ofM exp = 588 kNm with an underesti-
mation of 6% (Table 3.8). The di�erence is negligible and the results are considered
being in good correspondence. The observed failure modes follow the �rst eigen-
mode (Figure 3.9), demonstrating an unrestricted rotation of the �ange plate. The
literature suggests the expectancy of unrestricted �ange rotation att f =tw > 2; 5 (see
Chapter 2.4.1), which is the current case witht f =tw = 3; 18, and the actual failure
mode.

Table 3.8: Initial geometric imperfection, and ultimate moment capacities for
specimen 7TP1.

7TP1
Initial imperfection [mm] 1,22
M ult:num:geo [kNm] 553
M exp [kNm] 588
Relative di�. 0,94
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(a) Failure mode of specimen

(b) Failure mode of FE model

Figure 3.10: Comparison of the failure modes of specimen 7TP1 in the physical
experiment by Jáger et al. [3] (a) and the nonlinear FE analysis at the occurrence
of �ange buckling (b). Vertical displacementU3 in mm.

3.6.5 Girder 9TP3 of Jáger et al.

The corrugation pro�le of the current specimen is TP3, having the lower corruga-
tion angle � = 30 deg. The �ange-to-web thickness ratio is 3,01, meaning that an
unrestricted rotation of the compression �ange is to be expected, according to the
results of the experiments.
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3.6.5.1 Mesh convergence

In the current model of specimen 9TP3, the allowance of a coarse mesh was implied
for both element types of S8R and S4R, as seen in Figure 3.12 and Tables 3.9 and
3.10. For S8R, the relative di�erence between the coarse (2 elements/longitudinal
fold) and the �nest (10 elements/longitudinal fold) meshes is only 2,2%. Corre-
spondingly, for S4R, the di�erence is 4%. Despite the mentioned, the same mesh
density as for the previous models was applied, with 4 elements per longitudinal fold
and S8R.

Figure 3.11: Plot of the mesh convergence study for specimen 9TP3.

Table 3.9: Mesh convergence study for 9TP3, type S8R.

S8R
Mesh size [mm] Per longitudinal fold Eigenvalue Relative di�

44 2 20,01 1,022
22 4 19,63 1,003
14 6 19,59 1,001
11 8 19,58 1,000
8 10 19,57 1
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Table 3.10: Mesh convergence study for 9TP3, type S4R.

S4R
Mesh size [mm] Per longitudinal fold Eigenvalue Relative di�

44 2 20,39 1,040
22 4 19,82 1,011
14 6 19,69 1,004
11 8 19,65 1,002
8 10 19,61 1

3.6.5.2 Linear buckling analysis

The linear buckling analysis resulted in a critical moment ofM cr:num = 1963 kNm
for the model of specimen 9TP3 and a �rst eigenmode demonstrating an unrestricted
rotation of the �ange (Figure 3.12). Comparing with the previous specimen, 7TP1,
the similar mode was observed with the unrestrained rotation of the �ange. The
major di�erence lies in the larger buckling length in the current case of 9TP3,
possibly owing to the lower corrugation angle� .

Figure 3.12: First obtained eigenmode for specimen 9TP3.U represents combined
displacement magnitude.
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3.6.5.3 Ultimate capacity from the nonlinear analysis

The ultimate capacity from the nonlinear analysis of the current specimen resulted
in M ult:num:geo = 558 kNm, compared to the actual measured capacity ofM exp =
585kNm (Table 3.11). The underestimation is 5%, which is within an acceptable
range. The same buckling behavior or unrestricted �ange rotation is noted here, as
demonstrated in Figure 3.13. Similar to specimen 7TP1, thet f =tw = 3; 01 > 2; 5,
implying an unrestricted �ange rotation, according to the literature (see Chapter
2.4.1).

Table 3.11: Initial geometric imperfection, and ultimate moment capacities for
specimen 9TP3.

9TP3
Initial imperfection [mm] 1,42
M ult:num:geo [kNm] 558
M exp [kNm] 585
Relative di�. 0,95

As a further step in verifying the FE model, the available data on relative �ange
displacement of 9TP3 was used. The comparison made is presented in Figure 3.14.
What can be observed is that the initial sti�nesses are aligning to a satisfactory
degree.
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(a) Failure mode of specimen

(b) Failure mode of FE model

Figure 3.13: Comparison of the failure modes of specimen 9TP3 in the physical
experiment by Jáger et al. [3] (a) and the nonlinear FE analysis at the occurrence
of �ange buckling (b). Vertical displacementU3 in mm.
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Figure 3.14: Comparison of the relative �ange displacements between the FE-
model and the experiment for specimen 9TP3.

3.6.6 Girder 3TP1-1 of Jáger et al.

The last studied specimen is 3TP1-1, having a corrugation pro�le of type TP1 with
a corrugation angle� = 45 deg. The �ange-to-web thickness ratio is the highest
among the studied specimens, having a magnitude of 4,85. The experimental results
showed that a �ange induced buckling of the web should be expected at this level
of magnitude.

3.6.6.1 Linear buckling analysis

The results of the mesh convergence analyses was utilized in the current model, that
being the use of S8R elements, with 4 elements per longitudinal fold. The linear
buckling analysis on the model of specimen 3TP1-1 also resulted in a �rst eigenmode
with an unrestricted rotation of the �ange plate. The critical moment in the current
case isM cr:num = 3150kNm.

What is a novelty in this case is that an area in an inclined fold of the web plate
close to the compression �ange is a�ected (Figure 3.15). This is demonstrated by a
displacement in that area, which is non-zero, contrary to the case in the specimens
discussed earlier, where all displacements in the web were 0.
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(a) First eigenmode of the specimen

(b) A closeup, indicating the a�ected web

Figure 3.15: First obtained eigenmode for specimen 3TP1-1, indicating the af-
fected web.U represents combined displacement magnitude.

3.6.6.2 Ultimate capacity from the nonlinear analysis

The model of specimen 3TP1-1 demonstrated an ultimate capacity ofM ult:num:geo =
713kNm, being 4% lower compared to the measured moment ofM exp = 743 kNm,
as presented in Table 3.12. Of interest in the case of the studied model is in the post-
failure range, where a so-called �ange induced buckling of the web was observed in
the experiment (Figure 3.16a). The literature suggests the expectancy of this mode
in girders with t f =tw � 5 or higher (see Chapter 2.4.1), with the current girder

44



3. Construction and validation of the FE model

having a t f =tw = 4; 85. As can be seen in Figure 3.16 b, the mentioned mode is
clearly visible in the last studied load step.

Table 3.12: Initial geometric imperfection, and ultimate moment capacities for
specimen 3TP1-1.

3TP1-1
Initial imperfection [mm] 1,2
M ult:num:geo [kNm] 713
M exp [kNm] 743
Relative di�. 0,96
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(a) Failure mode of specimen

(b) Failure mode of FE model

Figure 3.16: Comparison of the failure modes of specimen 3TP1-1 in the physical
experiment by Jáger et al. [3] (a) and the nonlinear FE analysis at the last studied
increment in post-failure (b).

3.7 Discussion

The validation process presented in this chapter has revealed that the constructed
model is able to describe all the observed failure modes of normal stress buckling of
the compression �ange in trapezoidally CWIG, as obtained by Jáger et al. [3].

The �rst mode is relevant in the lower range of �ange-to-web thickness ratiost f =tw
(lower than 2,5), which is the separated buckling of the subplates in the �ange. The
relevant specimen for this mode was the 2TP1-1, where the model had a clear re-
semblance to the tested girder. The second mode is the unrestricted rotation of the
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�ange plate, relevant for higher t f =tw (higher than 2,5), and in the current study,
it was specimens 7TP1 and 9TP3. The analyses conducted on these models also
provided similar failure modes, further increasing the credibility of the constructed
models. Lastly, at more extremet f =tw approaching 5, a third and last mode has
been observed in the physical experiments, visible in the post-failure range. The
mentioned mode is the �ange induced buckling of the web, which was also re�ected
in the conducted nonlinear analysis of the specimen.

Apart from the modes, the ultimate capacities of the studied specimens corresponded
to a satisfactory degree, ranging from underestimations of 4% to an overestimation of
11%. The pattern that was observed was that specimen 2TP1-1 with the more slen-
der �ange, and lowert f =tw demonstrated the largest deviation in ultimate moment
capacities (11%). In the constructed model, the initial distribution of geometric
imperfections was assumed to correspond to the �rst eigenmode shape, which was
not the case in reality. The latter could be the a major in�uencing factor in the
comparatively larger overestimation of 11%.

The chosen element type for the meshes was the quadratic S8R element, with a mesh
density corresponding to 4 elements per longitudinal fold, since all models showed
a clear convergence at this level of accuracy.
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4
Model extension to Duplex 1.4162

stainless steel

This chapter describes the used material model for the current stainless steel grade
of Duplex 1.4162, used in the following analyses. Further, the material of the studied
specimens in Chapter 3 was replaced with the Duplex 1.4162, being the most com-
monly used grade in bridge girders. The general observed behavior is presented here,
followed by a comparison with their carbon counterparts. The chapter is concluded
with the determination of a suitable equivalent geometric imperfection, through a
simpli�ed imperfection sensitivity analysis, for the used stainless steel grade.

4.1 Material model for Duplex 1.4162

The adopted method for modelling the material behavior for Duplex 1.4162 in the
current study is the one suggested in the EN1993-1-4 [13]. The stress-strain behav-
ior of stainless steel is characterized by strong nonlinearity, and the expressions for
the engineering strain" are as shown in Equation 4.1:

" =

8
>>><

>>>:

�
E + 0; 002

�
�
f y

� n
for � � f y

0; 002 + f y

E + � � f y

Ey
+ "u

�
� � f y

f u � f y

� m
for f y < � � f u

(4.1)

Where:
� is the engineering stress.
f y and f u are the material yield (proof) and ultimate strength, respectively.
E is Young's modulus for the material.
The value for the coe�cient n is suggested as 5 for the current Duplex grade.
The coe�cient m is as presented in Equation 4.2:

m = 1 + 3 ; 5
f y

f u
(4.2)

The ultimate strain "u is determined as in Equation 4.3:
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"u = 1 �
f y

f u
(4.3)

Ey corresponds to the tangent modulus of elasticity of the stress-strain relationship,
at the yield strength, calculated as in Equation 4.4:

Ey =
E

1 + 0; 002n E
f y

(4.4)

In the implementation of the stress-strain values in the modelling software ABAQUS,
it is the true stress, � true , and true plastic strain, " true:plastic that were used. These
are determined as shown in Equations 4.5 and 4.6:

� true = � (1 + ") (4.5)

" true:plastic = " true �
� true

E
(4.6)

Where the expression for the true strain" true is in Equation 4.7:

" true = ln (1 + ") (4.7)

The current stainless steel grade is the Duplex 1.4162, and the relevant material pa-
rameters used in the current study are in accordance with the 2015 amendment of
the EN1993-1-4 [14]. Young's modulusE is suggested as200000MPa, and Poisson's
ratio as � = 0; 3 and the used stress-strain parameters for di�erent plate thicknesses
in the FE analyses are presented in Table 4.1.
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Table 4.1: The true stress� true and corresponding true, plastic strain" true:plastic

for Duplex 1.4162 and di�erent relevant plate thicknesses.

Duplex 1.4162
t � 6,4 mm 6,4<t � 10 mm 10<t � 75 mm

� true " true:plastic � true " true:plastic � true " true:plastic

532 0 482 0 452 0
543 0,00217 492 0,00219 462 0,00409
563 0,00296 503 0,00249 483 0,00573
585 0,00567 523 0,00389 504 0,01187
610 0,01267 570 0,01567 586 0,04299
699 0,0694 655 0,06784 703 0,13794
876 0,22 887 0,26076 856 0,40498

Figure 4.1: True stress� true against true plastic strain " true:plastic , for plates with
t � 6,4 mm in Duplex 1.4162.
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Figure 4.2: True stress� true against true plastic strain " true:plastic , for plates with
6; 4 < t � 10 mm in Duplex 1.4162.

Figure 4.3: True stress� true against true plastic strain " true:plastic , for plates with
t > 10 mm in Duplex 1.4162.
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4.2 Behavior of test specimens with Duplex 1.4162
material model

In the current sub-chapter, the observed behavior of the specimens modelled and
used for the veri�cation in Chapter 3 is presented, replacing the material properties
to the ones corresponding to Duplex 1.4162 (see Table 4.1). A distinction in behav-
ior was made between specimens 2TP1-1 & 7TP1 and 9TP3 & 3TP1-1, where the
former demonstrated elastic buckling and did not reach their yield capacitiesM yield .

In Figure 4.4, the obtained load-displacement relation for the modelled specimen
2TP1-1 is illustrated, with 3 points of interest being marked, where 1: point of
yield initiation; 2: ultimate capacity; 3: further into the post-failure range. For
the current specimen 2TP1, yielding was initiated in the middle region of the com-
pression �ange only. Upon reaching the ultimate capacity, the model demonstrated
two distinct yielding strips across the compression �ange, with no yielding in the
tension �ange, suggesting elastic buckling of the compression �ange. In post-failure,
the compression �ange has a concentrated yielding region in the area of observed
normal stress buckling. A similar behavior was noted for specimen 7TP1, which is
therefore not treated here.
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Figure 4.4: Overview of the noted behavior for specimen 2TP1-1 with Duplex
1.4162 properties.
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In Figure 4.5, an overview of the observed behavior of 9TP3 with Duplex properties
is presented. Yielding is initiated at the compression �ange, as three distinct yield-
ing spots, and upon reaching the ultimate capacity, they evolved into three distinct
yielding strips across the compression �ange. Since the current specimen did not fail
in elastic buckling, the tension �ange also started to yield at the ultimate capacity.
Further into the post-failure range, there was an almost complete yielding of the
compression �ange.
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Figure 4.5: Overview of the noted behavior for specimen 9TP3 with Duplex 1.4162
properties.
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4.3 Comparison of test specimens with the stud-
ied materials

The comparison of the behaviors of the studied specimens with material parame-
ters corresponding to carbon steel and Duplex 1.4162 stainless steel, is presented
through the load-displacement graphs in Figures 4.6-4.9. In each graph, the point
of �rst noted yielding is marked, where a pattern of comparatively earlier yielding
of the Duplex specimens was observed. This is thought to be the result of the more
pronounced strain hardening of the Duplex material (see Chapter 2.5.2).

Commenting on the overall observed behaviors, the models with Duplex material
parameters demonstrate similar, but up-scaled tendencies as their carbon steel coun-
terparts. Owing to the lower Young's modulus ofE = 200000MPa of the Duplex
grade, compared toE = 210000MPa for carbon steel, a lower initial sti�ness is
obtained for the former in all the studied models.

Figure 4.6: Comparison of load vs mid-point displacement behaviors for specimen
2TP1-1. The marked points indicate the �rst occurrence of yielding for each case.
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Figure 4.7: Comparison of load vs mid-point displacement behaviors for specimen
7TP1. The marked points indicate the �rst occurrence of yielding for each case.

Figure 4.8: Comparison of load vs mid-point displacement behaviors for specimen
9TP3. The marked points indicate the �rst occurrence of yielding for each case.
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Figure 4.9: Comparison of load vs mid-point displacement behaviors for specimen
3TP1-1. The marked points indicate the �rst occurrence of yielding for each case.

4.4 Imperfection sensitivity of test specimens made
of Duplex 1.4162

In order to take into account both mechanical and geometric imperfections for the
beams in Duplex 1.4162, an ampli�ed, equivalent geometric imperfection was de-
termined based on the �rst eigenmode shape. Due to the lack of test data on the
ultimate capacities of CWIG in stainless steel, a comparison was made with the
imperfection sensitivity curves constructed by Jáger et al. (2017) [7] on carbon
steel beams. In their conducted studies, the authors concluded that an equivalent
geometric imperfection equalingcf =50 is suitable for class 4 �anges, and is overly
conservative for more compact �ange plates [7].

In the current study, the comparisons were made on specimens 2TP1-1, 9TP3 and
3TP1-1 as presented in Figures 4.10-4.12, respectively. For the curves correspond-
ing to Duplex 1.4162, the plotted points correspond to imperfection magnitudes
of cf =100, cf =50 and cf =25. Specimen 2TP1-1 has the most slender �ange plate
among the studied specimens, and is the only one demonstrating elastic buckling of
the �ange plate. This results in an only slightly increased moment capacity of the
Duplex beam, compared to carbon. The remaining two specimens 9TP3 and 3TP1-1
reach close to, or exceed, the plastic moment capacities, implying a higher utiliza-
tion of the higher yield strength of the Duplex grade, which is re�ected in the graphs.

The drop in moment capacity between imperfection magnitudes of0 and cf =50 is
equivalent in the cases of girders 2TP1-1 and 9TP3 (Figures 4.10 and 4.11, respec-
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