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Abstract
Corrugated steel sheets have been used for a long time in geotechnical engineering and for roof
covering, but corrugated web girders have been started to use within the previous 30 years in
industrial buildings and bridges, especially in composite hybrid bridges. During incremental
launching of such bridges the girder is subjected to the combination of different actions. Before the
launching nose reaches the next pier, very large cantilever bending moment acts at the previous
support region with accompanying very large shear force and transverse force. This situation results
a complex stress field in the girder and may lead to an uncontrolled interacting instability
phenomenon. To determine the resistance under the combined loading situation a comprehensive
research is needed to investigate the behavior under various loading conditions.
The previous experimental test results from the literature show that the existing proposals for the
determination of the flange buckling resistance of trapezoidally corrugated web girders often lead
to unsafe design. Therefore, the bending moment resistance is investigated by experimental and
numerical study. In the frame of the experimental study large scale specimens having slender
flanges are tested. In the experimental program, initial geometric imperfections, stress
distributions, displacements and load levels are measured. Based on the test results, advanced finite
element (FE) model is developed and validated in order to execute a reliable numerical study on
an extended geometric parameter domain. Besides, the necessary magnitude for the equivalent
geometric imperfection is investigated on the basis of the test results. In the FE model the first
eigenmode shape is applied as equivalent geometric imperfection. As a result, an analytical design
resistance model and a prescription for FEM based design are developed.
It is known from the literature that due to the presence of shear force an additional transverse
bending moment acts in the flanges of trapezoidally corrugated web girders resulting additional
normal stresses. The behavior of trapezoidally corrugated web girders under bending and shear
force interaction is, however, not clear in addition to the bending and transverse force, and shear
force and transverse force interaction behaviors. Therefore an advanced FE model is developed
and validated on the basis of previous experimental test results found in the literature. By the help
of the FE model, numerical parametric study is performed to determine the bending and shear,
bending and transverse force, and shear and transverse force interaction resistances by nonlinear
analysis. Based on the numerical results, design methods are developed for the determination of
the interaction resistances under the different combined loading situations.
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As the last analyzed loading condition, the combined bending, shear and patch load interaction
behavior of trapezoidally corrugated web girders is investigated. It is shown by the literature that
there is a lack of investigations in this field. The interaction behavior of the conventional I-girders
with flat web was also just recently investigated in the last 5 years. Therefore a comprehensive
numerical and experimental research program is executed. Based on the previous test results from
literature regarding pure bending, shear and patch loading, an FE model is developed and validated
and a large number of FE simulations are carried out in the frame of a parametric study. As a result
a preliminary design method is developed. After that, an experimental test program is designed and
executed in order to verify the developed design method for the combined loading situation.
Finally, the magnitude of the equivalent geometric imperfection using the first eigenmode shape is
investigated and proposed for practical design.
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1. Introduction
1.1 General – state of the art on steel corrugated web girders
Due to the appearance of a new structural layout as in case of corrugated web steel girders, a new
structural behavior can be observed. Many questions to be answered came out due to corrugated
web and new investigations became necessary for better understanding and for standardization.
The problems regarding to steel corrugated web girders are mainly strength, stability and fatigue
problems, respectively. Research on steel girders with corrugated web was started in 1956 by
NACA [1] for wings of airplanes where the sections were built up by riveted angle connections.
After that the application of the corrugated web girder was spread in the civil engineering praxis
as well, especially in the field of bridges and industrial buildings. Numerous researchers have been
investigated the special structural behavior of this type of girders.
The stress distributions were started to be investigated by Lindner [2] in 1992 and Aschinger and
Lindner [3] in 1997. They are stated that the bending moment resistance can be calculated only
from the contribution of the flanges, and in the presence of shear the effect of the additional
transverse bending moment in the flanges coming from the shear flow in the web should be also
considered. The transverse bending moment caused by shear was also investigated by Abbas et al.
[4], [5], [6] in 2006 and 2007 and by Kövesdi et al. [7], [8]. Thus under combined bending and
shear, the normal stress distribution in the flanges is nearly linear and the shear stress is considered
as constant along the web depth. All of the researches confirmed that the normal stresses are almost
zero along the web depth, merely a small part of the web adjacent to the flanges works, however,
its effect is negligible. This phenomenon is the so called “accordion effect” which was confirmed
also by Huang et al. [9], Mori et al. [10] and Hannebauer [11] and it is implemented in the design
formula of the EN1993-1-5 [12] Annex D regarding to corrugated web girders.
In case of thin-walled structures the failure modes are usually the loss of stability of a plated
element or the combination of plated elements and/or the whole structural member. By having a
flat web I-girder the loss of stability – ignoring the global stability – may occur due to patch loading
failure of the flange and web, the shear buckling failure of the web (the flanges’ contribution can
be considered) and the bending failure of the web considering local flange buckling or the
combination of these aforementioned failure modes under combined loading [13], [14]. In case of
corrugated web girders the loss of stability may not happen due to the bending failure of the web
because of the accordion effect that the contribution of the corrugated web to the bending moment
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capacity is practically negligible. Thus the mention of bending failure due to the corrugated web
and the shear failure due to the flanges are irrelevant. It means that the special structural behavior
of corrugated web girders involves some favorable attributes that makes the role of the web and
flange plates clearer in the behavior.
Corrugated web girders have been started to use within the previous 30 years in industrial buildings
and bridges, especially in composite and hybrid bridges. In the hybrid bridges the upper and lower
flanges of the bridge deck are made of prestressed concrete, however, the webs are made of steel
corrugated plates. It indicates that initially the shear buckling behavior of corrugated panels have
been mainly investigated by several researchers. The first experimental and theoretical
investigations were started on corrugated shear diaphragms by Easley and McFarland [15], [16] in
1969 and 1975. They stated that the failure modes may be governed by local or global shear
buckling which can be calculated using isotropic and orthotropic plate buckling theory,
respectively. After that several experimental, numerical and theoretical investigations have been
performed in this field mostly dealing with the interaction between local and global shear buckling
which is called interactive shear buckling strength; investigated at first by Leiva [17] in 1983 and
Bergfelt and Leiva [18] in 1984 regarding steel corrugated webs. The EN1993-1-5 [12] Annex D
provides design model for the shear buckling resistance of corrugated web girders based on large
number of test results.
The research on the patch loading resistance of corrugated web girders was started in 1987 by
Aravena and Edlund [19]. The patch loading resistance was discussed theoretically based on
experimental results of corrugated web girders by Kähönen [20] in 1988, thus a new design model
was published for the first time. The developed model is the improved version of the model for flat
web girders which was developed by Rockey and Roberts [21] in 1979, in which the contribution
of the web and the flange to the patch loading resistance is separated. After that, many
investigations have been performed by Elgaaly and Seshadri [22], Luo and Edlund [23] and
Kövesdi [24]. The proposed formulas are decomposed into the contribution of the web and flange
resistances to patch load. It is important to note that there is no design formula recommended for
the determination of the pure patch loading resistance in the EN1993-1-5 [12] standard for
corrugated web girders.
It is proved and understood that due to the accordion effect, practically only the flanges contribute
to the bending resistance of corrugated web girders. However, the bending resistance of slender
2

flanges, namely the local flange buckling resistance has been investigated to a small extent. At
first, Johnson and Cafolla [25] investigated the local flange buckling behavior in 1997. After that
Watanabe and Masahiro [26] and Li et al. [27] performed a research program in this field in 2006
and 2015, respectively. In addition, the DASt-Richtlinie 015 [28] and the EN1993-1-5 [12] Annex
D provides analytical model for the determination of the effective width. The DASt prescribes
value of 0.6 for the buckling coefficient, while EN1993-1-5 prescribes a range from 0.43 to 0.6 for
the buckling coefficient. Furthermore, both design models are based on the buckling curves
developed for flat web girders.
In the international literature there are numerous papers dealing with lateral-torsional buckling
(LTB) of corrugated web girders. In most of the papers analytical and numerical investigations
have been carried out, and in some papers experimental tests and their results can be also found.
The LTB of corrugated web girders was investigated experimentally and theoretically at first by
Lindner [29] in 1990. Several researches stated that the LTB behavior of corrugated web girders is
more favorable than those of with flat web. It is important to note that there is no design formula
recommended for the determination of the LTB resistance in the EN1993-1-5 [12] standard for
corrugated web girders.
All in all, there are numerous researchers dealing with the investigation of the pure resistances,
namely bending (M), shear (V) and patch loading (F) resistances of corrugated web girders and
there is just a small number of researches dealing with the combined loading situation. The
number of corresponding papers in the literature is slightly more than ten which is a small number
and only one recommendation can be found related to the M-V interaction of corrugated web
girders in the EN1993-1-5 [12] Annex D. It recommends to reduce the bending moment resistance
in the presence of shear force due to the appearance of transverse bending moment in the flanges.
On the other side, some researchers state that there is no interaction between bending and shear for
corrugated web girders [30], [31]. Another essential fact has to be noted that there are no
investigations executed in the field of combined M-V-F interaction of corrugated web girders.
A detailed literature review on the behavior aspects of corrugated web girders can be found in the
Master’s Thesis [32] including fatigue as well.
1.2 Problem statement
New structural behavior is observed with the appearance of steel corrugated web girders, however,
the design codes and specifications, especially the EN1993-1-5 [12] Annex D does not give design
3

models for the patch loading, combined M-V-F loading and lateral-torsional buckling resistances
of corrugated web girders up to now. The patch loading resistance model of Kövesdi [24] is
EN1993-1-5 conform and could be applicable in the praxis. The standard gives resistance models
only for shear buckling, bending moment and combined bending and shear interaction, however,
the effective width calculation formula for flat web girders is implemented into the bending
moment resistance model for corrugated web girders which may be a contradiction.
Without design recommendations the application of corrugated web girders is limited or results in
overdesign, even though its structural behavior and performance are favorable. During
incremental launching of a trapezoidally corrugated web superstructure made of steel members,
very large cantilever bending moment acts with accompanying large shear force and transverse
force at the support region. Fig. 1 shows the first incrementally launched steel superstructure with
trapezoidally corrugated web. The bridge was completed in China in 2015 [33].

Fig. 1: Incremental launching of a steel corrugated web bridge in China [33].
1.3

Purpose of research

It is revealed that there are contradictions and deficiencies in the determination of the effective
width of slender flanges of corrugated web girders. Furthermore, there is recommendation in the
EN1993-1-5 [12] for the bending moment resistance reduction in the presence of shear, however,
some researchers state that it is practically negligible. Moreover the combined M-V-F interaction
of corrugated web girders have never been investigated, even though it has of importance in bridges
during incremental launching of the superstructure.
Therefore, the purpose of the current research is to investigate the behavior and performance of
steel trapezoidally corrugated web girders under various loading conditions in order to develop
new – EN1993-1-5 conform – design models and further prescriptions for promoting FEM based
design. Namely, the purposes are to investigate:


the flange buckling behavior of trapezoidally corrugated web girders having slender flanges,
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the combined bending–shear, bending–transverse force and shear force–patch loading
interaction behavior of trapezoidally corrugated web girders having compact flanges,



the combined bending, shear and patch loading interaction behavior of trapezoidally
corrugated web girders having compact flanges.

1.4

Solution strategy

For problem solution, a comprehensive research program is needed to be executed with
experimental, numerical and analytical investigations as well. The research program is decomposed
into three main sections which are handled separately. At first, the pure bending moment resistance
of trapezoidally corrugated web girders with slender flanges are investigated. After that, the
combined bending and shear interaction (M-V), the bending and transverse force interaction (MF) and the shear and transverse force interaction (V-F) is analyzed having compact flanges. Finally,
the combined bending moment, shear force and transverse force interaction behavior (M-V-F) of
trapezoidally corrugated web girders having compact flanges are investigated. To solve each
problem the following contents are performed: (i) in-depth literature overview, (ii) design and
execution of experimental test program, (iii) evaluation of previous proposals, (iv) advanced FE
model development and validation, (v) analytical design resistance model development based on
numerical parametric study, (vi) promotion of FEM based design based on imperfection sensitivity
analysis.
After the execution of the abovementioned strategy, new – Eurocode 3 conform – design proposals
are developed which are essential in an incrementally launched bridge structure or industrial
buildings and halls with steel trapezoidally corrugated web girders.
1.5

Applied notation system

The layout of the tested girders and the applied notations used in the dissertation for trapezoidally
corrugated web girders are shown in Fig. 2.

Fig. 2: Used notation for girders with corrugated webs.
5

2. Behavior under pure bending – flange buckling
2.1 General
It is pointed out in Chapter 1 that there are contradictions and deficiencies in the design of
corrugated web girders having slender flanges subjected to pure bending moment. These come
from the different proposals of researchers and the fact that the variation of the corrugation profile
is not considered enough by those design proposals.
It is agreed by researchers and designers that due to the “accordion effect” of corrugated web
girders only the contribution of the flanges can be considered in the determination of the bending
moment resistance, however, it is revealed that for slender flanges regarding buckling, the design
proposals often lead to unsafe solutions.
To solve the problem a comprehensive research program – focusing on the buckling behavior of
slender flanges – is executed. In the first part of the research program, a deep literature review is
needed to determine the main purposes and the necessary solution strategy. Based on the literature
overview an experimental research program is designed and executed coupled with FE model
development and validation to understand the buckling behavior. By the FE model, an extended
range of geometric parameters is investigated. On the basis of the test’s and FE simulation’s results
a design proposal is developed. Besides, imperfection sensitivity analysis is performed to
investigate the applicability of the proposal of EN1993-1-5 [12] Annex C for the magnitude of the
equivalent geometric imperfections.
As the main result of the research program, a new EC3 conform design buckling curve is developed
regarding flange buckling which is applicable for the determination of the bending moment and
normal force resistance of trapezoidally corrugated web girders having slender flanges. In addition,
a FEM based design prescription is developed regarding the model development and application
of the equivalent geometric imperfections.
2.2 Previous investigations and proposals
2.2.1 General
The previous research activities to determine the bending moment resistance were mainly focusing
on the determination of the critical outstand-to-thickness ratio, on the investigation of the buckling
behavior of the compressed flange and on the determination of the effective flange area. Therefore
in the current section the proposals for the limit outstand-to-thickness ratio, the buckling coefficient
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and the design buckling curve are separately presented. In addition, the existing test results are also
collected.
2.2.2 Accordion effect based design model
At first the bending moment resistance of corrugated web girders was investigated experimentally
by Lindner [2] in 1992 and continued by Aschinger and Lindner [3] in 1997. It was stated that the
bending moment resistance can be calculated only from the contribution of the flanges.
The bending resistance of the corrugated web girders was investigated by Elgaaly et al. [30] in
1997 on six test specimens subjected by four-point-bending. The failure mode of the specimens
was buckling of the compression flange. The main conclusion based on the experiments and
additional numerical investigation was that the web is completely negligible in the longitudinal
load bearing capacity due to the accordion effect.
Based on the previous research results the bending resistance should be calculated only from the
contribution of the flanges [2], [28], [30]. The DASt-Richtlinie 015 [28] proposes a design
resistance model for the determination of the bending moment resistance according to Eq. (1).
 f yf  bcf ,eff  t cf
M Rd  min 

M


t cf  t tf

  hw 
2


 f yf  btf  t tf
;

M


t cf  t tf

  hw 
2


 ,




(1)

where bf,eff and tf are the effective width and the thickness of the flanges (notations c and t refer to
the compression and tension flanges), hw is the web depth, fyf is the yield strength of the flange
material, ɤM is the partial safety factor. This design method considers the accordion effect which is
typical for corrugated web girders, thus the effect of the web is neglected from the moment
capacity. According to the EN1993-1-5 [12] Annex D the bending moment resistance can be
calculated also by Eq. (1) but with applying ɤM1 instead of ɤM for flange buckling.
2.2.3 Classification limit for slender flanges
According to EN1993-1-1 [34] the classification limit regarding buckling of outstand flange parts
(class 4) is presented by Eq. (2).
ccf
tcf

 14 

235
f yf

,

(2)

where cf is taken as the width of the large and small outstand of the compression flange part
((bcf±a3)/2, a3 is a corrugation depth). Experimental and numerical investigations were executed by
Li et al. [27] in 2015. Six wide flange specimens were tested subjected by the combination of
bending moment and normal force. The scope of the research program was the determination of
7

the critical outstand-to-thickness ratio of the compression flange and the calibration of the buckling
coefficient based on the average flange outstand. The classification limit was modified based on
the nonlinear finite element analysis by taking the geometric imperfections and residual stresses
into account. The developed limit outstand-to-thickness ratio – regarding flange bucling – is given
by Eq. (3) refering to the average outstand.
bcf
2  tcf

 22  k 

235
 22 
f yf


6  235
 0.425 

12

 Li  f yf


,

(3)

where βLi is the factor representing the rotational restraint of the web on the compression flange. If
βLi is equal to zero, the web has infinite rotational restraint. If βLi is larger, then it approximates the
plate to be simply supported at three edges. The factor βLi may be determined by Eq. (4).
 Li 

16  a1  a 4   t cf3  hw

bcf  t w  a 32  a 2  3a1 

(4)

.

where bf and tf are the compression flange width and thickness, hw and tw are the web depth and
thickness, a2 and a3 are the length of the inclined web fold and the corrugation depth.
2.2.4 Determination of the buckling coefficient (kσ)
It is commonly accepted by researchers [12], [35], [36], [26], [37] that for trapezoidally corrugated
web girders the theoretically derived equation shown by Eq. (5) can be applied with adequate safety
for flange buckling. This equation, however, does not consider the rotational support effect of the
trapezoidal web and the non-uniform stress distribution in the flange, which may have significant
effect on the flange buckling resistance.
c
k  0.43   f
a

2


 ,


(5)

where cf is the large flange outstand width, a=a1+2a4 is the estimated buckling wave length, where
a1 and a4 are the length of the parallel web fold and the length of the longitudinal projection of the
inclined web fold [12], [35], shown in Fig. 2. Different researchers prescribe different limits for
this theoretically considered buckling coefficient. The EN1993-1-5 [12] prescribe a maximum
value of 0.6. Based on parametric linear buckling analysis investigating the local flange buckling
of corrugated web girders, Sayed-Ahmed [37] proposed a limit of 0.7 while Watanabe and
Masahiro [26] proposed the theoretical upper limit value of 1.28. In addition Li et al. [27]
recommended a new formula for the buckling coefficient calculation based on the average flange
outstand in the form of Eq. (6). The formula was calibrated by a numerical parametric study using
linear buckling analysis.
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k  0.425 

6
,
12   Li

(6)

where βLi is a theoretically derived factor representing the rotational restraint of the web on the
compression flange, as given in Eq. (4). The non-uniform stress distribution along the flange width
is considered in the EN1993-1-5 [12] and also proposed by Bambach and Rasmussen [38] for flat
web girders with the assumption that the outstand element is simply supported by the web. The
calculation method of the buckling coefficient according to the EN1993-1-5 [12] given by Eq. (7).
k 

0.578
,
  0.34

(7)

where 0≤ѱ≤1 is the ratio of the normal stresses at the free edge (σ2) and at the web-to-flange
junction (σ1). By substituting ѱ=0 and ѱ=1, kσ=1.7 and kσ=0.43 are obtained, respectively. Johnson
[39] proposed a new formula for the buckling coefficient based on test results of unstiffened flat
web girders in 1985. The provided buckling coefficient takes the moderate rotational restraint of
the web into account according to Eq. (8).
k 

4
hw t w

 86.5  t w
 0.43  
 hw

0.5


 .


(8)

Similar formula has been derived by Park et al. [40] for flat web girders in 2016. The bending
resistance of plated girders with longitudinal stiffeners was numerically studied focusing on the
supporting effect of the flange and web plates. Based on the results of Park et al. [40] a modified
buckling coefficient was proposed in the form of Eq. (9) where the web-to-flange thickness ratio
is also considered.
 cf tf 

k  3.0  
 hw t w 

0.6

0.6


cf t 
 0.43   25.5   w  ,

hw t f 


(9)

where cf=bf/2.
2.2.5 Determination of the buckling curve (λ-ρ)
In most of the previously developed design methods for unstiffened plated elements, the relative
slenderness may be calculated according to Eq. (10).
p 

cf /tf

f yf

28.4  k

235MPa

(10)

,

where fyf is the yield strength of the flange material and kσ is the buckling coefficient. In the
international literature different types of design curves can be found regarding plate buckling. In
the current EN1993-1-5 [12] the Winter-formula is implemented in the form of Eq. (12). By
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substituting outstand-to-thickness ratio equal to 14ԑ (limit for cross-section class 4) and kσ=0.43
the relative slenderness limit (plateau length) is obtained to  p ,lim =0.752 which is modified to 0.748
in the EN1993-1-5. The total effective flange width may be calculated by the sum of the effective
widths of the large and small outstand parts according to Eq. (11).
bcf ,eff  c f ,eff ,1  c f ,eff , 2 ,

(11)

where cf,eff,1 and cf,eff,2 are the Winter-formula based effective width of the large and small outstand
compression elements of the flange according to Eq. (12).


c f ,eff
cf



 p  0.188
 p2

(12)

 1.0 ,

where cf is taken as the width of the large and small outstand of the compression flange part
((bcf±a3)/2). For unstiffened plated elements new equation was developed by Bambach and
Rasmussen [38] in 2004 in the form of Eq. (13) for stress gradients between 0≤ѱ≤1. The equation
was developed by curve fitting based on test results.


c f ,eff



0.2  3  

(13)

 1.0 .


In 2006 Watanabe and Masahiro [26] tested three specimens under four-point-bending where the
cf

0.75
p

failure modes were local buckling of the compression flange. In addition, numerical parametric
study was executed. Based on the experimental and numerical investigations of Watanabe and
Masahiro [26] a design relationship was suggested in the form of Eq. (14) with no limitation in the
theoretical buckling coefficient kσ for plates being simply supported at the three edges (between
0.43 and 1.28 [36]).


c f ,eff
cf

 0 .7 


 
 p 

0.64

(14)

 1 .0 .

The DASt-Richtlinie 015 [28] proposes effective width for the compression flange of flat and
corrugated web girders according to Eqs. (15)-(16) assuming the buckling coefficient equal to
kσ=0.6.
b f ,eff  25.8  t f 

240
 b f for flat web girders,
f yf

(15)

b f ,eff  30.7  t f 

240
 b f for trapezoidal web girders.
f yf

(16)

Five specimens were tested by Johnson and Cafolla [25] in 1997 from which three specimens failed
by local flange buckling and two specimens failed by shear buckling of the web panel. Besides, a
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numerical research program is also executed. They verified that the average flange outstand (bf/2)
can be used for the calculation of the relative slenderness ratio of corrugated web girders if Eq.
(17) satisfies. This formula characterizes how large is the flange area cut by the web from the whole
flange width; hereinafter called as enclosing effect of the web. In case of flat web girders R is equal
to zero.
R

a1  a 4   a3
a1  2a 4   bcf

(17)

 0.14 .

Hassanein and Kharoob [41] investigated the clamping effect between the corrugated web and
flange on the shear buckling resistance in 2013. It was observed that if the tf/tw ratio is larger than
3.0 the flange can give fix support condition to the web, otherwise it could be assumed as hinged
support.
Four specimens with slender trapezoidal webs were tested by Lho et al. [42] in 2014. The purpose
of their study was the investigation of the maximum web slenderness ratio to prevent flange
induced buckling of the compression flange. In parallel a linear buckling analysis was also
performed on the four specimens. It was concluded that based on the experimental results the
maximum web slenderness ratio could be 1.5 times larger than the proposal of the DASt-Richtlinie
015 [28].
Further experimental investigation was conducted by Dabon and Elamary [43] in 2006 on two
specimens subjected to bending. In addition, Leong and Osman [44] analyzed the local flange
buckling phenomena on three plates where the trapezoidal web was substituted by clipping rods.
2.3 Research aims and strategy
The previous research activities show that there is a relatively small number of available previous
test results investigating the flange buckling resistance of girders with trapezoidally corrugated
web. There are some design proposals available in the international literature which gives different
calculation methods for the determination of the flange buckling coefficient, for the evaluation of
the effective flange area and for the calculation of the flange buckling resistance, but there is no
generally approved design procedure for flange buckling resistance of trapezoidally corrugated
web girders. In the previous design models there are several contradictions, for example which
distance (large or average flange outstand) should be used in the classification of the compression
parts and in the relative slenderness calculation, and there are different limit proposals for the
determination of the buckling coefficient. The consideration of the web clamping effect of the
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trapezoidally corrugated web needs also further investigations, especially if the large outstand is
used in the effective area calculation. To evaluate and compare the applicability of the previous
design models and to improve them a new experimental research program coupled with advanced
FE parametric analysis is needed to be designed and executed.
Therefore the main purpose is to develop a reasonable and theoretically justifiable design procedure
compatible with the current EN1993-1-5 [12] standard on the basis of experimental and numerical
investigations. Beside the analytical design method development, the numerical modelling issues
need to be also studied in particular. Based on the experimental background, an imperfection
sensitivity analyzes can be executed and the necessary imperfection magnitude using the equivalent
geometric imperfection shape can be proposed to promote FEM based design. To deal with these
aims, the following solution strategy needs to be completed:
a) design and execution of an experimental test program with specimens having slender
flanges and different corrugation profiles,
b) evaluation of the existing design proposals by the test results, evaluation of the possible
classification limit for flange buckling,
c) advanced FE model development and validation by the test results,
d) imperfection sensitivity analysis using the first eigenmode shape as equivalent geometric
imperfection,
e) execution of a numerical parametric study in a wide range of geometric parameters
involving linear buckling analysis (GNBA) and nonlinear analysis (GMNIA) as well,
f) design model development involving the buckling coefficient and the buckling curve as
well, and statistical evaluation.
2.4 Experimental research program
2.4.1 Aims of the tests
In the literature only 22 experimental test results are available regarding the flange buckling
resistance of trapezoidally corrugated web girders. Therefore it is necessary to extend the number
of executed test results focusing on the buckling behavior of slender flanges. The three main
purposes of the experimental program are as follows:


validation of the developed FE model,



imperfection sensitivity analysis to promote FEM based design,



design buckling curve development regarding flange buckling.
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2.4.2 Test program
Test specimens
The experimental research program is performed at the Budapest University of Technology and
Economics, Department of Structural Engineering in 2016. 16 large scale simply supported
specimens are tested under four-point-bending to investigate the local flange buckling phenomenon
and to determine the bending resistance of the investigated girders. Ten different girder geometries
having four different trapezoidal profiles (denoted by TP) are investigated as shown in Table 1.
The geometrical properties of the tested girders are summarized also by Table 2; the applied
notations are given in Fig. 2.

No.
TP1
TP2
TP3
TP4

Table 1: Geometry of the investigated corrugation profiles.
α
a1
a2
a3
a4
waves
[°] [mm] [mm] [mm] [mm]
n=990/(2a1+2a4)
45
97
97
69
69
3
45
145
145
103
103
2
30
88
88
44
76
3
30
134
134
67
116
2

Table 2: Measured geometrical properties of the test specimens.
tf
bf
tw
Number
tf/tw
[mm] [mm] [mm]
1TP1-1
7.92
250
2.88
2.75
1TP1-2
7.92
249
2.93
2.70
2TP1-1
7.9
250
5.97
1.32
2TP1-2
7.88
250
5.97
1.32
3TP1-1
14.59
250
3.01
4.85
3TP1-2
14.52
250
2.84
5.11
4TP2-1
7.73
249
2.99
2.59
4TP2-2
7.82
250
2.93
2.67
5TP2-1
7.82
250
5.97
1.31
5TP2-2
7.69
248
5.95
1.29
6TP2-1
14.57
250
2.99
4.87
6TP2-2
14.62
250
2.96
4.94
7TP1
12.2
250
3.84
3.18
8TP2
12.27
246
4.05
3.03
9TP3
12.16
247
4.04
3.01
10TP4
12.2
250
3.89
3.14
The nominal flange width of all the tested girders is 250 mm, and the nominal web depth is 500
mm, respectively. The widths of the parallel and inclined folds of the web are varied between 88 –
145 mm using different corrugation angles equal to 30° and 45°; the applied number of corrugation
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waves are 2 or 3 depending on the corrugation profile. The applied steel material is S355. The
measured geometrical properties of the test specimens are summarized in Table 2. The first column
of Table 2 refers to the specimen numbers, which contains the applied corrugation profile (e.g. TP1
in 1TP1-1 specimen) denoted according to Table 1. For the specimen types 1-6 always two test
series are executed on the same geometry to be able to evaluate the reliability of the test results.
Test setup and instrumentation
The applied test arrangements are presented in Fig. 3 and Fig. 4. The damaged part of the
specimens are localized to an internal removable panel subjected by pure bending moment with a
length of 1050 mm. This test layout ensures fast and productive testing method investigating large
number of different internal panels using different geometries. The span of the tested girders is 8
m, which has two external girder parts with a length of 3475 mm and an internal panel with a length
of 1050 mm. The internal part of the girder is only changed between the tests. The joints between
the outer and inner parts are bolted connections, which are significantly over-designed to represent
fixed and moment transmitting connection with full rigidity. The test specimens are simply
supported at both ends; vertical stiffeners are placed at the support locations. The specimens are
also supported laterally at the locations of the load introduction points to prevent the lateral
torsional buckling failure mode. Fig. 3 presents the schematic drawing of the applied loading and
support conditions where the distance between the center points of the load introduction locations
is 1050 mm. Fig. 4 shows the front and side views of the test layout. The load is applied by a
hydraulic jack with a maximum loading capacity of 1000 kN. The load is introduced through a load
distributing beam, ensuring equal loads on both sides of the specimens. The lateral supports are
placed as close as possible to the internal panel, as shown in Fig. 4.

Fig. 3: Applied load and support conditions.
Fig. 5 shows the instrumentation of the test specimens. 16 strain gauges and 2 displacement
transducers are installed on each specimen. 10 strain gauges are placed in the compression flange
noted by CF1-10 to detect the surface and membrane stresses in the elastic range. Six strain gauges
are placed on the tension flange noted by TF1-6 to determine the normal stress distribution in the
tension flange under pure bending.
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a) front view

b) side view
Fig. 4: Applied test arrangement.

Fig. 5: Instrumentation of the test specimens.
The strain gauges are placed in two cross-sections (CS1 and CS2) as shown in Fig. 5. Cross-section
CS2 is located in the mid-span of the specimens in the cross-section having an inclined web fold.
Cross-sections CS1 and CS3 are in the cross-sections of the first parallel web folds counted from
the mid-span, where the flange outstand is the largest and local flange buckling is expected in the
tests. The displacement transducers are placed in cross-sections CS2 and CS1 denoted by DT1 and
DT2 which are meant to detect the relative displacement of the flanges and the global deflection at
the mid-span, respectively.
Test protocol
Before testing, initial imperfection measurements are conducted on the compression flanges. The
way of the measurement and the measuring device are shown in Fig. 6. The upper surface of the
compression flange is detected using 11 parallel lines along the flange width in 25 mm distances
from each other.
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Fig. 6: Imperfection measurement.
All specimens are loaded under static loading until reaching the failure. During the loading process
up- and unloading loops are executed several times until reaching 70% of the predicted ultimate
load to determine the elastic response of the structure and to determine the stiffness of the analyzed
girders in the elastic domain. The load-displacement curves of all the test specimens are measured
and recorded. The observed ultimate failure modes and the buckling shapes are documented on
photos to evaluate the results and compare them with numerical simulations. After completing the
tests, steel plates are cut out from the undamaged flange and web parts of each specimen for
material testing purposes. The material properties (yield and tensile strengths) of all the test
specimens are determined by standardized [45] tensile coupon test separately for the web and for
the flange plates to ensure the correct evaluation process for all the test specimens.
2.4.3 Measured initial imperfections
The initial geometric imperfection of each specimen is measured before testing. The geometric
imperfection depends on the rolling, cutting and welding process of the specimens. Four typical
measured initial imperfection shapes of the upper flanges are presented in Fig. 7. During the data
processing the imperfection at both ends of the specimens are set to zero to make its tendencies
more visible. The red and blue colors represent the inward and the outward imperfection
magnitudes, respectively. It can be seen that the corrugated web influences significantly the
imperfection shape of the flange in case of all the analyzed corrugation profiles, their tendencies,
however, have differences depending on the web profile.
The results show that the maximum imperfection magnitude mainly depends on the thickness of
the flange. Fig. 8 shows the absolute maximum imperfection magnitudes compared to the flange
width-to-thickness ratio considering the largest outstand. It can be observed that the more slender
16

the flange is, the greater is the initial imperfection magnitude. In addition, the corrugation profile
may have influence on the initial geometric imperfection magnitude. According to the technical
documentation of GLP Lightweight Beam Company [46] the fabrication tolerance for initial outof-plane imperfection of the flange with a 250 mm width should be equal or less than 1.25 mm
(0.005.bcf ≤ 2 mm). This tolerance is represented by the horizontal red line in Fig. 8. The results
show that in case of slender flanges larger imperfection magnitudes are measured in the current
experimental program as the referred fabrication tolerance. Johnson and Cafolla [25] and Li et al.
[27] also measured the initial out-of-plane imperfections of the flanges of their specimens where
the maximums were almost the double of the permitted maximum according to the fabrication
tolerances.

a) corrugation angles 45°
b) corrugation angles 30°
Fig. 7: Typical measured initial imperfection shapes.

Fig. 8: Measured absolute maximum imperfection magnitudes.
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2.4.4 Overall results
The measured load carrying capacities (2.Ftest), the pertinent bending moment resistances (Mtest)
and the relevant material properties are summarized in Table 3. The self-weight of the specimens
is also considered in the moment resistance calculation process as uniformly distributed load
having the intensity of 2.5 kN/m for the outer girders and 1.37-1.62 kN/m for the internal panels.
The self-weight results in ~18 kNm bending moment calculated in the cross-sections of the bolted
connection. For the specimen types 1-6 always two test series are executed on the same geometry.
The differences in the load carrying capacities for similar specimens may be attributed to the
differences in the initial geometric imperfections and in the material properties of the beams.
Table 3: Measured bending moment capacities and material properties.
2.Ftest
Mtest
fyf
fyw
fuf
fuw
Number
[kN]
[kNm]
[MPa]
[MPa]
[MPa]
[MPa]
1TP1-1
200.47 366.0
450
410
548
555
1TP1-2
175.55 322.7
455
364
541
511
2TP1-1
202.11 369.1
452
406
548
530
2TP1-2
199.59 364.8
447
383
541
507
3TP1-1
417.11 742.9
387
363
516
514
3TP1-2
415.36 739.9
382
418
516
566
4TP2-1
148.72 276.1
465
376
561
510
4TP2-2
156.28 289.2
488
366
595
511
5TP2-1
172.05 316.9
455
390
557
508
5TP2-2
174.55 321.3
495
392
590
516
6TP2-1
411.67 733.4
382
373
518
503
6TP2-2
415.87 740.7
396
364
515
510
7TP1
327.82 587.7
364
474
496
584
8TP2
306.21 550.1
365
450
499
584
9TP3
326.27 585.0
365
457
500
584
10TP4
318.53 571.5
361
457
488
560
2.4.5 Effect of the corrugated web on the failure mode and capacity
All the 16 test specimens failed due to local buckling of the compression flange, however,
differences can be found in the failure modes. These differences are highly controlled by the
corrugated web. The failure modes of each tested geometry are shown in Fig. 9; note that similar
failure modes are obtained for the same geometric layouts. The rotations of the flanges are
demonstrated in the cross-section of the largest outstands by red lines. Two different failure modes
of the compression flanges can be separated based on the test results. In case of larger flange-toweb thickness ratio (tf/tw>2.5; Fig. 9a, c, d, f-j) when the red lines are straight, an unrestricted
rotation of the flange around the corrugated web occurred. Separated buckling of the subpanels
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bounded by the corrugated web profile occurred in the case of thicker webs (tf/tw<2.5; Fig. 9b, e).
In these cases, the red lines have a break at the flange-to-web junction. The former phenomenon
could be interpreted as combined local flange buckling of the subpanels and the latter one could be
interpreted as separated local flange buckling of the subpanels.

a) 1TP1-1

d) 4TP2-1

g) 7TP1

b) 2TP1-1

e) 5TP2-1

h) 8TP2
i) 9TP3
Fig. 9: Failure modes of the studied geometries.

c) 3TP1-1

f) 6TP2-1

j) 10TP4

Due to the different failure modes significant increase is observed in the bending moment resistance
of specimens having rotational restraint provided by the web (1TP1-X, 2TP1-X, 4TP2-X and 5TP2X); tabulated in the third column of Table 3. In the case of specimen 1TP1-1 the bending moment
capacity was obtained to 322.7 kNm, while specimen 2TP1-1 and 2TP1-2 failed at 369.1 kNm and
364.8 kNm, respectively, which gives 13-15% increase in the bending moment capacity. In the
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case of specimens 4TP2-X and 5TP2-X the obtained resistance increase is equal to 11-15%.
Investigating the failure modes, it can be concluded that the buckling lengths commonly reach the
inclined fold ends which means that the buckling coefficient provided by the standard is properly
based on the (a1+2·a4) distance.
In case of larger flange-to-web thickness ratios (tf/tw≈5) flange induced buckling of the web can
visibly also appear in the post-buckling range during the development of the plastic mechanism.
This failure mode appeared for the specimens 3TP1-X and 6TP2-X, as shown in Fig. 10. The
slenderness of the web, however, for each specimen is smaller than the proposed limit to prevent
flange induced buckling.

a) specimen 3TP1-1
b) specimen 6TP2-1
Fig. 10: Flange induced buckling of the web.

a) relative load-displacement curves (DT1-DT2) b) global load-displacement curves (DT2)
Fig. 11: Load-displacement diagrams.
Fig. 11 shows the measured load-displacement diagrams of six specimens where local buckling is
the dominant failure mode. The relative displacements of the upper and lower flanges are shown
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in Fig. 11a. The results show that the flange slenderness has the largest influence on the local flange
buckling behavior. It is also observed that the fold length, the corrugation angle and the rotational
restraint of the web have also significant influence on the buckling resistance. By comparing the
results of specimens 1TP1-1 and 4TP2-1/2 it can be seen that the larger initial gradient and the
larger resistance belong to specimen 1TP1-1 having shorter web folds. Its reason is that the largest
outstand is smaller for this corrugation profile. By comparing the measured load-displacement
curves of the specimens 8TP2 and 9TP3 the larger resistance belongs to the specimen which has
smaller corrugation angle (smaller outstand). Furthermore, the test results prove that by increasing
the web thickness the rotational restraint of the web increases and the bending moment capacity
becomes larger. The increase in the fold length of the corrugation profile, however, could also
result in increase in the rotational restraining effect of the web, but it can also result in decrease in
the flange buckling resistance. Fig. 11b shows the global load-displacement diagrams measured in
the mid-span cross-section (CS2). It can be seen that the curves have similar characteristics except
the initial gradients, which are influenced by the cross-sectional geometry (flange size) of the
specimens.
2.4.6 Evaluation of the normal stress distribution in the compression flange
The stress distribution in the compression flange is measured by strain gauges. The strain gauge
locations are shown in Fig. 5. Fig. 12 shows six specimens’ cross-sectional plots with the measured
upper and lower surface stress distributions of the compression flanges (CF1-5 and CF8-10) at
certain load levels. These are the specimens 4TP2-X and 5TP2-X having the largest flange widthto-thickness ratio and specimens 9TP3 and 10TP4 having smaller ratios. Fig. 12a, c, e show those
cases when the local flange buckling occurred in the cross-section CS1 where the strain gauges are
placed. On the other side Fig. 12b, d, f show the cases when flange buckling is the ultimate failure
mode but the location is not in the cross-section CS1.
It can be observed that in case of thicker flanges (Fig. 12e, f) the stress distributions are nearly
constant in the upper surface along the flange width. The lower surface stress distributions,
however, show linear character. As inward buckling of the flange occurred in CS1 (Fig. 12e) the
lower surface stress decreased at the free edge of the large outstand and the upper surface stress
increased. It can be also seen that in case of inward buckling of more slender flanges (Fig. 12a, c)
the lower surface stresses at the free edge of the large outstand can turn into tension. In addition,
the upper surface stresses at the same location increase significantly due to the development of
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bending moment along the flange thickness. It can be stated that for slender flanges the stress
distribution is non-uniform in the elastic range in contrast to the nearly constant stress distributions
measured for stocky flanges. The reason of the non-uniform stress distribution can be explained by
the special shear-leg effect and by the imperfection sensitivity of the specimens (Fig. 11a). In
addition, the curves show significant nonlinearities before reaching the yield strength as well,
which may be also caused by the effect of the residual stresses.

a) specimen 4TP2-1

b) specimen 4TP2-2

c) specimen 5TP2-1

d) specimen 5TP2-2

e) specimen 10TP4
f) specimen 9TP3
Fig. 12: Normal stress gradient along the large flange outstand.
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2.4.7 Estimate of the residual stress pattern
The residual stresses are evaluated based on the strain gauge measurements placed on the tension
flange. The evaluation is based on the nonlinearity of the measured stress-strain curves, as shown
in Fig. 13 in the case of the specimen 7TP1.

a) TF6

b) TF5

c) TF4

d) TF3
e) TF2
f) TF1
Fig. 13: Measured stress-strain curves in the tension flange (specimen 7TP1).
The residual stress magnitudes are estimated by the starting point of the nonlinear structural
behavior measured by the strain gauges. By ignoring the effect of geometric nonlinearities this
estimation may result in greater magnitudes. The blue lines represent the theoretically calculated
elastic stresses and the black horizontal lines represent the measured yield strength of the flange
material. The red curves present the measured normal stresses in the lower flange. It can be seen
in the figures that the residual stresses close to the free edges are estimated to be around 0.35-0.8
times the yield strength (Fig. 13a, c, d, f). While close to the web it is around 0.45-0.55 times the
yield strength (Fig. 13b, e). It has to be noted that similar tendencies and magnitudes are obtained
in the case of all the other specimens. The measurements proved that notable tensile stresses remain
around the flame cut edge and around the web-to-flange junction due to welding. Therefore, the
residual stress pattern proposed by Watanabe and Masahiro [26] and Lho et al. [42] (Fig. 14) for
corrugated web girders might be supported by the current test results.
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Fig. 14: Residual stress pattern used by [26], [42].
2.4.8 Evaluation of the EC3 classification limit for flange buckling
Together with the current experimental test results a total number of 38 girders with trapezoidally
corrugated web are collected and the bending resistances are compared to different previous design
proposals. The basis of the evaluation is the ultimate normal force acting in the compression flange
of the specimens calculated by Eq. (18). The normal stress distribution is assumed constant along
the flange width.
N test, fc 

M test
,
hw  t cf  t tf  2

(18)

where Mtest is the measured ultimate bending moment capacity. The plastic normal force resistance
of the flange based on the measured yield strength can be calculated by Eq. (19).
(19)

N yfc  t cf  bcf  f yfc ,

Fig. 15: Classification based on the average flange outstand.
Fig. 15 shows the calculated ratios of the measured flange normal force and the plastic resistance
(Eq. (18) divided by Eq. (19)) for all the analyzed girders. All the results are presented depending
on the average flange outstands in Fig. 15. The vertical dashed line and the vertical dotted line
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represent the proposed limit values – regarding local flange buckling – according to EN1993-1-5
(Eq. (2)) and the smallest limit value proposed by Li et al. [27] (Eq. (3)), respectively. It can be
seen that the average outstand which does not consider the corrugation depth is not compatible
with the proposed classification limits, since several points are on the left side of the vertical lines
where local flange buckling of the sections occur before the complete yielding of the flange.
Fig. 16 presents the same results evaluated based on the large flange outstand. The proposed
smallest limit of Li et al. [27] represented by the vertical dotted line seems to be on the unsafe side
compared to the test results. It can be seen, however, that the proposed limit of the EN1993-1-5
represented by the vertical dashed line shows good agreement with the test results.

Fig. 16: Classification based on the large flange outstand.
On the left side of the vertical dashed line there are only test results under the horizontal line 1.0 –
representing progressive plastic flow in the whole flange – where vertical flange buckling occurred
due to the slender corrugated web. On the right side of the class 4 limit line local flange buckling
was the obtained failure mode for all the specimens. The test results prove that the cross-section
classification of the compressed flange should be based on the large flange outstand and the
proposal of the EN1993-1-5 is applicable with adequate safety.
2.4.9 Evaluation of the different design models
The flange normal force resistances of all the 38 test specimens are determined according to the
different design proposals. By comparing the design resistances with the ultimate resistances the
statistics are calculated and summarized in Table 4.
It is clear that in the case of corrugated web girders the buckling resistance model developed for
flat web girders is not applicable with adequate safety using the average flange outstand value. The
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proposal of the DASt-Richtlinie 015 [28] for trapezoidally corrugated web girders gives slightly
less conservative resistance, however, unsafe solutions are also obtained in case of slender flanges.
The fourth and fifth columns show the statistics related to the design curve of the EN1993-1-5 [12]
given by Eq. (12). The statistics in the fourth column is based on the EN1993-1-5 Annex D for
trapezoidally corrugated web girders (Eqs. (1), (5), (10)-(12)), while in the fifth column Eq. (17) is
also considered for the calculation of the relative slenderness ratio, namely the average of the flange
outstands are applied accordingly [35]. In addition, the statistics related to the proposal of
Watanabe and Masahiro [26] (Eq. (14)) is presented in the sixth column where the buckling
coefficient is limited according to Timoshenko and Gere [36] (0.43≤kσ≤1.3). It is to be noted that
none of the proposals are applicable for the investigated parameter domain.
Table 4: Evaluation of the proposals based on test based resistances.
For trapezoidally corrugated web girder
EN1993-1-5
EN1993-1-5 design curve
for flat web
K&M
DASt
[28]
girders
[26]
EN1993-1-5
Eq. (16)
J&C [25]
Eq. (12)
Eq. (14)
[12]
Eq. (17)
Eq. (12)
Mean
1.029
1.038
0.975
0.977
0.950
Std. Dev.
0.073
0.085
0.092
0.079
0.113
CoV
0.071
0.082
0.095
0.081
0.118
Min
0.871
0.886
0.691
0.812
0.662
Max
1.231
1.289
1.110
1.110
1.110
The results of all the 38 test results are plotted in Fig. 17 together with the design curve of the
EN1993-1-5 [12] according to Eq. (12). The required reduction factor related to the effective width
of the large flange outstand for each specimen is determined according to Eq. (20) by considering
Eqs. (5), (10).
 req 

N test, fc  c f ,eff , 2  t cf  f yfc
c f  t cf  f yfc

(20)

,

where cf,eff,2 is the effective width of the small flange outstand and cf represents the large flange
outstand.
In Fig. 17 the horizontal axis represents the slenderness ratio of the large flange outstand according
to Eqs. (5), (10). It can be observed that several points are located under the design curve when the
observed failure mode is local flange buckling. It has to be noted that due to the application of the
specific buckling coefficient in the relative slenderness ratio developed for corrugated web girders,
the plateau length of the buckling curve may be smaller than the limit proposal of EN1993-1-5 [12]
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defined by 0.748. In addition, the results show that the design buckling curve should also be revised
for trapezoidally corrugated web girders.

Fig. 17: Design proposal of EN1993-1-5 [12] for corrugated web girders and test results.
2.4.10 Summary of the experimental results
The previous test results and the previous design proposals are collected and extended by an
additional experimental research program investigating the flange buckling resistance of
trapezoidally corrugated web girders. By evaluating the test results the following conclusions are
drawn:
(i)

The corrugation profile of the web has large effect on the initial geometric imperfection
of the flanges and its magnitude is mostly influenced by the slenderness of the large flange
outstand.

(ii) Three different buckling modes of the flanges are distinguished depending on the web
slenderness and flange-to-web thickness ratio: (i) flange induced buckling, (ii) combined
and (iii) separated local flange buckling.
(iii) The flange-to-web thickness ratio has essential impact on the failure mode and moment
capacity of the trapezoidally corrugated web girders. The change between the pinned and
fixed support condition of the web may be around tf/tw≈2.5. In addition, flange induced
buckling of the web limited to one fold may start to occur in the case of large flange-toweb thickness ratio (tf/tw≈5), but this value may also depend on the corrugation profile.
(iv) The normal stress distribution may be assumed as constant along the flange width, since
the stress gradients are obtained between 0.9 and 1.0 – in elastic state – if the flange is
classified to cross-section class 1-3.
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(v) The results prove that the classification limit of the EN 1993-1-1 [34] for class 4 sections
is applicable for trapezoidally corrugated web girders based on the large flange outstand,
the design proposal of the EN1993-1-5 [12] for the reduction factor applicable for class 4
sections, however, needs revision.
2.5 Numerical model development and validation
2.5.1 Applied analysis method
An advanced numerical model is developed in ANSYS 15.0 [47] finite element program. The
model is based on a full shell model using four-node-thin (SHELL181) and eight-node-thin
(SHELL281) shell elements with linear and with serendipity base functions, respectively. Two
analysis types are applied, geometrical nonlinear buckling analysis (GNBA) for the determination
of the critical load amplifier and geometrical and material nonlinear imperfect analysis (GMNIA)
for the determination of the ultimate resistances. The applied numerical model can handle the
application of residual stresses, measured initial geometric imperfections as well as equivalent
geometric imperfections. Fig. 18a presents the developed geometrical model with the boundary
and loading conditions. The numerical model is simply supported and the compression flange is
constrained against lateral displacement to ignore lateral torsional buckling. The bending moments
are applied in the flanges through force pairs at both ends.

a) geometric model
b) material model
Fig. 18: Applied geometric and material model.
A linear elastic - hardening plastic material model with von Mises yield criterion is used in the
numerical model. The material model behaves linear elastic up to the yield stress (fy) by obeying
Hook’s law with Young’s modulus equal to 210000 MPa shown by Fig. 18b. The yield plateau is
modeled up to 1% strains with a small increase in the stresses. By exceeding the yield strength the
material model has an isotropic hardening behavior with a hardening modulus until it reaches the
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ultimate strength (fu). From this point the material is assumed to behave as perfectly plastic. In the
validation procedure of the FE model the measured yield and ultimate strengths are implemented
for all the tested girders, in the numerical parametric study, however, the nominal yield and ultimate
strengths are applied relevant for S355 steel grade.
2.5.2 Convergence study
Mesh sensitivity analysis is executed to study the applicable element type and number of finite
elements per fold length to ensure high accuracy in the numerical modeling. In addition, member
length dependence study is also performed in order to give a limit number how many corrugation
waves are needed as a minimum to analyze, in order to ensure the accuracy of the critical stress
from GNB analysis. Fig. 19 presents the result of the convergence study of the GMNI analysis
using four-node (SHELL181, blue lines) and eight-node (SHELL281, red lines) shell elements.

a) specimen 9TP3 (cf/tf≈12)
b) specimen 4TP2-2 (cf/tf≈22)
Fig. 19: Results of the convergence study for the ultimate resistance.
The vertical axes represent the ratio of the numerical and test based resistances and the horizontal
axes demonstrate the number of applied elements per fold length. The same tendencies are
observed whether equivalent geometric imperfections using the first eigenmode shape are applied
in the FE model or no imperfections are applied (e.g. the blue curves tend to the corresponding red
curves). It can be observed that in the case of eight-node-shell elements (SHELL281) 4 elements
along the fold lengths could be acceptable in average due to its fast convergence, while 6-10
elements are needed to reach acceptable accuracy, if four-node-shell elements (SHELL181) are
applied.
Fig. 20 presents the results of the convergence study for the GNB analysis. The vertical axes
represent the critical load factors normalized to their investigated minimum values (αcr,6 – 6
elements over one fold). The horizontal axes represent the applied element numbers along the fold
length. The results reveal that in the case of SHELL281 4 elements within the fold length is judged
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to be acceptable. Therefore, this element type is used in the following calculations having at least
4 elements along the web fold.

a) specimen 9TP3 (cf/tf≈12)
b) specimen 4TP2-2 (cf/tf≈22)
Fig. 20: Results of the convergence study for the critical bending moment.
Fig. 21 shows the results of the convergence study in the function of the member length for four
different flange width-to-corrugation depth ratios (bf/a3). The vertical axis represents the critical
load amplifier depending on the number of the analyzed wave length.

Fig. 21: Convergence study on the member length.
It can be observed that by using flange width-to-corrugation depth ratio equal or smaller than 5,
the number of the minimum wave lengths to be analyzed is two, in order to eliminate the effect of
the end supports from the critical load amplifier. For larger bf/a3 ratios, however, at least 4
corrugation waves should be modeled. Therefore, in the current numerical parametric study the
minimum number of the applied corrugation waves are larger than 4. These considerations are
applied in the design of the test specimens presented in Section 2.4.
2.5.3 Numerical model validation
In the frame of the experimental research program the initial geometric imperfections of the
compression flanges and the strains in the tension flanges are measured. All the measurements are
presented in Section 2.4. These results are used to validate the current numerical model. Fig. 22a
shows the schematic drawing of the applied residual stress distribution predicted from the strain
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gauge measurements on the test specimens in accordance with the proposal of Watanabe and
Masahiro [26] and Lho et al. [42]. Fig. 22b presents the defined longitudinal stress distribution in
the FE model. After defining the residual stresses the equilibrium stress state is calculated as shown
in Fig. 22c.

a) schematic model

b) defined residual stresses
c) equilibrium situation
Fig. 22: Longitudinal residual stress distribution.

Fig. 23: Actual collapse mode and ultimate shape from the numerical simulation (4TP2-2).
This equilibrium residual stress distribution is applied in the GMNI analysis including the
measured actual initial geometric imperfections of the compression flange. The process of the FE
model validation is shown in Fig. 23 in the case of specimen 4TP2-2. The geometrical and material
properties of each specimen according to their numbering can be found in Section 2.4.2. Before the
loading tests, 11 specimens’ initial geometric imperfections are measured and applied in the
numerical model. It has to be noted that by applying the above described initial imperfections in
the numerical simulations, similar failure modes and ultimate resistances are observed in the
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numerical model than measured in the laboratory tests. The results of the numerical model
validation are summarized in Table 5 where the first and second columns show the specimen
numbers and the large outstand-to-thickness ratio (cf/tf).
Table 5: Numerical model validation by the test results.
Mtest
Mnum,geo Mnum,geo+res
Number
cf/tf
Mnum,geo/Mtest Mnum,geo+res/Mtest
[kNm] [kNm]
[kNm]
1TP1-2
20.0
322.7
370.0
342.9
1.15
1.06
2TP1-1
20.2
369.1
413.3
381.5
1.12
1.03
2TP1-2
20.2
364.8
404.6
376.3
1.11
1.03
3TP1-2
11.0
739.9
717.1
716.3
0.97
0.97
4TP2-2
22.5
289.2
323.9
300.7
1.12
1.04
5TP2-2
22.8
321.3
367.0
340.0
1.14
1.06
6TP2-2
12.1
740.7
730.5
728.4
0.99
0.98
7TP1
13.1
587.7
571.5
568.7
0.97
0.97
8TP2
14.2
550.1
546.3
540.1
0.99
0.98
9TP3
12.0
585.0
576.2
575.5
0.99
0.98
10TP4
13.0
571.5
569.9
564.7
1.00
0.99
The columns #3, #4 and #5 represent the ultimate bending moment resistances measured in the
tests, computed by the FE simulations with applying only the initial geometric imperfections and
calculated by FE simulations with both initial geometric imperfections and residual stresses,
respectively. The ratios of the FEM based and test based resistances are included in columns six
and seven. It can be observed that in the case of very slender flanges having cf/tf ratios larger than
20, the residual stresses have significant effect on the load carrying capacities (specimens 1TP1-2,
2TP1-X, 4TP2-2, 5TP2-2). The resistance differences are obtained to 8-9% which may confirm the
results of Li et al. [27] where the differences are obtained to 5% for cf/tf ≈17 and 14% for cf/tf≥24.5.
It can be seen that by applying the initial geometric imperfection and the residual stresses in the FE
model the structural behavior follows the actual behavior observed in the tests. It is proved by the
comparison of the failure modes and the bending moment resistances as well. The statistics show
that the average deviation is obtained to be 1% with a coefficient of variation equal to 0.034 and
with a maximum deviation equal to 6% for slender flanges.
2.6 Imperfection sensitivity analysis
In order to perform an adequate numerical parametric study a sensitivity analysis using GMNIA is
executed for the determination of the necessary imperfection magnitudes based on equivalent
geometric imperfections. In the frame of the research only the first eigenmode shape is analyzed
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which always corresponds to the flange buckling failure mode. The aim is to investigate the
applicability of the proposed magnitude cf/50 for flange twist of EN1993-1-5 [12] Annex C for the
determination of the flange buckling and bending moment resistances of corrugated web girders.

a) typical first eigenmode shape (4TP2-2)

b) specimens 1-3

c) specimens 4-6
d) specimens 7-10
Fig. 24: Imperfection sensitivity analysis on the first eigenmode shape.
The imperfection sensitivity analysis is performed on the currently investigated 16 laboratory test
specimens as well as on the 22 test specimens found in the international literature. Fig. 24 shows
the imperfection sensitivity curves regarding the current test specimens. In the diagrams the vertical
axes represent the ratio of the FEM based and test based resistances while the horizontal axes
represent the imperfection magnitude on the first eigenmode shape. Fig. 24a illustrates a typical
first eigenmode shape in the case of specimen 4TP2-2. The sensitivity curves of specimens 1TP1
– 3TP1 are plotted in Fig. 24b. It can be seen that for stockier flanges having cf/tf≈11 the sensitivity
curves are flatter. These girders are less sensitive for the imperfection magnitude. On the other side
in case of specimens having cf/tf≈20 the results show larger imperfection sensitivity. The results
also prove that the web thickness has significant effect on the imperfection sensitivity. In the case
of specimens 1TP1 having tf/tw=2.67 much larger imperfection sensitivity is observed than in the
case of specimens 2TP1 having tf/tw equal to 1.33. It is to be noted that the same tendencies are
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obtained for all the other specimens, shown in Fig. 24c-d. In addition, similar tendencies are
obtained for the sensitivity curves of the 22 test specimens taken from the international literature.
Based on the imperfection sensitivity curves the necessary magnitudes are determined for each
specimen according to the intersection points of the sensitivity curves with the horizontal red lines
representing the test results.

a) whole range
b) range of class 4 sections
Fig. 25: Imperfection magnitude based on first eigenmode shape.
Fig. 25 shows the results regarding the necessary imperfection magnitudes where the vertical axis
represents the necessary scaling factor x on the large flange outstand (cf/x), while the horizontal
axis represents the larger outstand-to-thickness ratio of the flanges considering the material grade
(cf/tf/ԑ). The vertical dashed lines represent the cross-sectional classification limits of the EN19931-1 [34]. It can be seen that for flanges having cf/tf/ԑ≥14 the proposal of the EN1993-1-5 [12] for
imperfection magnitude cf/50 may be applicable represented by the horizontal red line. The
application of this imperfection factor would result in conservative result for girders having
cf/tf/ԑ<14, its effect, however, on the bending resistance is relative small. It can be observed that
one specimen (CW2) of Johnson and Cafolla [25] represented by blue square and specimens
(denoted by GJ) of Li et al. [27] represented by green squares are under the red line. In the case of
specimen CW2 dashed welded connection was applied in the web-to-flange junction which may
have significant effect on the buckling behavior of the flange resulting lower resistance. In the case
of specimens of Li et al. [27] the exact material properties are not known, only the average values
are given in the relevant paper, which increases the results uncertainty. Therefore, these girders are
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eliminated from the judgement of the imperfection magnitude and the statistical evaluation. The
statistics concerning the scaling factor and imperfection magnitude are summarized in Table 6.
Table 6: Statistical evaluation on the imperfection magnitude and the scaling factor.
Mnum/Mtest
scaling factor (x) on cf
cf/50 for
cf/50
cf/tf/ԑ≥14 cf/tf/ԑ<14
all
cf/tf/ԑ≥14
Average
0.946
0.932
93
1689
1123
Std. dev.
0.056
0.050
83
192
781
CoV
0.059
0.054
0.892
0.114
0.695
Min
0.864
0.852
49
1209
49
Max
1.010
1.010
349
2032
2032
The columns #2 and #3 represent the statistics regarding the ratio of the FEM based and test based
resistances. Column #2 represents the results if cf/50 is applied for specimens having cf/tf/ԑ≥14.
Column #3 summarizes the results, if cf/50 is applied for all the specimens. The results revealed
that all of the current test specimens are on the safe side in both cases, and columns #2 and #3 show
small differences, which means that for stocky flanges the imperfection magnitude has negligible
effect on the bending moment resistances. If the necessary scaling factors are determined based on
the test results (column #4) cf/93 is obtained as the average equivalent imperfection magnitude for
specimens having cf/tf/ԑ≥14. The maximum value is obtained to cf/49. The results are judged to be
acceptable since the concerning maximum deviation on the unsafe side is only 1.0%. As a
consequence, the value of cf/50 can be used for the determination of the imperfection magnitudes
if the flange buckling eigenmode is applied as equivalent geometric imperfection shape for crosssections having class 4 flanges.
2.7 Numerical parametric study
2.7.1 Investigated parameter range
A numerical parametric study is performed by the validated FE model. Two analysis types are
applied; first bifurcation analysis (GNBA) in order to determine the critical load amplifier and a
nonlinear analysis (GMNIA) to investigate the ultimate bending moment resistance of the
trapezoidally corrugated web girders. The parameter domain is chosen in order to cover even the
most extreme layouts as well. In the numerical analysis the following parameter domains are
analyzed, which has a significant importance from the point of view of the validity interval of the
developed flange buckling resistance model:


a1/a2

0.33 – 0.67 – 1.0 – 1.5 – 2.0 – 3.0,
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α

10⁰ – 20⁰ – 30⁰ – 40⁰ – 45⁰– 60⁰– 80⁰,



R

0.043 – 0.47,



bf/a3

1.0 – 15.6,



cf/tf

8 – 26,



tf/tw

1 – 6,



hw/tw

100 – 800,



fy

355 MPa.

According to the range of parameters, in the parametric study more than thousand different
geometries are investigated.
2.7.2 Results of the bifurcation analysis
In the buckling analysis the buckling coefficient is investigated through the critical load amplifier.
From the critical load amplifier the critical normal stresses are determined by assuming uniform
stress distribution along the flange width as simple and conservative solution instead of considering
non-uniform stress distribution. The strain gauge measurements in the previous and current test
programs prove the applicability of this assumption if only bending moment is applied on the girder
without shear force. The FEM based buckling coefficient is determined according to Eq. (21) in
the current study which may give reasonable solution for the large flange outstand. The obtained
values, however, are not relevant for the small flange outstand.
k  , num 

 cr , num 12  1   2   t f 
E 

2

2

(21)

  ,
c 
 f 

where σcr,num is the FEM based critical normal stress in the flange, υ and E are the Poisson’s ratio
and the Young’s modulus, respectively.

a) a1/a2=3, bf/a3=8-6-4
b) a1/a2=1, bf/a3=6-5-1.5
c) a1/a2=0.33, bf/a3=4-3-1.5
R=0.10-0.14-0.21
R=0.12-0.14-0.47
R=0.14-0.20-0.39
Fig. 26: Typical first eigenmode shapes from GNB analysis.
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Fig. 26 illustrates typical flange buckling eigenmode shapes having different trapezoidal profiles
with different flange width-to-corrugation depth ratios (bf/a3) resulting in different enclosing effect
of the web panel (R).
At first the buckling length is analyzed based on the obtained eigenshapes. It is observed that in
case of bf/a3>2 the buckling lengths are longer than a=a1+2a4 and the buckling shapes are highly
influenced by the web corrugation even in case of R<0.14. Furthermore, the results reveal that the
flange-to-web thickness ratio (tf/tw) has large impact on the buckling coefficient.
Fig. 27 shows all the results of the GNB analysis. The vertical axis represents the ratio of the
standard based (Eq. (5)) and the FEM based buckling coefficients. Fig. 27 shows all the results in
the function of the flange width-to-thickness ratio (cf/tf/ԑ) regarding the large flange outstand. The
results show that for class 4 flanges the current design method approximates the buckling
coefficient with a large scatter and there is a significant amount of numerical results on the unsafe
side.

Fig. 27: Numerical results compared to the proposal of the EN1993-1-5 [12].
The results prove that the current proposal of the EN1993-1-5 [12] for the buckling coefficient
calculation of the flanges of trapezoidally corrugated web girders needs improvement. The
differences may come from the fact that the current method does not consider the real buckling
length (a), the tf/tw ratio and the enclosing effect of the web (R). To determine which parameters
have significant influence on the buckling coefficient, the parameters varied in the numerical
parametric study are separately evaluated in detail. It is shown that:


the buckling coefficient decreases: (i) by using stockier flanges, (ii) by applying larger R
values if the relevant cf value increases in the same time,
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the buckling coefficient increases: (i) with the application of larger web thickness, (ii) by
applying wider flanges,



the smaller is the enclosing effect of the web (R) the greater is the deviation between the
standard based and FEM based buckling lengths.

2.7.3 Results of the nonlinear analysis
Numerical parametric study is also performed based on nonlinear analysis to determine the bending
moment resistance and the applicable buckling curve regarding to flange buckling. Fig. 28 shows
three typical failure modes and the pertinent von-Mises stress distributions having tf/tw ratios
between 3.0-3.3. The results show that due to buckling flange yielding occur in the upper surface
of the compression flange (grey color), and the stress level decreases on the lower side of the
compression flange, such as obtained during the tests (Section 2.4.6). Furthermore, the results prove
the presence of the “accordion effect”, which means that the main part of the web is not effective
against longitudinal normal stresses.

a) a1/a2=3, tf/tw=3, cf/tf=14
b) a1/a2=1, tf/tw=3, cf/tf=14 c) a1/a2=0.33, tf/tw=3.3, cf/tf=12
Fig. 28: Typical ultimate shapes from GMNI analysis.
All the numerical results are summarized in Fig. 29. The diagram also contains the design curve of
the EN1993-1-5 [12] given by Eq. (12). The required reduction factor related to the effective width
of the large flange outstand is determined according to Eq. (22), while the buckling coefficient and
the relative slenderness are determined according to Eq. (5) and Eq. (10).

 req 

N u , num  c f ,eff , 2  t f  f yf

(22)

,

c f  t f  f yf
where Nu,num is the ultimate normal force in the compression flange obtained by the GMNI analysis

and cf,eff,2 is the effective width of the small flange outstand according to Eq. (5) and Eqs. (10)-(12).
Fig. 29a shows the results using the large flange outstand in the relative slenderness calculation
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[12], [35]. Fig. 29b represents the results of girder geometries having R<0.14. Results for girders
having R≥0.14 are plotted separately signed by different markers according to the proposal of
Johnson and Cafolla [25]. It can be seen that several points are on the unsafe side including points
using the average flange outstand in the relative slenderness. There is a contradiction in the
calculation of the relative slenderness limit of 0.748 suggested by the standard since it is based on
the buckling coefficient equal to 0.43 applicable for flat web girders only. These results prove that
the current design proposal needs revision and further improvement for girders with corrugated
web.

Fig. 29: GMNIA results according to (a) EN1993-1-5 [12] and (b) Johnson and Cafolla [25].
2.8 Resistance model development
2.8.1 Calibration of the buckling coefficient
Previous sections reveal that the buckling coefficient provided by the EN1993-1-5 [12] is not
conform to the numerical and experimental results. Several important effects are omitted which
should be considered in the design. The test results prove that the web-to-flange junction including
the enclosing effect of trapezoidal web panel and the flange-to-web thickness ratio has significant
effect on the load carrying capacity. Previous investigations pointed out that the buckling
coefficient could be smaller or larger than 0.43 depending on the web-to-flange thickness ratio and
on the corrugation profile. To consider these effects the buckling coefficient formula developed for
plates – Eq. (5) – is further improved based on the results of the numerical simulation. The
development is performed according to the concept that the first term of the buckling coefficient
(0.43) should consider the stress gradient and all the boundary conditions of the fictitious plate
subjected to compression. The second term should consider the width-to-length ratio of the subplate bounded by the inclined folds. It means that only the first term should be modified by
considering the previous proposals and the numerical, experimental observations. This concept is
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convenient and compatible with the previous proposals developed for flat web girders. By
substituting the rearranged Eq. (9) of Park et al. [40] into the first term of Eq. (5) the equation given
by Eq. (23) can be derived.

b f 2 tw 
k  0.43   25.5 
 

h
t f 
w


0.6

2

cf


 .
 
a

2

a
1
4



(23)

The experimental results show that the change between simply and fixed support of the web is
around tf/tw≈2.5. If this value is substitued into Eq. (23) instead of 25.5·(bf/2/hw) then Eq. (24) is
obtained which indicates that for tf/tw≈2.5 the clamping effect of the web is eliminated.
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Furthermore, based on the numerical results the enclosing effect of trapezoidal web given by Eq.
(17) can be considered as an additional term in the index. If this effect is included, Eq. (25) is
obtained for the linear buckling coefficient of the large flange outstand.
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(25)

Besides theoretical and experimental considerations and mathematical manipulations, curve fitting
on the numerical results is also performed and the derived equation is finally verified by the
numerical results. The comparison is plotted in Fig. 30 where the red dots are related to the proposal
of the EN1993-1-5 [12] and the blue dots represent the results regarding the current proposal.

a) cf/tf/ԑ dependence
b) comparison
Fig. 30: Verification of the derived critical stress equation with GNBA results.
It can be seen that safe side solutions are provided with significantly smaller variation coefficient.
Fig. 30b shows the comparison of the FEM based and currently proposed analytical equation. It is
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shown that the current proposal represented by blue dots gives safe side solutions with adequate
accuracy.
The statistical evaluation of the calculation method according to the EN1993-1-5 and the current
proposal regarding class 4 flanges are included in Table 7. In the case of the current proposal the
average deviation is 27.4% on the safe side with a coefficient of variation equal to 0.123. It can be
observed, that the proposed method shows significantly better approximation of the calculated
values than the current standard proposal.
Table 7: Statistical evaluation of the buckling coefficients regarding class 4 flanges.
EN1993-1-5
Eq. (25)
Average
1.764
1.274
Std. Dev.
0.566
0.156
CoV.
0.321
0.123
Min.
0.565
0.905
Max.
3.764
1.750
2.8.2 Design procedure
The current experimental and numerical results proved that the original plate buckling curve is not
suitable for corrugated web girders, it needs improvement. As a first step the theoretical limit value
of the relative slenderness is determined by substituting cf/tf/ԑ=14 into Eq. (10). This limit value is
equal to the plateau length of the buckling curve. The previous test results proved that the crosssection classification based on the value of cf/tf/ԑ=14 is applicable for corrugated web girders too,
using the large flange outstand. Therefore, this limit value is applied and an analytical solution is
derived for the slenderness limit value in the form of Eq. (26). This limit value is equal to 0.751
for flat web girders if kσ is equal to 0.43. In case of corrugated web girders the corrugation profile
results in changes in the buckling coefficient which should be also considered in the buckling curve
plateau length.
0.493
(26)
.
k
Fig. 31 shows the FEM based results for the relative slenderness limit values depending on the

 p , lim 

buckling coefficient. The red points show the numerical results and the blue line represents the
proposal according to Eq. (26). The points showing the numerical results are selected within the
range of 14<cf/tf/ε<15, representing numerical results within a small region of the edge point of the
buckling curve. It can be observed that using Eq. (25) for the buckling coefficient calculation, the
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proposed relative slenderness limit curve according to Eq. (26) follows well the numerical results
and all the points are on the safe side.

Fig. 31: Relative slenderness limit depending on the buckling coefficient.
If Eq. (26) is implemented into the proposed equation of the buckling curve of [26], [38], Eq. (27)
is obtained. It can be observed that the reduction factor depends only on the relative slenderness,
on the buckling coefficient and on the index β, what should be calibrated based on the numerical
results.
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Expressing the effective width of the flange outstand Eq. (28) is obtained. It indicates that for β=1.0
the effective width depends only on the thickness and the yield strength of the compression flange.


c f ,eff


tf 
 c f 14      c 1f   (14    t f )   c f .

c f 


(28)

a) front view
b) back view
Fig. 32: GMNIA results regarding class 4 flanges with the current proposal setting β=1.0.
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Fig. 32 presents the comparison of the FEM based reduction factors and the surface represented by
Eq. (27) using β=1.0. It can be seen that the FEM based results are in the close region of the design
proposal. In Fig. 32a the front view of the design equation can be seen, while Fig. 32b shows the
back view of the design equation.

a) GMNIA results (tf/tw)
b) experimental results
Fig. 33: Comparison of the a) numerical and b) test results with the buckling curve.
Fig. 33a shows the FEM based resistances compared to the buckling curve calculated according to
Eq. (27) using β=1.0. The horizontal and vertical axes represent the plate slenderness and the
reduction factor, respectively. The different colors represent different tf/tw ranges of the
investigated girders. It can be observed that for girders having tf/tw≤2 the web contribution to the
bending moment resistance is relatively large represented by the black dots. These large deviations
are attributed to the concept that the web is fully neglected in the bending moment resistance
calculation. Several points concerning class 1, 2 and 3 sections, however, required larger reduction
factor than 1.0. By increasing the tf/tw ratio the FEM based resistances get closer to the design
buckling curve shown by the different colored dots. In Fig. 33b the experimental test results are
plotted compared to the current proposal using β=1.0. It can be seen, that none of the specimens’
results are on the unsafe side regarding class 4 flanges where local flange buckling was the ultimate
failure mode.
2.8.3 Calibration of index β
Due to the systematic parametric study the β index is investigated in detail. It is to be noted that
the enclosing effect of trapezoidal web (R) cannot describe the supporting effect of the web alone
since any α can belong to any R and vice versa. The parametric study reveals that the β index
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depends on three parameters such as the enclosing effect of the web (R), the corrugation angle of
the inclined fold (α) and the flange-to-web thickness ratio (tf/tw) which clearly defines a specific
profile for a given flange width. In Fig. 34a the effect of the flange-to-web thickness ratio is
presented for a geometry having fold lengths a1=a2=200 mm in the function of increasing α (and
R) represented by the upper and lower horizontal axes, respectively. It is shown that the larger is
the tf/tw the larger is the index β and smaller is the resistance to flange buckling. In addition, it can
be seen that the curves have a reverse parabola character which peak value is obtained to α=45⁰
representing the most unfavorable layout.

a) tendency and effect of tf/tw (a1=a2=200mm)
b) β – R relationship (tf/tw=4.8)
Fig. 34: Investigation of the β index based on GMNIA results.
By increasing the corrugation angle from α=45⁰ the supporting effect of the web increases. By
decreasing the corrugation angle from α=45⁰ the web contribution to the longitudinal load bearing
increases. In the “accordion effect” based flange buckling resistance model the web is completely
neglected from the longitudinal load carrying, however, through the β index it can be indirectly
considered. In the case of α=0⁰ – representing flat web girder – the whole web panel practically
takes part in the longitudinal load carrying and therefore the value of β can be decreased.
In Fig. 34b the computed β values are presented in the function of R having flange-to-web thickness
ratio equal to 4.8. The black solid polygon represents the same polygon found in Fig. 34a. It can
be seen that the β index linearly depends on R if the corrugation angle is constant. The slope of the
colored lines, however, must depend on the corrugation angle. Therefore, the slopes are computed
for each investigated corrugation angle and the relationship is determined by curve fitting. As a
result, a closed formula with lower limit of 0.5 and upper limit of 1.0 is developed for the
approximation of β index in the form of Eqs. (29)-(30) considering the flange-to-web thickness
ratio. Without setting the lower limit of 0.5 a few geometries would be on the unsafe side with a
44

maximum deviation of 6% compared to the FEM based resistances. By using the lower limit,
however, they show a good agreement with the GMNIA results. Fig. 35 shows the spatial plot of
Eq. (29) regarding tf/tw=4.8 in which the illustrated section is the same as presented by the black
polygons in Fig. 34.


a
1 
  5    R   4
 tg ( ) 
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  5    R  

  0.45  0.06 

tf
tw




 where 0.5    1.0 ,


(29)
(30)

.

Fig. 35: Approximation of β index for tf/tw=4.8 (Eqs. (29)-(30)).

a) front view
b) back view
Fig. 36: GMNIA results with the current proposal shown by Eqs. (27), (29) and (30).
Fig. 36a-b shows the front and back views of the design equation with the overall results regarding
class 4 flanges, respectively. It can be seen that all the FEM based results fit well to the design
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proposal. The concerning statistical evaluation of the current design and FEM based resistances
are summerized in Table 8 regarding β equal to 1.0 (as a lower bound solution) and calculated
according to Eqs. (29)-(30). It is shown that by using β=1.0 (Fig. 33a) the average ratio is 7.3%
(2nd column) on the safe side with coefficient of variation equal to 0.058. The maximum deviations
on the safe and unsafe sides are 27.4% and 3.0%, respectively. By applying Eqs. (29)-(30) for the
determination of the β index the results fit better to the numerical calculations with an average ratio
of 0.97 on the safe side and with a coefficient of variation equal to 0.027. The maximum deviations
on the safe and unsafe sides are 13.4% and 3.0%, respectively.
Table 8: Statistical evaluation of the flange buckling resistances.
β=1.0
0.5≤β≤1.0
Average
0.927
0.970
Std. Dev
0.054
0.026
CoV
0.058
0.027
Min
0.726
0.866
Max
1.030
1.030
2.9 Conclusions
In the current research program experimental and numerical investigation is executed on the flange
buckling resistance of girders with trapezoidally corrugated webs. The basis of the FE model
development is the experimental test program. FE model is developed and validated based on
experimental test results considering the initial geometric and residual stresses as well.
Imperfection sensitivity analysis is performed to promote FEM based design. It is shown that by
using the flange buckling eigenmode as equivalent geometric imperfection in the nonlinear analysis
the proposal of the EN1993-1-5 [12] for the imperfection magnitude could be applicable with cf/50
for flange twisting. It results in, however, conservative solution for stocky flanges with low
imperfection sensitivity. The validated numerical model is used to calibrate the critical buckling
load and the load carrying capacity regarding flange buckling. By evaluating the results the
following conclusions are drawn:
(i)

The results of the GNB analysis show that the proposal of the EN1993-1-5 is not suitable
for trapezoidal web girders since it does not consider the rigidity of the web-to-flange
junction.

(ii) A new proposal is developed for the buckling coefficient considering the effect of the
web-to-flange junction in the form of Eq. (25) with the theoretical upper limit of 1.3. The
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proposal considers the previous proposals in the field of flat and corrugated web girders
and the experimental and numerical results as well.
(iii) Nonlinear analysis revealed that the proposal of the EN1993-1-5 for the reduction factor
is not applicable directly for girders with trapezoidally corrugated webs. Therefore, a new
formulation is developed similar to the proposal of the DASt-Richtlinie 015 [28] and
Bambach and Rasmussen [38] in the form of Eq. (27). According to the FEM based
resistances the β index of the buckling curve is derived and calibrated as shown in Eqs.
(29)-(30). For providing safe side solutions for a wide range of trapezoidal layouts the
value of β may be kept between 0.5 to 1.0.
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3. Behavior under combined loading
3.1 General
In the previous chapter the flange buckling behavior under pure bending moment is investigated
having class 4 flanges according to the EN1993-1-1 [34]. In the current chapter, the combined
loading situation is analyzed on trapezoidally corrugated web girders having only class 1-2-3
compact flanges. It is revealed in Chapter 1 that there is a lack of investigations to determine the
interacting stability behavior of corrugated web girders under combined bending, shear and patch
loading (M-V-F). It has relevance in case of incremental launching of bridge girders. Previous
research activities showed that the local and global stability behavior of the girders with corrugated
webs differ from the conventional I-girders due to the corrugation profile. Therefore the design
methods developed for I-girders with flat webs cannot be applied for corrugated web girders. It is
to be noted that the M-V-F interaction behavior of the conventional I-girders with flat web was
also just recently investigated, and design equation was proposed by Braun [13] in 2010 and by
Kövesdi et al. [14] in 2014.
To solve the problem a comprehensive research program is executed. As a first step, a deep
literature review is needed to determine the main purposes and the necessary solution strategy.
Based on the literature overview, the research program is prepared which includes numerical and
experimental study as well. With the help of the FE model development, the interaction behavior
is studied in detail with large range of geometric parameters. Based on the numerical results, a
preliminary design proposal is developed which is validated by the designed and executed
experimental test program. Besides, imperfection sensitivity analysis is performed to investigate
the magnitude of imperfection if equivalent geometric imperfection is applied.
As the main product of the research program, a new design method is developed for taking the MV-F interaction behavior and resistance into account. In addition, a FEM based design prescription
is developed regarding the model development and application of the equivalent geometric
imperfections.
3.2 Previous investigations and proposals
3.2.1 General
Due to the lack of previous research activities in the field of the combined M-V-F interaction
behavior, a deep literature overview is executed in the topic of the individual interaction planes.
The combined bending and shear interaction (M-V), the bending and transverse force interaction
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(M-F) and the shear and transverse force interaction (V-F) is discussed separately. This section
gives a short overview on the latest proposal to determine the patch loading resistance and a review
of the previous investigations regarding the combined loading situation. The applied bending
moment and shear buckling resistance models according to EN1993-1-5 [12] Annex D are
presented by Eq. (1) in Section 2.2.2. and by Eq. (31) in Section 3.2.2, respectively. These resistance
models are used for the evaluation of the current numerical simulations and to evaluate the
developed M-V-F interaction surface.
3.2.2 Applied shear buckling resistance model
Design formula for the shear buckling resistance of corrugated web girders is given in the form of
the Eq. (31) according to EN1993-1-5 [12] Annex D.

Vbw, Rd   c

f yw

 M1 3

(31)

hwt w ,

where hw and tw are the web depth and thickness, fyw is the yield strength of the web, χc is the smaller
reduction factor regarding to local and global buckling and ɤM1 is the partial factor for buckling
(further details can be found in EN1993-1-5 [12] Annex D).
3.2.3 Applied patch loading resistance model
The patch loading resistance can be determined according to the proposal of Kövesdi et al. [24]
which can be calculated according to Eq. (32).

FRd 

2  4  M pl, f    tw  f yw  f yw    tw  ss




M1

,

(32)

where tw is the web thickness, fyw is the yield strength of the web, ss is the loading length, χ is the
reduction factor for web crippling, Mpl,f is the plastic moment resistance of the flange alone and
ɤM1** is the partial factor equal to 1.35 derived by Kövesdi [24]. The above mentioned resistance
model is used in the current study as reference resistances.
3.2.4 Calculation models for the transverse bending moment in the flanges
The bending resistance of the girders with corrugated web was investigated by Lindner [2] in 1992.
Based on experimental investigation on large scale test specimens with corrugated web it was
proposed that the bending resistance should be calculated only from the contribution of the flanges
taken the additional normal stresses into account. To determine the additional normal stresses
coming from the transverse bending moment experimental investigations are executed on large
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scale test specimens. The research was continued by Aschinger and Lindner [3] in 1997 and design
proposal is derived to determine the additional normal stresses. The theoretical background of the
developed equation is that the additional normal stress comes from the shear flow of the corrugated
web. The shear flow has different directions along the girder length in a parallel and in an inclined
fold. Based on the theory of Aschinger and Lindner [3] the flange can be assumed as a girder loaded
by the additional lateral force (Fy) and transverse bending moment (Mz), as shown in Fig. 37.

Fig. 37: Theoretical background of the transverse bending moment [2].
The shear flow has an alternating tendency therefore the additional stress distribution in the flange
has also an alternating tendency along the girder length. These forces (Fy) and moments (Mz) result
in a transverse bending moment in the flange and indicate the additional normal stresses. To
determine the maximum transverse bending moment Eq. (33) is proposed in [3].

M z,max  C1  Fy  C2  M z ,

(33)

where M z  V  a1  a3 and Fy  V  a3 ,
hw

2

(34) (35)

hw

and C1 , C2 are constants which are depending on the loading conditions. The relevant values of C1
and C2 are given in Table 9.
Table 9: Proposed values for C1 and C2.
C1 [1/cm]
C2 [-]
uniformly distributed load
6,5
0,6
concentrated load
13,0
1,5
concentrated moment
13,0
2,0
triangle distributed load
6,5
0,5
The proposed equation is proved by laboratory test results. The above mentioned equation has been
implemeted in the DASt-Richlinie 015 [28]. Beside this transverse bending moment, two other, but
much smaller effects can be also taken into consideration in case of the corrugated web girders,
which are related to the flange thickness. Due to the fact that these additional forces coming from
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the corrugation profile acting on the lower or upper edge of the flange plate, an additional torsion
and bending moment also evolve, which can be also taken into account.
Significant research activity is carried out by Abbas et al. [4], [5], [6] in 2006-2007. The behavior
of the corrugated web girders under in-plane loading was investigated and the stress distribution in
the flanges was analyzed. They executed stress measurements on large scale test specimen with
trapezoidally corrugated webs. Based on the test results a numerical model was developed and the
tendency of the transverse bending moment was investigated. Theoretical investigation was also
derived to analyze the stress distribution in the flange plate of the corrugated web girders. Under
the action of in-plane loads a torsional moment is produced and the girder twists out-of-plane
simultaneously as it deflects in-plane. The in-plane bending behavior can be analyzed by the
conventional beam theory and the out-of-plane torsional behavior is analyzed by a flange transverse
bending problem. The complete stress state can be determined by the superposition of the stresses
due to in-plane bending and flange transverse bending. To determine the transverse bending
moment of the trapezoidally corrugated web girders a so called “fictitious load method” is
developed by Abbas et al. This load has the same meaning as (Fy and Mz) developed by Aschinger
and Lindner [3]. Based on the “fictitious load method”, a closed form equation is developed to
determine the transverse bending moment which takes the torsion effect into account. To derive a
closed form equation the trapezoidally corrugated web is replaced by a sinusoidally corrugated
web, to make the analytical solution easier. The proposed equation is given in the form of Eq. (36),
what is applicable in case of uniformly distributed load. All the details of the analytical solution
and the relevant notations are given in [6].

p y  L2  a 3  1

  2  1  2     c  2  s     c  2  s          ,
2  hw 

py is the distributed in-plane load,

Mt 
where

(36)

L is the span of the analyzed girder,

  z/L ;

  2n ;

c  cos2    n    ;

s   sin 2    n  ,
n is the number of the corrugation waves,

c  cos2    n  ;

s  sin 2    n   

z is the position of the analyzed cross-section.
The given analytical solution is compared to strain measurements in laboratory tests made on large
scale test specimens with trapezoidally corrugated web and to numerical calculations.

51

Proposal to determine the maximal transverse bending moment can be found in the „Commentary
and worked examples to DIN-EN-1993-1-5 Plated Structural Elements” [35] as well. As far as it
is known, the proposed equation is developed by Sedlacek and Maquoi, but there is no explanation
to the proposed formula, and the background of it is not detailed, and it is not available in the
literature. According to the description found in [35], if there is a substantial shear force in the
cross-section of maximum bending moment there may be an influence of the flange axial resistance
from transverse bending. The theoretical basis of this model to calculate the secondary bending
moment is the same as shown in Fig. 37. It means that the transverse bending comes from the shear
flow in the corrugated web. The maximum transverse bending moment Mz,max occurs where the
inclined part of the web intersects the centerline of the flange and its value can be calculated by
Eq. (37).
M z , max 

V  a3
 2  a1  a4  .
4  hw

(37)

Fig. 38: Proposed improvement of Balaž and Koleková [48].
Balaž and Koleková proposed in [48] to redraw the related figure in the EN1993-1-5 [12] Annex
D and to give more theoretical background and derivation of the given equation of [35]. An
expressive schematic drawing about the reason of the additional bending moment and about the
background of the calculation method is proposed, as shown in Fig. 38.
Significant numerical investigation has been carried out by Kövesdi et al. [7], [8] to analyze the
flange normal stress distribution of trapezoidally corrugated web girders. The additional normal
stresses are determined by different girder geometries, corrugation profiles, loading and support
conditions. The effect of the geometrical parameters and the loading conditions are determined on
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the additional normal stress distribution. The test results and the numerical calculations showed
that the normal stress distribution in the flange under combined bending and shear depends on the
girder’s geometry (number of half corrugation waves), on the position of the load introduction
place and on the support position. The results show that the most unfavorable configuration from
point of view of the additional normal stresses, if the girder has even number of half corrugations
and the girder is supported and loaded at the inclined folds. The value of the maximum transverse
bending moment can be determined by Eq. (38) which is the double of the value proposed in [35],
[48]. The internal forces coming from the shear flow in the web and the maximum possible
transverse bending moment diagram are presented in Fig. 39. Different additional support
conditions are, however, also investigated and proved that they have notable reduction effect on
the transverse bending moment.
M z ,max 

V a3
(2a1  a4 )
hw 2

(38)
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Fig. 39: Proposal for the maximum possible transverse bending moment calculation.
The numerical calculations of Kövesdi et al. [7] showed that the proposal of Aschinger and Lindner
[3] gives a good approximation for the maximum additional transverse bending moment, if the
shear force diagram along the girder length is constant. This proposal, however, gives smaller
values than the numerical calculations in the analyzed parameter range, if the shear force diagram
is not constant, or the fold lengths (a1 and a2) of the corrugation profile are not equal.
The numerical calculations of Kövesdi et al. [7] showed that the value of the maximum transverse
bending moment can be also determined according to the proposed closed form solution of Abbas
et al. [4]-[6], if the girder is loaded by uniformly distributed load. But the application range of this
method is relative narrow, because there are no closed form solutions for different loading
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conditions. The values according to the proposal of Abbas et al. result exactly in the same
transverse bending moment as calculated by Eq. (38).
3.2.5 Previous studies on the M-V interaction behavior
In the international literature there are numerous papers dealing with the in-plane bending and shear
buckling resistances of corrugated web girders but there are only a few investigations dealing with
the combined bending and shear interaction at ultimate. Based on numerical results the stress
distributions in the flanges and in the corrugated web was analyzed by Elgaaly et al. [30] in 1997.
It was concluded that the moment resistance can be calculated from the contribution of the flanges
alone and the shear force is carried only by the corrugated web. Therefore it was stated that there
is no need to consider interaction behavior between bending and shear for girders with trapezoidally
corrugated webs, presented by the grey line in Fig. 40.
The DASt-Richlinie 015 [28] and the EN1993-1-5 [12] Annex D recommend a design method –
developed by Lindner – to consider the effect of the shear force in the in-plane-bending moment
resistance by using a reduction factor (fT). This factor can be calculated from the maximum
additional transverse bending moment in the flanges coming from the shear flow in the web. The
reduced moment capacity can be calculated according to Eq. (39) and the character of the
interaction diagram can be seen in Fig. 40, presented by the blue line.

M V , Rd  f T  M Rd ,
where

f T  1 - 0.4

 x M z 
f yf

(39)

 1 - 0.4
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where Mz,max

M z ,max
2

f yf b f t f

,

(40)

6  M 0
is the maximum additional transverse bending moment in the flanges according to

Lindner, bf and tf are the width and thickness of the flange, fyf is the flange yield strength and ɤM0
is the partial factor for strength check.
Sinusoidal corrugated web girders were intensively studied on this research field by Pasternak and
Hannebauer [31] in 2003. They investigated the effect of the shear force on the in-plane-bending
resistance of sinusoidal corrugated web girders and they concluded that the interaction is negligible.
This observation was also implemented in the EN1993-1-5 [12] Annex D, the reduction factor (fT)
can be set to 1.0 for sinusoidal corrugated web girders. Further research was carried out by Kuchta
[49] in 2006 investigating the structural behavior of sinusoidal corrugated web girders. The result
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of the investigation was an interaction equation presented by red line in Fig. 40. The maximum
reduction in the resistance based on this equation is 8.33%.

Fig. 40: Proposals for the M-V interaction behavior.
Kövesdi et al. [8] investigated the effect of additional transverse bending moment on the bending
moment resistance reduction and bending-shear interaction resistance. They found that the
additional transverse bending moment in the flanges has practically no influence on the bendingshear interaction resistance.
3.2.6 Previous studies on the M-F interaction behavior
There is no recommendation in the EN1993-1-5 [12] considering the bending and patch loading
interaction behavior in the case of corrugated web girders. At first Elgaaly and Seshadri [22]
investigated the bending and transverse force interaction of the trapezoidally corrugated web
girders in 1997. Based on a limited number of experiments and numerical calculations an
interaction equation was proposed given by the Eq. (41), presented by blue line in Fig. 41. It is to
be noted that flange buckling was not eliminated under the patch load.
1.25

1.25

 M 
 F 

     1.0 ,
 MR 
 FR 
where MR and FR are the bending and patch loading resistances.

(41)

Based on numerical results of Kövesdi et al. [51], [52] the proposal of Elgaaly and Seshadri was
evaluated as a conservative approach and the interaction equation was modified in 2011. The
proposal of Kövesdi et al. [51], [52] can be seen in Eq. (42) and shown by red line in Fig. 41.
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Fig. 41: Interaction curves for the M-F interaction behavior.
3.2.7 Previous studies on the V-F interaction behavior
Elgaaly and Seshadri [22] investigated the shear and patch loading interaction behavior of the
corrugated web girders in 1997. Five specimens were tested subjected by concentrated transverse
force and accompanying shear force. The pure patch loading resistance and the interaction between
shear and patch loading was studied by a numerical research programme and an interaction
equation was proposed as given in Eq. (43) and presented in Fig. 42 with blue line.
1.25

1.25

 V  0.5F 
 F 

     1.0 .
 VR

 FR 
where VR and FR are the shear buckling and patch loading resistances.

(43)

Fig. 42: Interaction curves for the V-F interaction behavior.
The proposal of Elgaaly and Seshadri [22] was checked and found to be accurate enough based on
the numerical investigation executed by Kövesdi et al. [54] in 2010. The interaction curve,
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however, was modified and a new lower limit interaction curve was provided. The new interaction
formula is demonstrated by Eq. (44) and shown by the red line in Fig. 42.

 V  0.5F 
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1.2

 F
 
 FR





1.2

(44)

 1.0 .

3.3 Research aims and strategy
Based on a deep literature overview it can be observed that there is a lack of investigations
analyzing the effect of the combined loading situation for the corrugated web girders. The latest
investigations on this research field clearly show that the interactions are not negligible in the
design of the girders with corrugated web. In case of incremental launching mostly thicker flanges
are used, therefore in the current research program only class 1-2-3 sections are investigated. It is
shown in Chapter 2 that the design formula of EN1993-1-5 [12] Annex D to determine the pure
bending moment resistance of class 1-2-3 flanges is applicable. In addition the shear buckling
resistance model of EN1993-1-5 [12] Annex D is used in the current section. There are no
recommendations, however, in the current standard to determinate the patch loading resistance,
therefore a design method developed by Kövesdi [24] is used. The combined M-V, M-F and V-F
interaction planes of the combined M-V-F interaction behavior are also investigated in the current
section.
To deal with the investigation of the interaction behavior, the following solution strategy needs to
be completed:
a) collection and evaluation of the previously applied corrugated web profiles in girders,
b) determination of the investigated parameter domain,
c) advanced FE model development and validation based on test results from literature,
d) execution of a numerical parametric study to investigate the combined loading situation,
e) preliminary design model development for combined M-V-F loading,
f)

design and execution of an experimental research program,

g) validation of the developed design method for the determination of the M-V-F interaction
resistance and verification of the FE model,
h) imperfection sensitivity analysis is performed to promote FEM based design.
As it is shown, an inverse solution strategy is planned in comparison with the previous topic, since
first the FE model and design model are developed and then validated by own experimental test
results. As final results, a design method is developed for the determination of the M-V-F
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interaction behavior and resistance of corrugated web girders, and FEM based design prescriptions
are provided.
3.4 Collection and evaluation of applied web profiles
Experimentally and numerically investigated girder geometries have been collected from the
international literature into a created and developed database. In the frame of the study program
typical girder geometries with trapezoidal and sinusoidal corrugated webs were collected and
evaluated as different classes of the corrugation layouts. An equivalent trapeze profile are created
in case of sinusoidal web corrugation to evaluate the geometrical properties. The evaluation was
carried out separately for trapezoidal and sinusoidal corrugated web girders.
The developed database contains total of 1941 number of different girder geometries which
composed from the above classes of corrugation layouts:
1. 1522 sinusoidal corrugated web girder geometries from the catalog of the company Zeman
[50], and from the paper of Hannebauer [11] and Kuchta [49],
2. 407 experimentally and numerically analyzed trapezoidally corrugated web girder
geometries,
3. 12 different girder geometries from existing bridge structures with trapezoidally corrugated
webs.
In case of several bridges only the geometry of the corrugation profile and the web depths are
available from the literature. In these cases fictitious flange sizes are assumed, which are usually
used for these kinds of bridges.
The statistical evaluation of the different classes of corrugation layouts, namely the sinusoidal
corrugation and trapezoidal corrugation profile of the existing bridges can be seen in Table 10. It
can be observed in Table 10 that in comparison of the average values regarding the three classes
the differences between the fold lengths are significant while the differences between the
corrugation angles are small.
From the database 11 typical bridge and 9 typical building type geometries have been chosen for
the analysis of the ultimate load carrying capacity and the interacting stability behavior of
corrugated web girders. The analyzed geometries and material properties are summarized in Table
11. The parameter ranges slightly differs from the parameter ranges used in [51], [52], [53], [54].
In this research program the analyzed parameter ranges are extended as follows:


hw/tw: 100 – 500,
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a1/tw: 8 – 93.33,



α: 23˚ – 60˚.

Table 10: Evaluation of the geometries collected from the international literature.
corrugation angle
fold length a1 [mm] fold length a2 [mm]
(α) [˚]
min max average min max average min max average
Sinusoidal corrugation 20 38
37.9
26 100 26.5
65 220 66.1
Trapezoidal corrugation 10 90
39.4
20 750 245.1
14 707 237.1
Existing bridges
25 39
33.3
250 430 334.8 250 430 340.3
Table 11: Analyzed girder geometries in the numerical parametric study.
bf
tf
hw
tw
a1
a2
fy
fu
α [˚]
[mm] [mm] [mm] [mm]
[mm] [mm] [MPa] [MPa]
1
2
3
4
5
6
7
8
9
10
11

300
300
400
400
450
450
450
300
300
350
350

30
20
40
40
40
40
40
20
30
30
30

12
13
14
15
16
17
18
19
20

200
300
250
250
250
250
250
250
220

15
20
16
16
16
16
16
16
12

Typical bridge geometries
2000
4
23
220 200
1000
4
45
150 150
1500
6
45
200 200
1000 10
45
200 200
2500
9
32
330 330
2500
9
45
330 330
2500
9
60
330 330
2500
9
32
330 330
2500
9
32
330 330
2000
8
32
330 330
1200
9
36,8 250 250
Typical building geometries
500
2,5
40
30
62
1000
4
45
50
50
750
5
45
65
65
750
5
60
65
65
750
5
30
65
65
750
5
45
120 120
750
5
45
200 200
750
5
45
40
40
1000 1,5
45
140
70

296
355
355
355
355
355
355
355
355
355
355

460
510
510
510
510
510
510
510
510
510
510

270
355
355
355
355
355
355
355
270

430
510
510
510
510
510
510
510
360

3.5 Numerical model development and validation
3.5.1 Applied analysis method
The FE numerical model is developed in ANSYS 15.0 finite element environment [47]. The model
is based on a full shell model using four-node-thin (SHELL181) and eight-node-thin (SHELL281)
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shell elements with linear and with serendipity base functions, respectively. The ultimate
resistances are determined by geometrical and material nonlinear analysis using equivalent
geometric imperfections (GMNIA). The advanced FE models can handle the application of
ultimate and eigenmode imperfection shapes as well as the measured initial geometric imperfection
of the flanges and residual stresses. Full Newton-Raphson approach is used in the nonlinear
analysis thus it is well-suitable modeling of large deformations and hardening plastic material
properties. During the simulations the convergence criteria using 0.1% allowed unbalanced
residual force based on Euclidian norm is used. For the material model the same linear elastic –
hardening plastic material model with von Mises yield criterion is used shown by Fig. 18b in
Section 2.5.1. The material model behaves linear elastic up to the yield stress (fy) by obeying
Hook’s law with Young’s modulus equal to 210000 MPa. The yield plateau is modeled up to 1%
strains with a small increase in the stresses. By exceeding the yield strength the material model has
an isotropic hardening behavior with a reduced modulus until it reaches the ultimate strength (fu).
From this the material is assumed to behave as perfectly plastic. Two different geometric models
are developed; a preliminary advanced FE model for the numerical parametric study to give a
preliminary proposal for the M-V-F interaction behavior and an advanced FE model for the design
of the specimens, for the imperfection sensitivity analysis and for the validation of the preliminary
design method for the combined loading situation.

Fig. 43: Boundary conditions of the preliminary FE model.
Fig. 43 shows the geometry and the boundary and loading conditions used in the numerical
parametric study. The girder is simply supported and subjected by bending moments at both ends.
The shear force is applied at the mid-span and the patch load is applied close to the quarter point
of the beam. The girder is supported in lateral direction at the end points and at the mid-span to
avoid out-of-plane buckling. During the parametric study a “stiff” flange model is used to eliminate
the local flange buckling under the concentrated force. In the case of bridge launching flange
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buckling under the concentrated force cannot occur due to the stiffening effect of the launching
device and due to the restrains against longitudinal twisting, therefore the local flange buckling
under the concentrated force has to be eliminated from the current investigations. In addition the
patch load distribution can be assumed as constant in case of bridge launching. Therefore all the
nodes of the flange plate under the patch load are coupled in lateral direction with rigid elements.
The rotations of these rigid lines are restrained around the longitudinal direction to avoid flange
buckling at the load introduction region. This modeling technique was already successfully used
by Kövesdi et al. [56], [24].
Fig. 44 presents the developed geometrical model with the boundary and loading conditions
regarding the design of specimens, imperfection sensitivity analysis and design method validation.
In the figure, loading condition LC3 is presented discussed later on in Section 3.7.2. The numerical
model is simply supported at the location of the supports applied in the tests. The transverse force
is applied through the same “stiff” flange part to eliminate the local flange buckling under the
concentrated force. In the FE model the measured values of the yield and ultimate strengths are
implemented for all the tested girders in case of imperfection sensitivity analysis and design method
validation.

Fig. 44: Geometric model with boundary and loading conditions.
3.5.2 Convergence study
Mesh sensitivity analysis has been conducted before the large number of parametric studies. Based
on the convergence study the minimum element and time step sizes are determined for the
appropriate numerical simulations.
61

Fig. 45 presents the result of the convergence study using four-node (SHELL181, red lines) and
eight-node (SHELL281, blue lines) shell elements with linear and parabolic serendipity base
functions. The same tendencies are observed, if no imperfections or first eigenmode shape based
imperfections are applied in the numerical model (e.g. the red curves tend to the corresponding
blue curves). It can be observed that in the case of 8-node-shell elements (SHELL281) 4-5 elements
along the fold lengths could be acceptable due to its fast convergence while 6-10 elements are
needed to reach acceptable accuracy, if 4-node-shell elements (SHELL181) are applied. Therefore
in the followings SHELL281 elements are used in the numerical model, having at least 4 elements
along the web fold.

Fig. 45: Results of mesh convergence study.
3.5.3 Applied imperfections in the parametric study
Imperfections have an important role in the numerical simulations under combined loading,
therefore special attention is given to the applied imperfection shape. Initial imperfections are the
geometrical and structural imperfections (residual stresses) which can be modeled by equivalent
geometric imperfections. There are different alternatives to define the equivalent geometric
imperfection shapes and magnitudes, but the application of the first eigenmode shape is the mainly
used one because it contains the relevant failure mode; this is also allowed by the EN1993-1-5 [12].
In the current research work different failure modes are studied separately and also on a combined
way, therefore the appropriate and safe side solution can be ensured by the eigenmode
imperfections. This imperfection type can handle the change of the failure mode in the interaction
domain. The application of the first eigenmode imperfection shape, however, can lead to a
conservative design. The above aspects are studied during the preliminary analysis of the
62

imperfections. Three typical eigenmode shapes caused by bending, shear and transverse force can
be seen in Fig. 46a-c and the eigenmode shapes under the combined M-V-F loading situation is
presented in Fig. 46d-e.
The applicable imperfection shapes and amplitudes for the pure resistances are discussed in several
papers. In the case of pure patch loading there is no recommendation in the EN1993-1-5 [12],
therefore an imperfection sensitivity analysis was performed by Kövesdi et al. [57], where the first
eigenmode, a sine-wave and the ultimate shape as imperfection shape were investigated and
compared. Based on these investigations the fold length divided by the scaling factor equal to 200
(a1/200) was proposed as possible imperfection magnitude in the case of the first eigenmode shape.

a) bending moment

b) shear force

c) patch loading

d) dominant patch loading
e) dominant shear force
Fig. 46: First eigenmode shapes under pure bending, shear and patch loading (a-c); under
combined M-V-F loading conditions (d, e).
Imperfection sensitivity analyses were also carried out by several researchers investigating the pure
shear buckling resistance of corrugated web girders. Driver et al. [58] proposed that the magnitude
of the applied imperfection amplitude can be taken as the thickness of the web (tw) what was also
confirmed by Hassanein and Kharoob [41]. Different magnitudes were proposed by Yi et al. [59]
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and Nie et al. [60]. They suggested to use web depth divided by the scaling factor equal to 200
(hw/200). This proposal is accepted and used in the current investigations.
In the case of bending moment the recommendation of the EN1993-1-5 [12] Annex C for flange
twisting is used in which the flange largest outstand divided by the scaling factor equal to 50 (c/50,
where c=(bf+a3)/2) is applied, as it is confirmed in Chapter 2. However, for class 1-2-3 flanges
smaller magnitudes can be also applied (~c/200).
As a conclusion of the above proposals and sensitivity analysis, during the numerical parametric
study of the combined loading situations the appropriate imperfection magnitude is applied with
respect to the dominant first eigenmode. It has to be noted that the most dominant first eigenmode
shape is governed mainly by the transverse force as shown in Fig. 46d. In this case the transverse
force is in interaction with a high accompanying shear force. In these cases the above mentioned
proposal of Kövesdi et al. [57] is applied as imperfection magnitude (a1/200). However if the first
eigenmode is dominantly governed by bending moment or shear force, the imperfection
magnitudes described for pure bending and shear are applied. Fig. 46e shows a typical eigenmode
shape for dominant shear force with small bending moment and transverse force.
3.5.4 Numerical model validation for parametric study
The validation of the developed preliminary numerical model is completed on the basis of 16
available test results regarding to the pure ultimate load carrying capacities. Six bending tests of
Elgaaly et al. [61], one shear test of Driver et al. [58], Hannebauer [11] and Moon et al. [62], two
patch loading tests of Elgaaly and Seshadri [22] and five patch loading tests of Kövesdi et al. [57]
are studied and compared with the measured load carrying capacities of the test results.

Fig. 47: Validation of the preliminary FE model.
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Without the details, the results of the comparison can be seen in Fig. 47, where the horizontal axis
represents the measured experimental resistances (MR,test, VR,test, FR,test) and the vertical axis
represents the FEM based resistances. It can be observed that the maximum difference between the
test results and the numerical simulation is 7% while the average difference is lower than 2%.
Therefore the model is judged to be acceptable for the parametric study to investigate the M-V-F
interaction behavior. The detailed description of the validation is presented by Annex A.
3.6 Numerical parametric study
3.6.1 Investigated parameter range
In the frame of the research program in Section 3.4 typical girder geometries with corrugated webs
were collected from existing structures and from manufactured girders for research purposes. This
database gives a useful parameter range for the current numerical research program as well. The
evaluation of the geometrical parameters is carried out separately for trapezoidal and sinusoidal
corrugated web girders and the whole database contains almost 2000 different girder geometries.
From these 20 typical girder geometries are selected, tabulated in Table 11, to investigate the MV-F interaction behavior under various loading conditions. None of the girders has class 4 flanges
regarding flange buckling. 11 typical bridge and 9 typical building type geometries are analyzed in
the current investigations. The studied parameter range can be characterized by the following data
(notations presented in Fig. 2.):


hw

500 – 2500 mm,



tw

1.5 – 10 mm,



bf

200 – 450 mm,



tf

12 – 40 mm,



hw/tw

100 – 500 mm,



a1/tw

8 – 93.33,



α

23˚ – 60˚,



ss

23 – 865 mm,



ss/hw

0.042 – 0.865.

As a first step of the parametric study, the pure resistances are determined and then the interaction
behavior is investigated. To investigate the interaction behavior, the interaction planes of the 3D
M-V-F interaction surface are investigated separately. Namely the M-V, the M-F and V-F planes
are needed to be investigated in the current section with the combined M-V-F loading situation.
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3.6.2 Investigation of the M-V interaction behavior
In the current section, bending moment and shear force resistance interaction behavior is
investigated at ultimate. It is shown by Kövesdi et al. [7], [8] that due to the presence of shear force,
additional transverse bending moment acts in the flanges of trapezoidally corrugated web girders.
To investigate the reduction effect of shear force on the bending moment resistance or the reduction
effect of the bending moment on the shear resistance, parametric study on 20 typical girder
geometries is performed with geometric and material nonlinear imperfect analysis.
In the numerical calculations only the half of a simply supported girder is modelled. Symmetry
conditions are defined at the left end of the model and simply support at the right end. There are
two loads applied, which ratios vary in the parametric study. The shear force (VE,num) is introduced
at the mid-span of the girder and the bending moment (ME,num) is introduced by normal force pairs
applied in the center of gravities of the upper and lower flanges. The shear force is constant along
the girder length, therefore the shear resistance can be determined on a definite way. The in-planemoment diagram has a linear character along the girder length, which has the minimum value at
the simply support and the maximum value at the mid-span. The analyzed girder and the support
and loading conditions can be seen in Fig. 48.

Fig. 48: Support and loading conditions of the analyzed model.
It is observed in the numerical calculations, that the bending failure of the corrugated web girders
is mainly localized in a cross-section in the middle of a parallel fold, where the flange outstand is
the largest and the bending moment is also relative large. Therefore the bending resistances of the
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analyzed girders are calculated at the cross-section marked by red line in Fig. 48, and the M-V
interaction is also evaluated here.
A total number of 200 numerical simulations are performed to investigate the M-V interaction
behavior. First, the pure FEM based bending moment and shear buckling resistances are computed
by 40 numerical simulations, and then the interaction behavior is analyzed by 160 calculations.

a) bending failure
b) combined failure mode
c) shear buckling failure
Fig. 49: Observed typical failure modes under combined M-V.
The typical observed failure modes are shown in Fig. 49. Fig. 49a shows a typical bending failure
where local flange buckling governs the structural behavior. Fig. 49c represents a typical shear
buckling failure of the web and the combination of the two failure modes can be seen in Fig. 49b.
It can be observed that the bending failure occurs in the compression flange at the middle of the
parallel web fold where the flange outstand is the largest. This cross-section is the basis for the
evaluation of the applied bending and shear force levels which cause the failure of the girder.

a) using the FEM based resistances
b) using the standard resistance models
Fig. 50: Numerical results for the M-V interaction behavior.
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All the numerical results are presented in Fig. 50. The horizontal and vertical axes on Fig. 50a
represent the ratio of the FEM based bending and shear buckling capacities divided by the FEM
based pure resistances, respectively. The blue points show the results regarding the bridge type
girders and the red dots demonstrate the results regarding to the building type girders. The
numerical results show that the maximum bending moment resistance reduction and the maximum
shear buckling resistance reduction due to the combined loading situation are 4.6% and 2.9%,
respectively. Fig. 50b represents that the resistance reductions are even smaller if the FE results
are compared to the standard resistance models of the EN1993-1-5 [12].
Therefore it can be concluded that there is a slight interaction behavior between bending and shear
in the case of corrugated web girders and this small resistance reduction could be neglected in the
design process of corrugated web girders. This conclusion harmonizes with the design philosophy
of the corrugated web girders for pure bending and shear, thus only the flange part is considered in
the bending resistance calculation and the web contribution is neglected. On the other side the
flange resistances are neglected in the shear buckling resistance and only the web contribution is
considered.
3.6.3 Investigation of the M-F interaction behavior
400 numerical simulations are executed investigating the M-F interaction plane. The typical
observed failure modes are shown in Fig. 51. Fig. 51a shows a typical bending failure where local
flange buckling governs the structural behavior. Fig. 51c represents the patch loading failure due
to web crippling, and the combination of the two failure modes can be seen in Fig. 51b, where the
interacting stability phenomena governs the structural behavior.

a) bending failure
b) combined failure mode
c) patch loading failure
Fig. 51: Observed typical failure modes under combined M-F loading.
The results of the 400 numerical simulations are summarized in Fig. 52. The horizontal and vertical
axes of Fig. 52a represent the normalized results with respect to the FEM based bending and
transverse force resistances. The blue and red points on the figure demonstrate the results regarding
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to bridge and building type girders, respectively. By considering the real structural behavior it can
be seen that the new proposal is needed to give an adequate lower limit approximation for
corrugated web girders. Therefore a new lower limit proposal is developed and introduced for the
whole parameter range presented in the form of Eq. (45).

a) using the FEM based resistances
b) using the resistance models
Fig. 52: Numerical results for the M-F interaction behavior.

 M  F 

   
 M R   FR 

2.9

(45)

 1.0 ,

where MR and FR are the bending and transverse force resistances, respectively. The relevant
interaction curve is presented by red continuous lines in Fig. 52. The results of the numerical
simulations are compared to the Eurocode based resistance models in Fig. 52b. It can be seen that
all the points are outside of the current proposal therefore it can be used with adequate safety
margin.
3.6.4 Investigation of the V-F interaction behavior
A total number of 400 numerical simulations are executed to investigate the V-F interaction
behavior. Fig. 53 presents the typical observed failure modes of the structure. Fig. 53a shows the
failure mode under pure patch loading and Fig. 53c shows the typical shear buckling failure mode.
The typical combined stability failure is presented in Fig. 53b, where the location of the failure is
shifted into the direction of the influential shear force. The results of the numerical simulations are
plotted in Fig. 54 using the same strategy as described for the M-V and M-F interaction planes.
The red and blue dashed lines represent the proposal of Elgaaly and Seshadri [22] and Kövesdi et
al. [54], respectively. Based on the numerical results it can be observed that both proposals give a
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good lower limit approach for the V-F interaction behavior of trapezoidally corrugated web girders.
Furthermore it has to be mentioned that there are no significant differences between bridge and
building type girders in the V-F interaction behavior and the observation of Kövesdi et al. [54] is
confirmed by the current results that smaller hw/tw ratio results in a more dominant interaction
behavior.

a) patch loading failure
b) combined failure mode
c) shear buckling failure
Fig. 53: Observed typical failure modes under combined V-F.

a) using the FEM based resistances
b) using the resistance models
Fig. 54: Numerical results for the V-F interaction behavior.
3.6.5 Investigation of the M-V-F interaction behavior
The investigation strategy of the 3D interaction surface (M-V-F) of the girders with trapezoidally
corrugated web is presented, in accordance with the main aim of the research program. A total
number of 640 numerical simulations are executed on 20 different girder geometries. On each
girder 32 simulations are carried out in average. Based on findings of the previous investigations
on the different interaction planes more simulations belong to those girders where the results are
more unfavorable from the points of view of the M-V, M-F and/or V-F interaction behavior.
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In the numerical program the following strategy is applied. At first the shear force is fixed to a
constant value and the bending moment and transverse forces are varied for all the investigated
girders. This method resulted in points along the red curves in Fig. 55a. After that the transverse
force is fixed and the bending moment and shear forces are varied which result in points along the
blue curves. Through this strategy a quasi-constant distribution of the investigated M-V-F ratios
could be produced and the 3D interaction surface can be determined. This strategy is applied by
Kövesdi et al. [14] for flat web girders.

Fig. 55: Schematic overview of the a) research strategy [14] and the b) statistical evaluation.
After the numerical simulations statistical evaluation is executed; it is based on the distance
between the computed results and the proposed interaction surface, as shown in Fig. 55b. The
values of Re and Rt represent the FEM based results and its central projection to the interaction
surface, respectively, since the re and rt represent the vectors pointing to the Re and Rt points. The
ratios of the vector lengths characterize the accuracy of the proposed interaction surface. Based on
the proposals for the individual M-V, M-F and V-F interaction planes a new preliminary design
method presented by Eq. (46) is developed for the combined M-V-F interaction resistance. The
validation of this relationship is investigated by the FE simulations.

 M   F  2.9  V  0.5  F 1.2  F 1.2 
(46)
    ; 
      1.0 ,
max 
VR
 M R   FR  

 FR  
where MR, VR and FR are the bending, shear buckling and patch loading resistances, respectively,
and M, V and F are the internal forces in the analyzed cross-section. This proposal neglects the
bending and shear (M-V) interaction according to Section 3.6.2, which means that the 3D
interaction behavior is governed by the M-F and V-F interaction utilization ratios.
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3.6.6 Evaluation of the numerical results
The results of all the numerical calculations are presented in Fig. 56 and compared to the
investigated interaction surface Eq. (46). The horizontal axes represent the bending and shear
utilization ratios and the vertical axis represents the transverse force utilization ratio. The calculated
values on these diagrams are compared to the FEM based bending, shear and patch loading
resistances.

a) front view
b) back view
Fig. 56: Interaction surface and the numerical results – evaluated by the FEM based resistances.
A total of 1700 numerical results are plotted on the diagram, from which 100 belong to the pure
resistances, 960 belong to the interaction planes (M-V, M-F, V-F) and finally 640 belong to the 3D
interaction surface. Fig. 56a presents the front view and Fig. 56b the back view of the interaction
diagram. The results on Fig. 56 are normalized by the FEM based bending, shear and patch loading
resistances. The results prove that there are no internal points inside the M-V-F interaction surface
except the small region in the M-V interaction plane, which is judged as negligible from the
interaction point of view. These results prove that the proposed design method is applicable as a
good approximation of the lower bound interaction surface for the M-V-F interaction behavior.
Fig. 57 represents the results of the numerical simulations compared to the Eurocode based design
resistance models for the bending and shear buckling resistances, and the proposal of Kövesdi [24]
is used for the patch loading resistance.
Fig. 57a shows the front view and Fig. 57b the back view of the interaction diagram. It can be seen
that no points are located under the M-V-F interaction surface neglecting the points related to the
M-V plane. This comparison proves that the proposed design method can be also used together
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with the resistance models of the EN1993-1-5 [12] and Kövesdi [24]. It has to be noted that the
given interaction surface is developed for cases if the concentrated transverse force is introduced
through a stiff surface to eliminate local buckling of the flange. Note that in case of bridge
launching flange buckling under the concentrated force cannot occur due to the stiffening effect of
the launching device.

a) front view
b) back view
Fig. 57: Interaction surface and the numerical results – evaluated by the resistance models of the
EN1993-1-5 and Kövesdi [24].
3.6.7 Statistical evaluation
The accuracy of the proposed interaction equation is statistically evaluated; the results are
presented in Table 12. It is shown that the proposed equation provides a good lower bound
estimation for the M-V-F interaction behavior for trapezoidally corrugated web girders. The
interaction equation is also applicable using the analytical resistance models. The average ratio of
the comparison of the numerical resistances to the standard values is 1.326, with a coefficient of
variation of 0.17, which can be evaluated as a safe and appropriate design method.
Table 12: Statistical evaluation of the numerical results.
FEM based
Design
resistances
resistances
Eq. (46)
Eq. (46)
Average
1.132
1.326
Std. deviation
0.098
0.226
CoV
0.087
0.170
Min
0.956
0.963
Max
1.448
2.114
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3.7 Experimental research program
3.7.1 Aims of the tests
Based on the large number of numerical simulations and considering the previous proposals, a
lower limit proposal for the M-V-F interaction behavior is developed in the form of Eq. (46). This
interaction surface is calibrated for the case when the resistances are numerically computed values
(Fig. 56), thus the surface gives good estimation for the lower bound surface of the numerical
simulations. The proposed interaction surface can be seen in Fig. 58. The red surface demonstrates
the most relevant part of this interaction diagram from practical design point of view, since it
represents the bending moment, shear force and transverse force utilization ratios larger than 0.5,
0.2 and 0.2, respectively. This interaction domain can be critical for building and bridge type
girders as well. Therefore this domain will be investigated in the current experimental research
program.

Fig. 58: Investigated M-V-F domain.
The interaction surface is developed based on numerical calculations, this is why the validation is
essential by test results. However the numerical model is previously validated by pure bending,
shear buckling and patch loading tests, the validation of a new interaction surface by test results
analyzing the M-V-F interaction is necessary.
3.7.2 Test program
Test specimens
The experimental research is performed at the Budapest University of Technology and Economics,
Department of Structural Engineering in 2016. In the frame of the program 11 large scale simply
supported girders are tested loaded by combined M-V-F loading situation. Four different girder
74

geometries having four different trapezoidal profiles are investigated under various loading
conditions. The geometrical properties of the tested girders and the notations are given in Fig. 2
and in Table 13.
Table 13: Geometry of the investigated trapezoidal profiles.
α
a1
a2
a3
a4
waves
No.
Pcs.
[°] [mm] [mm] [mm]
[mm]
n=990/(2a1+2a4)
TP1
2
45
97
97
69
69
3
3
103
103
TP2
45
145
145
2
3
44
76
TP3
30
88
88
3
3
67
116
TP4
30
134
134
2
The nominal flange size of all the tested girders is 250x12 mm, and the nominal web depth and
thickness are 500 mm and 4 mm, respectively. The steel material has a prescribed steel grade of
S355 with a nominal yield strength of 355 MPa. The second column of Table 13 presents the
number of specimens fabricated from each geometrical layout and the general geometrical
properties of the investigated corrugated webs are summarized in Table 13. The first column in
Table 14 refers to the profile geometry number, which come from Table 13; harmonized with Table
2 in Section 2.4. For all the specimens the widths of the parallel and inclined folds of the web are
equal (a1=a2) as mostly used in bridges having different fold lengths (88 – 145 mm) and different
corrugation angles (30° and 45°). The general layout of the corrugation profile of specimen #1 is
shown in Fig. 2. The measured geometrical and material properties of the test specimens are
summarized in Table 14. The numbering of the girders represents the four different corrugation
profiles (TP1-TP4 according to Table 13). The second marking numbers demonstrate the load case
(e.g. 2/LC1) representing different loading conditions discussed in the next subsection.
Table 14: Measured geometrical and material properties of the test specimens.
tf
bf
hw
tw
fyf
fyw
fuf
fuw
Specimen
[mm] [mm] [mm] [mm]
[MPa]
[MPa]
[MPa]
[MPa]
1/LC1
11.63
250
500
3.84
370
480
494
568
500
1/LC2
11.63
250
3.80
356
480
459
563
500
2/LC1
12.21
250
3.81
362
498
493
572
500
2/LC2
12.24
248
3.98
363
436
489
563
500
2/LC3
12.21
248
3.84
362
506
489
579
500
3/LC1
12.24
247
3.81
375
495
502
568
500
3/LC2
12.18
247
4.00
362
434
496
558
500
3/LC3
12.23
248
3.85
372
490
502
563
500
4/LC1
12.16
250
3.81
365
472
491
561
500
4/LC2
12.18
249
3.80
356
470
489
558
500
4/LC3
12.23
248
3.81
356
458
489
551
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Test setup and instrumentation
The test arrangements are presented in Fig. 59 and Fig. 60. The general purpose of the test layout
is to apply large spans (~8000 mm), ensuring large variability in the M-V-F loading situation. The
damaged part of the specimens, however, are localized to an internal removable panel with a length
of 990 mm where the failure under the load introduction position is expected. This test layout
ensures fast and productive testing method investigating large number of different internal panels
with different geometries. The total length of the tested girders is 8 m, which has two external
girder parts with 3.5 m length and an internal panel with 990 mm length, which is changed during
the tests. The joints between the outer and inner parts are bolted, which are designed to represent
fixed and moment transmitting connection with full rigidity. The test specimens are simply
supported at both ends, and the span length is modified in the tests to introduce the relevant M-VF ratios to be analyzed. Vertical stiffeners are placed at the support positions. The specimens are
also supported laterally at 4 locations to prevent the lateral torsional buckling failure mode.

Fig. 59: Applied load cases in the tests.
Fig. 59 presents the three applied loading conditions (LC1-3). In case of LC1 and LC2 the aims
are to determine the interaction resistance under dominant transverse force, while in case of LC3
the effect of dominant shear force is investigated. In the experimental research program 4-4 girders
are tested under LC1 and LC2, respectively, and 3 girders are tested using LC3 to investigate the
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practically relevant part of the interaction surface. The loading conditions are given in the name of
the specimens as shown in Table 14. Preliminary calculations according to Eq. (46) showed that in
case of LC1 and LC2 the transverse force utilization ratio is expected between 75-85% with
accompanying shear force ratio around 30% and bending moment ratio between 70-80% in the
cross-sections where the maximum internal forces are applied. In the case of LC3 the utilization
ratios are planned to be about 50% (F), 65% (V) and 85% (M), respectively.

a) load cases 1 and 2
b) load case 3
Fig. 60: Applied test arrangements.

a) load cases 1 and 2
b) load case 3
Fig. 61: Load transfer elements.
Fig. 60 shows the test layout in case of LC1-2 and LC3, respectively. In both cases the deflection
at the mid-span, the relative displacement of the flanges and the support displacements are
measured. The load is produced by a hydraulic jack with a maximum loading capability of 1000
kN. The concentrated transverse force is introduced through rigid steel load transfer elements
placed on the upper flange. The load introduction place is located above the middle inclined fold
of the web, in the center of the internal panel. The load transfer elements are directly placed on the
flanges to prevent local flange buckling. The loading length is constant for all the test specimens
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(ss=200 mm). In the case of LC3 an additional I-girder is applied to distribute the load of the
hydraulic jack into two equal vertical forces, as shown in Fig. 60b. The load transferring elements
can be seen in Fig. 61.
Test protocol
Each specimens are loaded under static loading until reaching the final failure of the specimens.
During the loading process up- and unloading loops are executed several times until reaching
around 60% of the predicted ultimate load carrying capacity of the specimens to determine the
elastic response of the structure and to determine the stiffness of the analyzed girders in the elastic
domain. The load-displacement curves of all the test specimens are measured and the ultimate
failure modes, the buckling shapes are documented on photos to evaluate the results and to compare
them by numerical simulations. After performing the tests steel plates are cut out from the
undamaged flange and web parts of each specimen for material testing. The actual material
properties (yield and tensile strengths) of all the test specimens are determined by standardized
tensile coupon test according to [45]; the results are tabulated in Table 14.
3.7.3 Overall results
The measured load carrying capacities (Ftest,1) and the calculated maximum internal forces (Mtest,1
and Vtest,1) in the middle cross-section are summarized in Table 15. The obtained internal forces
(bending moment and shear force) are evaluated at the middle of the specimens under the
concentrated load. The self-weight of the specimens is also considered in the calculation as
uniformly distributed loads having 2.5 kN/m for the outer girders and 1.37-1.62 kN/m for the test
specimens, however, it has only a small influence in the load carrying capacities.
Table 15: Ultimate internal forces obtained in the tests.
Ftest,1
Mtest,1
Vtest,1
(Vtest,1-0.5Ftest,1)
Specimen
[kN]
[kNm]
[kN]
[kN]
1/LC1
536.7
426.4
433.7
165.4
1/LC2
581.2
432.5
439.8
149.2
2/LC1
531.7
422.5
429.7
163.9
2/LC2
522.5
388.4
395.7
134.5
2/LC3
341.1
467.3
481.9
311.3
3/LC1
523.0
415.5
422.7
161.3
3/LC2
515.3
383.1
390.3
132.7
3/LC3
351.0
464.3
495.8
320.3
4/LC1
512.3
406.9
414.2
158.1
4/LC2
524.7
390.1
397.4
135.0
4/LC3
335.7
473.8
474.3
306.5
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3.7.4 Failure modes under dominant patch load
Eight specimens are tested under dominant patch load by the LC1 and LC2 loading conditions;
note that the LC2 produced larger concentrated transverse forces. The test results show that web
crippling governs the failure mode for all the investigated girder geometries under LC1 and LC2.
In addition, for each geometry similar failure modes are observed in LC1 and in LC2. The typical
observed failure modes for all the 4 different geometries are shown in Fig. 62, respectively. The
global load-deflection diagrams are shown in Fig. 63 with graphical explanations where the
horizontal axes represent the global deflection of the test girder (measured on the lower flanges)
under the concentrated transverse force and the vertical axes demonstrate the magnitude of the load
intensity.
Failure modes proved that the web crippling (local buckling under the transverse force) is shifted
into the direction of the nearest vertical support what can be explained by the effect of the
accompanying large shear force. According to the measured load-deflection diagrams presented in
Fig. 63 significant differences can be observed in the structural behavior of the different
corrugation profiles. On the other hand, the diagrams regarding to the same collapse mode have
similar characters. In case of specimens 1/LC1-2 and 3/LC1-2 interactive web crippling of the
adjacent web folds occur suddenly with a collapse mode involving more folds in the failure
mechanism, as shown in Fig. 62a and Fig. 62c. The load-deflection curves of specimens #1 and #3
are shown in Fig. 63a, explanation on the mechanical behavior is provided in Fig. 63c. During
loading (range I in Fig. 63c) no visible buckling of the individual folds appear. At the limit point
(point II), interactive web crippling coupled with the development of the first plastic mechanism
in the flange occurred suddenly, which resulted in large decrease in the force level and slight global
spring back on the whole girder during the development of the “tension field” (range III). The force
drop is restricted (range IV) by the developed tension field and the flange contribution in the postbuckling range, however, further plastic deformations are accumulated until the development of
the second plastic mechanism in the upper flange (point V). It can be seen that significant global
plastic deflections are obtained at the end of the tests.
In case of specimens 2/LC1-2 and 4/LC1-2 (Fig. 63b and Fig. 63d) web crippling started with
visible progressive buckling of the individual web folds separately (range I). At the limit point
(point II) sudden web crippling of the fold edges started coupled with the development of the first
plastic mechanism in the flange. Local plastic deformations under the transverse force developed
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(range III-VI) and the decrease in the load level and the global spring back of the whole test girder
occurred. Just a slight plastic behavior could be recognized due to the flange contribution until the
development of the second plastic mechanism (point V) then the final collapse of the specimens #2
and #4 occurred. Due to the localized plastic failure mechanism only smaller global plastic
deflections are obtained at the end of the tests.

a) specimen 1/LC1

b) specimen 2/LC2

c) specimen 3/LC2
d) specimen 4/LC2
Fig. 62: Failure modes under dominant patch load.
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Local web crippling occurred in case of specimens #2 and #4 (Fig. 62b and Fig. 62d) where the
length of the web folds is relatively large (134 and 145 mm) in comparison with the loading length
(ss=200 mm). Interactive web crippling, however, occurred in case of specimens #1 and #3 (Fig.
62a and Fig. 62c) where the length of the web folds is relatively small (88 and 97 mm) and the
concentrated transverse force has direct impact on more web folds resulting in a more complex
failure mode in the web panel. The advantage of interactive web crippling may come from the
slightly favorable post-ultimate behavior, on the other hand no visible buckling appears before the
limit point (Fig. 63a and Fig. 63c).

a) specimens #1 and #3

b) specimens #2 and #4

c) explanation for specimens #1 and #3
d) explanation for specimens #2 and #4
Fig. 63: Load-displacement diagrams under dominant patch load – LC1-2.
By comparing the behavior of trapezoidal and flat web girders, it could be stated that both
longitudinally unstiffened or stiffened flat web girders possess more ductile behavior, however,
thicker web panel is needed to provide the same load carrying capacity than in case of the
trapezoidal web girders.
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3.7.5 Failure modes under dominant shear force
In the frame of the experimental program three specimens are loaded under dominant shear force
using the LC3 loading condition, where shear buckling governs the failure mode. The observed
failure modes of all the three specimens are shown in Fig. 64. It can be observed in the figures that
interactive shear buckling of the adjacent web folds govern the collapse modes of all the three
girders. In the case of specimen #2 (Fig. 64a) three web folds are buckled interactively, while in
the case of specimen #3 (Fig. 64b) and #4 (Fig. 64c) six and four web folds are involved in the
interactive buckling phenomenon. The buckling occurred between the load introduction position
of the concentrated force and the closest vertical support where the shear force is the largest. It can
be seen in Fig. 64 that not the entire web folds are buckled, but only those parts which are close to
the concentrated transverse force. It means that the transverse force has also significant influence
on the interaction failure mode. The measured load-displacement diagrams are shown in Fig. 65
for all the three test specimens. The horizontal axis represents the deflections measured under the
concentrated transverse force and the vertical axis demonstrates the magnitude of the applied load
measured at the hydraulic jack (2·Ftest,1).

a) specimen 2/LC3 (front view)

b) specimen 3/LC3 (back view)

c) specimen 4/LC3 (back view)
Fig. 64: Failure modes under dominant shear force – LC3.
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The load-displacement diagrams show similar characteristics, however, small differences can be
observed in the post-buckling behavior which may be explained by the different corrugation angles
(30° and 45°) and corrugation depths. In case of these specimens buckling occurred suddenly with
a limited plastic behavior in the post-buckling range due to the tension field development. For all
the three cases the ultimate resistances almost reach 700 kN with a maximum deflection of around
13-15 mm.

Fig. 65: Load-displacement diagrams under dominant shear force – LC3.
3.7.6 Evaluation of the experimental results
The experimental results show three different buckling modes under the combined M-V-F loading
condition. In case of dominant patch load local web crippling of the individual web folds governs
the buckling mode, if the loading length divided by the fold length ratio (ss/a1) is relatively small
(1.38 and 1.49); while interactive web crippling of the adjacent web folds are observed if the ss/a1
ratio is greater than 2.0 (2.06 and 2.27). On the other hand, interactive shear buckling of the
adjacent web folds governs the failure mode under dominant shear force. In terms of the ultimate
load carrying capacities (Ftest,1 values in Table 15) the results show that higher resistance can be
achieved by applying larger corrugation angle and larger ss/a1 ratio, as it was expected based on
the previous investigations. In the case of dominant patch loading the ultimate load carrying
capacities are obtained between 510 and 580 kN depending on the corrugation profile, while under
dominant shear force the ultimate loads show only 5% deviation, since they are obtained between
335 and 351 kN. In addition sudden failures are observed in all cases, however, greater remaining
global deflection is observed belonging to the shear buckling failure modes.
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3.8 Validation of the design method
3.8.1 Location of the evaluation procedure
From the obtained resistances the internal force utilization ratios are calculated using the resistance
models presented in Section 3.2. The calculated utilization ratios coming from the experimental
results are compared to the proposed M-V-F interaction surface presented by Eq. (46). In the
evaluation process the location of the investigated cross-section has a special importance, where
the internal forces are determined and the interaction check is performed. Thus the transverse force
is a concentrated force, the M-V-F interaction should be checked in the middle cross-section of the
girder, where the transverse force is introduced. This cross-section is noted by CS1 and its location
is presented in Fig. 66.

Fig. 66: Cross-sections used in the M-V-F evaluation process.
Theoretically this is the location where the shear force intensity can be determined by the
expression (Vtest,1-0.5Ftest,1) as it is usual for the evaluation of V-F and M-V-F interaction checks.
In case of the test specimens subjected by dominant shear force (LC3), the evaluation process
should be, however, made in another cross-section as well, which is involved in the shear buckling.
Therefore to investigate the M-V-F interaction resistance the internal forces are determined and
evaluated in two cross-sections (noted by CS1 and CS2), as shown in Fig. 66. In case of all the
three test specimens the failure occurred in the cross-section CS1, but the whole evaluation process
is performed in the cross-section CS2 as well, where the maximum bending moment utilization
ratio is investigated with the accompanying shear force (M-V check). The cross-section CS2 is
located in the middle of a parallel web fold, where the outstand of the compression flange has its
maximum. This cross-section can be the weakest point regarding the M-V interaction.
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3.8.2 Evaluation of the M-V-F interaction behavior
Table 16 summarizes the obtained bending moment, shear and transverse force resistances, without
considering partial safety factors (column #2-4). For each test specimens the utilization ratios are
calculated in the cross-section CS1 – included in column #5-7 – using the resistances introduced
in Section 3.2. In addition the failure modes are listed in the last column for each girder. It can be
seen that in case of LC1 and LC2 the transverse force utilization ratios are obtained between 72%86%, while the bending moment and shear force utilization ratios are obtained between 69-83%
and 29-40%, respectively. It can be observed from the results that the lowest utilization ratios
belong to specimen having corrugation profile #3, which may be explained by the fact that these
specimens are the closest to the conventional I-girders with flat web, since the corrugation angle is
only 30° with a corrugation depth of 44 mm.
Table 16: Obtained resistances and utilization ratios in the cross-section CS1.
MRk
Vbw,Rk
FRk
(Vtest,1-0.5Ftest,1)
Mtest,1/MRk
Ftest,1/FRk
failure mode
[kNm] [kN]
[kN]
/ Vbw,Rk
1/LC1 544.4
464.4 735.6
0.78
0.36
0.73
web crippling
1/LC2 523.8
458.1 723.7
0.83
0.33
0.80
web crippling
2/LC1 545.2
408.8 637.4
0.77
0.40
0.83
web crippling
2/LC2 545.8
390.8 630.5
0.71
0.34
0.83
web crippling
2/LC3 542.3
418.6 648.1
0.86
0.74
0.53
shear buckling
3/LC1 580.7
486.2 727.8
0.72
0.33
0.72
web crippling
3/LC2 557.8
462.6 675.6
0.69
0.29
0.76
web crippling
3/LC3 577.9
488.6 727.1
0.80
0.66
0.48
shear buckling
4/LC1 568.3
404.3 616.3
0.72
0.39
0.83
web crippling
4/LC2 553.0
401.5 609.2
0.71
0.34
0.86
web crippling
4/LC3 553.1
394.6 603.8
0.86
0.78
0.56
shear buckling
Fig. 67 presents the experimental results, compared to the proposed M-V-F interaction surface. It
has to be noted that by neglecting the M-V interaction behavior the 3D interaction surface is
composed from the proposals regarding to the M-F and V-F interaction planes. It means that the
experimental results can be evaluated at both interaction planes separately. Fig. 67 presents the 3D
interaction surface and the M-F and V-F interaction planes as well to show the exact location of
the test results. It can be observed in the diagrams that all the obtained resistances are above the
proposed interaction surface and they are located relatively close to it. It means that the test results
validate the applicability of the M-V-F interaction surface and proves that the new interaction
surface gives good fit to the test results.
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Fig. 67: Comparison of the test results and the M-V-F interaction surface.
Statistical evaluation of the test results is also completed and its results are summarized in Table
17. The bases of the statistical evaluation are the ratios calculated from the vector length of the test
results (points regarding M-V-F resistances) and its intersection point at the interaction surface
using central projection (Fig. 55). If partial safety factors are not considered, the mean deviation
of the test results from the interaction surface is 13.5% with a coefficient of variation equal to 0.054
and with a minimum deviation equal to 1.6% on the safe side. By applying the recommended partial
safety factors according to EN1993-1-5 [12] and Kövesdi [24] the mean deviation of the results are
modified to 40.9% with a coefficient of variation equal to 0.062 and with a minimum deviation
equal to 22.3% on the safe side.
Table 17: Results of the statistical evaluation.
Mean
Std. Dev.
CoV
Min
Max

w/o  M
1.135
0.061
0.054
1.016
1.200

with  M
1.409
0.088
0.062
1.223
1.503

3.8.3 Evaluation of the M-V interaction behavior
Table 18 summarizes the bending moment and shear force utilization ratios – without considering
partial safety factors – of the test specimens subjected to LC3. The evaluation is performed in both
investigated cross-sections CS1 and CS2, respectively. The results are presented in Fig. 68. It can
be seen that by using the standard resistance models of EN1993-1-5 [12] and Kövesdi [24] the
results evaluated at cross-section CS1 are on the safe side with shear force utilization ratios larger
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than 100% and with accompanying large bending moment utilization ratios (80-86%). In crosssection CS2 the bending moment utilization ratios are obtained to 92-96% with accompanying
shear force utilizations between only 30% and 35%. The failure occurred, however, at CS1 in all
the analyzed cases, therefore its evaluation give the ultimate resistances, and in CS2 the internal
force values are smaller than the real resistance of the girder at that cross-section. In addition it has
to be noted that the lowest utilization ratios belong to specimens #3, which may be explained by
the fact that its corrugation profile is the closest to the flat web girders.
Table 18: Utilization ratios at CS1 and CS2 investigating the M-V interaction behavior.
2/LC3
3/LC3
4/LC3

Mtest,1/MRk
0.86
0.80
0.86

Vtest,1/VRk
1.15
1.01
1.20

Mtest,2/MRk

Vtest,2/VRk

0.96
0.92
0.94

0.34
0.30
0.35

failure mode at CS1
shear buckling
shear buckling
shear buckling

1.2

Vtest/VRk

1
0.8
0.6
0.4

M-V interaction proposal
at CS1 (shear buckling failure)
at CS2 (w/o failure)

0.2

0
0

0.2

0.4

0.6
0.8
1
1.2
Mtest/MRk
Fig. 68: Investigation of the M-V interaction proposal.
The results confirm the statement of Section 3.6.2 that the M-V interaction behavior of the
trapezoidally corrugated web girders could be negligible.
3.8.4 Summary of the experimental results
Based on the experimental research program investigating the M-V-F interaction behavior of the
trapezoidally corrugated web girders the following conclusions are drawn:
(i)

Under dominant patch load, local web crippling or interactive web crippling governs the
failure mode depending on the corrugation profile. If the loading length divided by the
fold length (ss/a1) is smaller than 2.0 (1.38 and 1.49), local web crippling occurred in the
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tests; while interactive web crippling of the adjacent web folds is observed if the ss/a1 ratio
is greater than 2.0 (2.06 and 2.27).
(ii) Under dominant shear loading interactive shear buckling of the adjacent web folds
governs the collapse mode of the tested girders.
(iii) The experimental load carrying capacities validate the applicability of the developed
design method for the determination of the M-V-F interaction resistance, if the resistance
models of the EN 1993-1-5 [12] standard and the patch loading resistance model of
Kövesdi [24] is applied without partial safety factors.
3.9 Imperfection sensitivity analysis
3.9.1 Effect of different geometric imperfection shapes
Fig. 69 shows five imperfections shapes, which are investigated separately. Three imperfection
shapes are related to the different first eigenmode shapes referring to the pure shear buckling (Fig.
69a), patch loading (Fig. 69b) and flange buckling due to bending (Fig. 69c). It has to be noted
that in case of the 11 test specimens the first eigenmode under the combined M-V-F loading is
always similar to the web crippling eigenmode. The fourth imperfection shape is the ultimate shape
obtained from the combined M-V-F loading when GMN analysis is applied without imperfections
(Fig. 69d). Furthermore the effect of the measured flange initial geometric imperfections on the
ultimate capacity under combined loading are also investigated (Fig. 69e).

a) shear buckling eigenmode b) first eigenmode (web crippling) c) flange buckling eigenmode

d) ultimate shape imperfection
e) measured flange initial imp. (scaled up)
Fig. 69: Different geometric imperfection shapes.
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Fig. 70 shows the results of the imperfection sensitivity analysis in case of dominant transverse
force (a) and dominant shear force (b). The vertical axis represents the numerically computed
resistances normalized by the test results (Fnum/Ftest) and the horizontal axis represents the applied
imperfection magnitudes in [mm]. The horizontal red lines demonstrate the equality of the
computed and measured resistances. It can be observed in the figures that the flange buckling
eigenmode has no influence on the ultimate resistance in the studied parameter range neither the
measured initial geometric imperfections. By applying the shear buckling eigenmode as equivalent
geometric imperfection (green lines) larger magnitudes are required than in case of the first
eigenmode (purple lines), thus its effect is more dominant. Furthermore the ultimate shape (red
lines) gives the worst imperfection shape in the positive direction, however it have smaller impact
in the negative direction. It can be also observed that the imperfection sensitivity diagram may have
a symmetric or an asymmetric characteristic depending on the corrugation profile. Under pure
patch loading the sensitivity diagram is symmetric if the inclined fold is loaded and the crosssection is symmetric, and asymmetric if the parallel fold is loaded due to the opposite imperfection
direction (Kövesdi and Dunai [57]). In the current research program the centre of the transverse
force is introduced in the middle of the inclined folds, however asymmetric imperfection sensitivity
curves are also obtained when the corrugation depth (a3) is small (specimen 3/LC1-3), or the
loading length is larger compared to the fold length. In these cases the collapse modes are
interactive web crippling of the adjacent web folds instead of local web crippling under dominant
patch load. This phenomenon can be explained by the presence of shear and the different ss/a1 ratios
since more adjacent web folds buckled interactively in case of larger ss/a1 ratios, resulting in a more
complex failure mode. In case of smaller ss/a1 ratios only local web crippling failure modes are
observed.
Fig. 70b shows increasing tendency on the imperfection sensitivity curves regarding the ultimate
shape and the first eigenmode shape, which is related to the fact that the direction of the first
eigenmode or the initial ultimate shapes has displacements in the opposite direction than the final
ultimate shape coming from the GMNI analysis. It has to be noted that the application of the
ultimate shape as an imperfection almost doubles the computational time, which reduces its
efficiency.
Fig. 71 presents different failure modes. Fig. 71a shows the collapse mode using the ultimate shape
as imperfection shape. The collapse modes shown by Fig. 71b and Fig. 71c are based on the shear
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buckling eigenmode and the first eigenmode shape (web crippling), respectively. Fig. 71d shows
the actual failure mode of specimen 2/LC2 observed in the test. It has to be noted that both the first
eigenmode shape and the ultimate shape type imperfections results in the closest failure mode to
the real ultimate shape observed in the tests.

a) dominant patch loading (2/LC2)
b) dominant shear loading (3/LC3)
Fig. 70: Results of imperfection sensitivity analysis.

a)
b)
c)
d)
Fig. 71: Collapse modes of specimen 2/LC2: a) ultimate shape imperfection, b) shear buckling
eigenmode, c) first eigenmode (web crippling), d) failure mechanism observed in the test.
Based on the results of the imperfection sensitivity analysis it can be concluded that the first
eigenmode, has the largest influence on the M-V-F load carrying capacity in case of the analyzed
girders. In addition it is noted that the first eigenmode involves the real failure mode of the
structure, therefore it is suggested to use the first eigenmode shape as equivalent geometric
imperfection subjected to M-V-F combined loading.
3.9.2 Calibration of the imperfection magnitude using the first eigenmode shape
It is shown in the previous section that the first eigenmode shape is the most relevant in terms of
the imperfection sensitivity and recovering the actual failure mode and load carrying resistances of
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the test specimens. In this section the first eigenmode shape is applied as equivalent geometric
imperfection and its magnitude is calibrated to ensure adequate solutions provided by the numerical
simulations. Regarding all the test specimens the results of the imperfection sensitivity analysis are
shown in Fig. 72.
The different curves represent the numerically computed load carrying capacities divided by the
measured resistances. The vertical axis represents the Fnum/Ftest ratio, the horizontal axis represents
the imperfection magnitudes in [mm]. The horizontal red lines demonstrate the equality of the
computed and measured load carrying capacities (Fnum=Ftest). The vertical black lines demonstrate
the ordinates of the intersection points of the sensitivity curves and the horizontal red lines where
Fnum=Ftest. These values give the required magnitudes of the equivalent geometric imperfections.
These required values are collected, compared and evaluated, which are the bases of the proposed
imperfection magnitude. In the case of dominant patch load mainly symmetric sensitivity curves
are obtained when local web crippling in the individual web folds governs the failure mode (girders
1/LC1-2, 2/LC1-2 and 4/LC1-2). However sensitivity curves of the girders 3/LC1-2 are flatter (Fig.
72c) and they have asymmetric character. Their failure modes are dominant interactive web
crippling of the adjacent folds shifted into the direction of the high shear force. This effect can be
explained by the corrugation profile geometry of the specimen, the presence of shear and the
loading length. The corrugation depth (a3=44mm) is the smallest for these specimens therefore the
edges of trapezoidal web has not enough resistance to ensure supports at the fold edges in order to
limit the buckling to the web folds. Furthermore if the ss/a1 ratio is larger the applied load directly
involves more web folds in the failure mechanism as observed in the tests. According to the
numerical simulations due to the flatter imperfection sensitivity behavior larger required
imperfection magnitudes are needed to provide safe side solutions. The maximum values of the
satisfactory imperfection magnitudes are determined for all test specimens, which are collected in
Table 2 in the function of the ai, tw and hw geometric parameters. It has to be emphasized that the
web crippling eigenmode is always the first one in all the 11 test specimens, therefore the fold
length (a1=a2) might be the most relevant geometric parameter from point of view of the
imperfection magnitude, suggested by the eigenmode shape.
The results show if the fold length is the basis of the imperfection magnitude, a1/290 could be a
satisfactory value in average. The maximum value would be a1/25 in the most extreme cases
(3/LC1-2), but it has to be mentioned that for these type of specimens the imperfection has very
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small effect on the load carrying capacity (e.g. imperfection sensitivity diagram is quite flat). On
the other side these results show that if the fold length has a relative small value, the imperfection
scaling factor should referre to the web depth and not to the fold length. If the web depth would be
the basis of the imperfection magnitude, then scaling factor equal to hw/600 may be used in average,
however scaling factor equal to hw/143 would be the minimum required value. If the web thickness
would be the basis of the imperfection magnitude then scaling factor equal to 1.1 always provides
conservative, safe side solutions.

a) girders 1/LC1-2

b) girders 2/LC1-3

c) girders 3/LC1-3
d) girders 4/LC1-3
Fig. 72: Imperfection sensitivity analysis – magnitude definition.
Table 19: Calibration of the scaling factors (sf) on different parameters.
first eigenmode shape
a1
tw
hw
Average
290
10
600
Maximum
25
1.1
143
Fig. 73 compares the numerically computed and measured load carrying capacities using different
equivalent geometric imperfection magnitudes. The related statistics are presented in Table 20. The
results reveal that some points using a1/200 as imperfection magnitude are on the unsafe side with
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maximum deviation equal to 6.9%. These points mainly belong to the interactive web crippling
failure modes. It can be also observed if hw/200 or tw are applied as imperfection scaling factor,
then more conservative results are observed. The maximum deviation on the unsafe side is only
1.7% in the case of hw/200 and there are no results on the unsafe side by using tw as an imperfection
magnitude.

Fig. 73: Comparison of the results using different magnitudes.
Table 20: Statistics of the proposals for the imperfection magnitude.
Fnum,a/200/Ftest Fnum,hw/200/Ftest Fnum,tw/Ftest
Average
1.021
0.965
0.942
Std. Dev.
0.032
0.036
0.036
CoV
0.031
0.037
0.038
Min
0.980
0.919
0.895
Max
1.069
1.017
0.995
Table 21: Statistics of the proposals according to the failure modes.
Fnum/Ftest
Average
0.999
Std. Dev.
0.030
CoV
0.030
Min
0.926
Max
1.046
If the final collapse mode is considered in the choice of the imperfection magnitude, namely
max(a1/200, hw/200) for local buckling and hw/200 for global and interactive buckling of the whole
web panel, the maximum deviation on the unsafe side is obtained as 4.6%, as presented in Table
21. The value hw/200 corresponds to global buckling of corrugated web panel or subpanel buckling
of flat web girders recommended by the standard. Based on the results the preliminary GMNIA
results are validated (Section 3.5.3).
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3.10 Conclusions
On the basis of the completed numerical and experimental research on the M-V-F interaction
behavior of corrugated web girders having compact flanges the following conclusions can be done:
(i)

The GMNIA results prove the experimental results of Kuchta [49] who observed also
just a small resistance reduction due to the combined loading situation, and proves the
establishment of Elgaaly et al. [30], that the M-V interaction could be neglected. In
addition it confirms the proposal of Kövesdi et al. [8] who proved that the additional
transverse bending moment in the flanges has no reduction effect on the bending and
shear interaction behavior. The observed resistance reduction is not larger than the web
contribution to the bending strength or the flange contribution to the shear buckling
strength. But these resistances are neglected in the design of corrugated web girders.

(ii)

Based on large number of FE simulations, a design method for the M-V-F interaction
resistance is developed by giving a lower bound interaction equation Eq. (46), if the
bending, shear buckling and patch loading resistances are determined by FE
simulations. The proposed interaction equation is also applicable using the bending and
shear buckling resistances of the EN1995-1-5 [12] and the patch loading resistance
model of Kövesdi [24].

(iii)

The proposed interaction equation is validated by experimental test results.

(iv)

Under dominant patch load local web crippling or interactive web crippling governs the
failure mode depending on the corrugation profile. If the loading length divided by the
fold length (ss/a1) is smaller than 2.0 (1.38 and 1.49), local web crippling occurred in
the tests; while interactive web crippling of the adjacent web folds is observed if the
ss/a1 ratio is greater than 2.0 (2.06 and 2.27).

(v)

Under dominant shear loading interactive shear buckling of the adjacent web folds
governs the collapse mode of the tested girders.

(vi)

Imperfection sensitivity analyses show that the first eigenmode shape is applicable as
equivalent geometric imperfection under the combined loading situation.

(vii)

If the recommended imperfection magnitudes (on the first eigenmode) of the standard
are chosen according to the final collapse mode in the numerical simulation, namely
a1/200 for local web buckling and hw/200 for global and interactive shear buckling of
the web panel, the maximum deviation on the unsafe side is obtained to 4.6%. In case
of using only hw/200 the maximum deviation on the unsafe side is obtained to 1.7%.
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4. Summary and conclusions
4.1 New scientific results
The results of the presented research are summarized in the following new scientific theses.
4.1.1 The theses of the dissertation in English
Thesis 1
I investigated the flange buckling behavior of trapezoidally corrugated web girders by conducting
an experimental test program.
a) I designed and carried out an experimental program on 16 large scale test specimens to
investigate the flange buckling behavior of slender flanges.
b) I distinguished three different buckling modes of the flanges depending on the web slenderness
and flange-to-web thickness ratio: (i) flange induced buckling, (ii) combined and (iii) separated
local flange buckling.
c) I proved that the classification limit of the EN 1993-1-1 [34] for class 4 sections is applicable
for trapezoidally corrugated web girders based on the large flange outstand.
d) I proved that the design proposal of the EN1993-1-5 [12] for the determination of the effective
width for class 4 flanges is not applicable for corrugated web girders, since it leads to unsafe
design.
Publications linked to the thesis: [s3], [s6].
Thesis 2
I investigated the flange buckling behavior of trapezoidally corrugated web girders by conducting
a parametric study by a validated advanced finite element model.
a) I developed and validated an advanced finite element model to investigate the flange buckling
behavior in an extended parameter domain.
b) I performed an imperfection sensitivity analysis – based on the experimental test results – to
determine the scaling factor for the magnitude of the equivalent geometric imperfection using
the first eigenmode shape.
c) I developed an EC3 conform design method for the determination of the flange buckling
resistance under uniform compression.
Publications linked to the thesis: [s4], [s6].
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Thesis 3
I investigated numerically the interacting stability behavior of trapezoidally corrugated web girders
having compact flanges (classes 1, 2 and 3) under combined bending, shear and transverse force.
a) I developed an advanced finite element model to investigate the interacting stability behavior
in a wide range of geometric parameters.
b) I conducted an extended nonlinear finite element parametric study to investigate the ultimate
resistance under combined loading.
c) I investigated separately the bending-shear, bending-transverse force and shear-transverse
force interaction resistances. I proved that there is just a minor reduction (less than 5%) in the
bending-shear interaction resistance which can be practically negligible. I developed a design
method for taking the bending-transverse force interaction resistance into account and
confirmed the validity of the previous two proposals [22], [54] for the shear-transverse force
interaction resistance.
d) I investigated the combined bending-shear-transverse loading behavior and developed a design
method for the interaction resistance determination. The numerical results proved that the
bending-shear interaction resistance is also negligible if accompanying transverse force acts
on the girder. The developed design resistance formula considers that the governing failure is
caused by the bending-transverse force or shear-transverse force interaction.
Publications linked to the thesis: [s1], [s7].
Thesis 4
I investigated experimentally the interacting stability behavior of trapezoidally corrugated web
girders under combined bending, shear and transverse force.
a) I designed and carried out an experimental program on 11 large scale test specimens to
investigate the interacting stability behavior under dominant shear and dominant patch loading.
b) I validated the developed finite element model and verified its results based on the
experimental tests.
c) I performed an imperfection sensitivity analysis – based on the experimental test results – to
determine the scaling factor for the magnitude of the equivalent geometric imperfection using
the first eigenmode shape.
d) I validated the developed design method by the experimental test results.
Publications linked to the thesis: [s2], [s5].
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4.1.2 The theses of the dissertation in Hungarian
1.

tézis

Végrehajtottam egy kísérletsorozatot trapézlemez-gerincű tartók övhorpadási ellenállásának
vizsgálatára.
a) Megterveztem és végrehajtottam egy 16 próbatestből álló kísérletsorozatot, mellyel karcsú
övlemezek horpadási viselkedését vizsgáltam.
b) Az övlemez és gerinclemez vastagsági arányai alapján három különböző övhorpadási
tönkremenetelt azonosítottam: (i) gerinclemezzel együtt létrejövő horpadás, (ii) övlemezmezők együttes hullámosodása, (iii) övlemez-mezők szeparált horpadása.
c) Bizonyítottam, hogy az EN 1993-1-1 [34] szabvány 4. keresztmetszeti osztályra vonatkozó
osztályba sorolása a valós megtámasztatlan lemezmezőket figyelembe véve alkalmazható
trapézlemez gerincű tartók esetén.
d) Bizonyítottam, hogy az EN1993-1-5 [12] szabvány javaslata sok esetben a biztonság kárára
téved a 4. keresztmetszeti osztályú övlemezek hatékony szélességének meghatározásakor.
A tézishez kapcsolódó publikációk: [s3], [s6].
2.

tézis

Végeselemes numerikus modellen végrehajtott paraméteres vizsgálattal tanulmányoztam a
trapézlemez-gerincű tartók övlemez-horpadási viselkedését.
a) Kifejlesztettem egy fejlett végeselemes modellt, melyet a kísérleti eredmények alapján
validáltam, majd paraméteres vizsgálattal tanulmányoztam az övlemez-horpadási viselkedést.
b) A kísérleti eredmények alapján imperfekció érzékenységi vizsgálatot hajtottam végre a
kifejlesztett végeselemes modellen, mely segítségével meghatároztam a skálázás szükséges
mértékét arra az esetre, ha az első sajátalakot alkalmazzuk helyettesítő geometriai
imperfekciónak.
c) A kísérleti

és

numerikus

paraméteres

vizsgálatok eredményei

alapján

konstans

feszültségeloszlást feltételezve kifejlesztettem, egy, az európai acélszerkezeti szabvánnyal
kompatibilis méretezési eljárást az övlemezek hatékony szélességének számításra.
A tézishez kapcsolódó publikációk: [s4], [s6].
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3.

tézis

Numerikus szimuláció alkalmazásával tanulmányoztam a kompakt övlemezű trapézlemez-gerincű
tartók kölcsönhatásos teherbírási viselkedését nyomaték, nyíróerő és keresztirányú erő együttes
hatására.
a) Kifejlesztettem egy fejlett végeselemes modellt, mellyel paraméteres vizsgálatot hajtottam
végre a kölcsönhatásos teherbírási viselkedés tanulmányozása céljából.
b) Kiterjesztett nemlineáris végeselemes paraméteres vizsgálatokkal tanulmányoztam a
kölcsönhatásos teherbírási viselkedést.
c) Külön-külön megvizsgáltam a nyomaték-nyíróerő, a nyomaték-keresztirányú erő és a
nyíróerő-keresztirányú erő kölcsönhatásos teherbírást. Bizonyítottam, hogy a nyomaték és
nyíróerő kölcsönhatásból származó teherbírás csökkenés kicsiny mértékű (kevesebb, mint
5%), így gyakorlati szempontból elhanyagolható lehet. A nyomaték-keresztirányú erő
kölcsönhatás figyelembevételére kidolgoztam egy méretezési módszert. Továbbá igazoltam,
hogy a korábbi ajánlások [22], [54] érvényesek a nyíróerő-keresztirányú erő kölcsönhatásos
teherbírás meghatározására.
d) Kidolgoztam egy méretezési módszert az egyidejűleg nyomatékkal, nyíróerővel és
keresztirányú

erővel

terhelt

tartó

teherbírási

viselkedésének

és

ellenállásának

meghatározására. Bizonyítottam, hogy a nyomaték-nyíróerő kölcsönhatás elhanyagolható még
abban az esetben is, ha a vizsgált tartószakaszt egyidejűleg keresztirányú erő is terheli. A
javasolt módszer figyelembe veszi, hogy a tönkremenetelt a nyomaték-keresztirányú erő vagy
a nyíróerő-keresztirányú erő kölcsönhatása okozza.
A tézishez kapcsolódó publikációk: [s1], [s7].
4.

tézis

Kísérleti programmal tanulmányoztam a trapézlemez-gerincű tartók teherbírási viselkedését
nyomaték, nyíróerő és keresztirányú erő együttes hatására.
a) Megterveztem és végrehajtottam egy 11 próbatestből álló kísérletsorozatot, mellyel a
kölcsönhatásos viselkedést vizsgáltam domináns nyíróerő és domináns keresztirányú erő
hatására.
b) A kísérleti eredmények alapján validáltam a kifejlesztett végeselemes modellt és igazoltam az
eredményeinek helyességét.
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c) A kísérleti eredmények alapján imperfekció érzékenységi vizsgálatot hajtottam végre a
kifejlesztett végeselemes modellen, mely segítségével meghatároztam a skálázás szükséges
mértékét arra az esetre, ha az első sajátalakot alkalmazzuk helyettesítő geometriai
imperfekciónak.
d) A kísérleti eredmények alapján validáltam a numerikus paraméteres vizsgálattal kifejlesztett
méretezési módszert.
A tézishez kapcsolódó publikációk: [s2], [s5].
4.2 Publications on the subject of the theses
International journal papers
[s1] Jáger, B., Dunai, L., Kövesdi, B.: Girders with trapezoidally corrugated web subjected by
combination of bending, shear and patch loading, Thin-Walled Structures, Vol. 96, pp. 227239, 2015.
[s2] Jáger, B., Dunai, L., Kövesdi, B.: Experimental investigation of the M-V-F interaction
behavior of girders with trapezoidally corrugated web, Engineering Structures, Vol. 133, pp.
49-58, 2017.
[s3] Jáger, B., Dunai, L., Kövesdi, B.: Flange buckling behavior of girders with corrugated web,
Part I: Experimental study, Thin-Walled Structures, Vol. 118, pp. 181-195, 2017.
[s4] Jáger, B., Dunai, L., Kövesdi, B.: Flange buckling behavior of girders with corrugated web,
Part II: Numerical study and design method development, Thin-Walled Structures, Vol. 118,
pp. 238-252, 2017.
International conference papers
[s5] Jáger, B., Dunai, L., Kövesdi, B.: Experimental based numerical modelling of girders with
trapezoidally corrugated web subjected to combined loading, Proceedings of the 7th
International Conference on Coupled Instabilities in Metal Structures CIMS2016, November
7-8, 2016, Baltimore, Maryland, USA, p. 14.
[s6] Jáger, B., Kövesdi, B., Dunai, L.: Flange buckling resistance of trapezoidal web girders,
Experimental and numerical study, Proceedings of the 8th European Conference on Steel and
Composite Structures, EUROSTEEL 2017, September 13-15, 2017, Copenhagen, Denmark,
pp. 49-58.
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Hungarian conference papers
[s7] Jáger, B., Kövesdi, B., Dunai, L.: Trapézlemez gerincű tartók interakciós viselkedésének
vizsgálata, Proceedings of the XII. Hungarian Conference on Mechanics, MAMEK, August
25-27, 2015, Miskolc, Hungary, p. 10. ISBN 978-615-5216-74-9.
Presentations
1.

Trapézlemez gerincű tartók: viselkedési sajátosságok, összetett igénybevétel hatása, PhD
Seminar at the BME Department of Structural Engineering, April 3, 2015, Budapest,
Hungary.

2.

Trapézlemez gerincű tartók M-V-F interakciós viselkedésének kísérleti és numerikus
vizsgálata, PhD Seminar at the BME Department of Structural Engineering, April 22, 2016,
Budapest, Hungary.

4.3 Application of the results
The current research is performed to contribute to the understanding of the actual structural
behavior of steel trapezoidally corrugated web girders under various loading conditions. In addition
the developed design methods and FE modelling prescriptions can be directly used to the design
of these types of girders and develop standard rules.
4.4 Proposal for further study
In spite of the current and previous research results found in literature, there are still several
research fields regarding steel trapezoidally corrugated web girders whither the investigations can
be extended to in the future, such as:


combined loading situation having slender (class 4) flanges,



web slenderness limit considering vertical flange buckling,



lateral-torsional buckling strength,



flexural buckling strength of columns with corrugated webs,



global stability of frame structures with corrugated webs,



effect of different normal stress distributions on the flange buckling behavior.
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Annex A
Validation of the FE model by previous test results
In this annex the verification of the numerical model is presented. Test results of different
researchers available in the international literature are used for the validation of the FE model. In
the followings the corresponding pure ultimate load carrying capacities of the FE models of the
specimens, namely the FEM base bending moment, shear buckling and patch loading capacities of
the corresponding specimens are shown separately and compared with the test results.
Verification of the bending moment resistance
Six bending tests of Elgaaly et al. [61] were analyzed numerically and compared with the ultimate
load carrying capacities of the test results. In Fig. A1 the FE model of Elgaaly’s specimen (Fig.
A1/a) and its typical bending failure mode (Fig. A1/b) can be seen.

a) numerical model
b) typical failure mode
Fig. A1: Elgaaly’s specimen and its typical bending failure illustrating the von Mises stresses.
In Table A1 the geometric parameters of the six specimens can be seen with the average measured
yield and ultimate stresses (columns #9 and #10) which are applied in the FE material model. The
columns #11 and #12 of Table A1 contain the experimentally measured (Mtest) and the numerically
computed ultimate bending moment capacities (Mnum), respectively. The column #13 contains the
comparison of the aforementioned capacities.
The results show that the maximum difference is 4% (0.96) on the unsafe and 6% (1.06) on the
safe side. It may be attributed to the measurement devices using in the experiments and also to the
developed numerical model and to the different applied imperfections. Despite the differences
between the measured and computed results a good agreement can be observed, therefore the
numerical model is judged to be accurate enough for the application for the further numerical
parametric study.
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Table A1: Comparison of the experimental and numerical results.
tf
bf
hw
tw
[mm] [mm] [mm] [mm]
1
2
3
4
5
6

12.7
12.7
12.7
12.7
12.7
12.7

152.4
152.4
152.4
152.4
152.4
152.4

304.8
304.8
304.8
304.8
304.8
304.8

α
[°]

a1
a2
fy
fu
Mtest
Mnum Mtest /
[mm] [mm] [MPa] [MPa] [kNm] [kNm] Mnum

0.607 50 19.80 18.53
0.607 45 38.10 35.92
0.607 55 41.90 40.70
0.607 62,5 49.80 57.25
0.607 55 41.90 40.70
0.607 62,5 49.80 57.25

289
289
289
289
376
376

682
682
682
682
682
682

180.9
193.3
175
175.2
237.8
223.2

183
182.3
178
177.9
234.9
232.9

0.99
1.06
0.98
0.99
1.01
0.96

Verification of the shear buckling resistance
One shear test of Moon et al. [62], Hannebauer [11] and Driver et al. [58] are analyzed numerically
and compared with the ultimate load carrying capacities of the test results. In Fig. A2 the FE model
of Moon’s specimen (Fig. A2/a) and its shear buckling failure mode (Fig. A2/b) can be seen. The
real failure mode of the Moon’s specimen is shown in Fig. A3.

Fig. A2: Numerical model of the half of Moon’s specimen and its shear buckling failure.

Fig. A3: Moon’s specimen after shear buckling failure [62].
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In Table A2 the geometric parameters of the three specimens can be seen with the average measured
yield stresses (column #9) which are applied in the FE material model. The columns #11 and #12
of Table A2 contain the experimentally measured (Vtest) and the numerically computed ultimate
shear capacities (Vnum), respectively.
The results show that the maximum difference is 7% (1.07), and all of the numerically computed
results are on the safe side, thus the numerical model is judged to be appropriate enough for the
application for the further numerical parametric study.
Table A2: Comparison of the experimental and numerical results.
tf
bf
hw
tw
α
a1
a2
fy
fu
[mm] [mm] [mm] [mm] [°] [mm] [mm] [MPa] [MPa]
1

30

300

2000

2

15

200

500

3

50

450

1500

Shear test of Moon et al. [62]
4
23 220 195
296
Shear test of Hannebauer [11]
2.5 40 30
62
270
Shear test of Driver et al. [58]
6.3 37 300 250
485

Vtest
[kN]

Vnum Vtest /
[kN] Vnum

-

1053 1007

1.05

-

206.5 193.2 1.07

-

2155 2009

1.07

Verification of the patch loading resistance
Two patch loading tests of Elgaaly and Seshadri [22] and five patch loading tests of Kövesdi et al.
[57] were analyzed numerically and compared with the ultimate load carrying capacities of the test
results. In Fig. A4 the numerical model of Kövesdi’s specimen (Fig. A4/a) and its local web
buckling failure mode (Fig. A4/b) can be seen. The real failure mode of the Kövesdi’s specimen is
shown in Fig. A5.
By using unstiffened flange model in the numerical analysis the collapse mode is not only pure
web crippling or local web buckling, but also the interaction of the web and flange buckling. This
collapse mode corresponds to the experiments of Elgaaly and Seshadri [22]. During incremental
launching of superstructures the flange buckling cannot occur, because of the stiffening effect of
the concrete flange and/or loading device and/or the lateral restraint of the bridge girder above the
bearings. Thus, for the numerical analysis the nodes of the flange have been coupled in the lateral
direction with rigid elements which is called stiffened flange model. The rotation of these rigid
lines are then restrained to avoid flange buckling. In this way the stiffening effect of the concrete
flange and/or loading device and/or the lateral restraint of the bridge girder above the bearings are
taken into account and the failure mode remains pure web crippling or local web buckling.
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Fig. A4: Numerical model of Kövesdi’s specimen and its local web buckling failure.

Fig. A5: Local web buckling of Kövesdi’s specimen [57].
In Table A3 the geometric parameters of the seven specimens are presented. In Table A4 the average
measured yield and ultimate stresses of the flanges and the web can be seen (columns #2 to #5)
which were applied in the numerical model. The columns #6 and #7 of Table A4 contain the
experimentally measured (Ftest) and the numerically computed ultimate patch loading capacities
(Fnum), respectively. The column #8 contains the comparison of the aforementioned capacities.
Table A3: Geometric parameters of the test specimens.
Location of
L
hw
tw
bf
tf
a1
a2
ss
α [°]
load
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
[mm]
Patch loading tests of Elgaaly and Seshadri [22] using unstiffened flange model
1 Parallel fold 750 376
2
120
10
130 157
40
146
2 Inclined fold 750 376
2
120
10
130 157
40
104
Patch loading tests of Kövesdi et al. [20] using stiffened flange model
3 Inclined fold 1500 500
6
225
20
210 212
39
90
4 Parallel fold 1875 500
6
225
30
210 212
39
200
5 Parallel fold 1875 500
6
225
20
210 212
39
200
6 Parallel fold 1140 500
6
225
20
210 212
39
200
7 Parallel fold 1875 500
6
225
20
210 212
39
380
iv

The results show that the maximum difference is 1% (0.99) on the unsafe and 5% (1.05) on the
safe side. The Table A4 shows that almost all of the numerically computed results are on the safe
side, thus the numerical model is judged to be appropriate enough for the application for the further
numerical parametric study.
Table A4: Results of the tests and the numerical analyses.
fyf
fuf
fyw
fuw
[MPa] [MPa] [MPa] [MPa]
1
2
3
4
5
6
7

389
389
379
379
379
379
379

563
563
517
517
517
517
517

379
379
373
373
373
373
373

413
413
542
542
542
542
542

v

Ftest

Fnum

Ftest/Fnum

131.28
102.35
754.20
1192.01
949.02
1077.72
1280.99

125.54
103.16
715.77
1182.41
944.46
1064.55
1235.58

1.05
0.99
1.05
1.01
1.00
1.01
1.04

