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A B S T R A C T   

Trapezoidal corrugated web steel plate girders (TCWPGs) are heavily considered as advanced structural elements 
in the structural engineering branch due to their many advantages. However, not many researchers focused on 
studying the calculation of the capacity of these girders under bending moment and the bending behavior of 
these girders when it fails by flange local buckling of the slender compression flange. In this paper, an intensive 
parametric study has been performed on trapezoidal corrugated web girders subjected to pure bending moment 
to investigate and analyze the flange local buckling coefficient. Flange slenderness ratio, web slenderness ratio, 
flange-to-web thicknesses ratio and the trapezoidal web enclosing effect were investigated numerically to study 
and analyze their effect on the coefficient of local flange buckling in this type of girders. Also bending moment 
resistance of these girders has been studied. The behavior of these girders has been investigated using ABAQUS 
FE software. A criterion of the Egyptian code for classifying the compression flanges has been found to be suitable 
to be used for studying the effect of web thickness on the bending moment resistance of trapezoidal web girders. 
Depending on the shape of the web corrugations, it is specified if the compression flange slenderness should be 
depending on the average outstand distance or the maximum outstand distance. Also, some important advices 
have been introduced for the economic and safe design of these girders to be taken in designers’ consideration.   

1. Introduction 

The corrugated web girders are formed by welding two flat plates 
(upper and lower flanges) with corrugated web plate. They are used as 
good structural elements in the construction of steel bridges, frames and 
columns of buildings. The plate girders with trapezoidal corrugated web 
shown in Fig. 1 have been considered as the most economical and 
spreading type of girders in steel bridges construction even today as it 
consumes less amount of steel material due to using of thinner web when 
compared to flat web girders. It has been concluded from previous 
studies on corrugated web girders that the corrugated web girders has 
higher shear capacity more than the shear capacity of flat web girders 
having the same web thickness [1]. Also, lower cost has been achieved 
after manufacturing these girders due to less maintenance processes 
carried. The flexural behavior of plate girders with corrugated web had 
been studied by some researchers in the literature also the flange local 

buckling behavior (FLB) in these girders had been studied in the last 
twenty years. Some aspects concerned to the flexural behavior were 
studied in an analytical, experimental, and numerical manner. The ul
timate bending strength, flange local buckling, lateral-torsional buckling 
(LTB), and linear elastic response had been included in these aspects. 

Johnson and Cafolla [3] conducted an investigation on local buck
ling of flange. They conducted a numerical parametric study to specify a 
proper flange outstand width to be used in the calculation of the elastic 
flange local buckling capacity in trapezoidal web steel girders. A wide 
compression flange had been independently modeled. The effect of web 
corrugations had been simulated by rigid restraints introduced into the 
flange. They identified a non-dimensional parameter (R) given by Eq. 
(1). 

R =
(a1 + a4)a4.tanθ
(a1 + 2a4)bf

(1) 

They conducted an experimental test on five specimens, three of 

* Corresponding author. 
E-mail addresses: Amr.el_sayed@eng.sohag.edu.eg (A.E.K. Qureshi), amro@bu.edu.sa, amr01174@eng.bsu.eg (A.B. Saddek).  

Contents lists available at ScienceDirect 

Engineering Structures 

journal homepage: www.elsevier.com/locate/engstruct 

https://doi.org/10.1016/j.engstruct.2021.113120 
Received 16 June 2020; Received in revised form 22 April 2021; Accepted 30 August 2021   

mailto:Amr.el_sayed@eng.sohag.edu.eg
mailto:amro@bu.edu.sa
mailto:amr01174@eng.bsu.eg
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2021.113120
https://doi.org/10.1016/j.engstruct.2021.113120


them failed by local buckling of flange and web shear buckling was 
noticed in the other two specimens. Elgaaly et al. [4] tested six corru
gated web girders under uniform bending moment. The failure mode of 
their specimens was the inelastic buckling of the compression flange. 
Five of specimens suddenly failed due to yielding of the compression 
flange then vertical inelastic buckling of the flange into the web had 
been occurred. 

Y.A. Khalid et al. [5] investigated the web corrugation effect on the 
capacity of corrugated web beams. Flat web beams and beams with 
horizontally corrugated and vertically corrugated webs had been 
investigated using LUSAS finite element software. In the horizontally 
corrugated case, one arc and two arcs were studied, while a corrugation 
of half-circular wave had been utilized for the vertical type. For each 
type of the beam, three different corrugation radii had been taken to 
study the effect of corrugation radius on the beam’s resistance. Beams, 
with flat web, had been also tested by test experiments. Also, it had been 

found that beams with vertically corrugated web give 38.8% to 54.4% 
higher strength of bending moments than beams with horizontally 
corrugated web. The vertically corrugated web provides stronger resis
tance against buckling of flange, compared to beams with flat web and 
beams with horizontally corrugated web. The same results had been 
obtained for the three radii studied. Also, beams with larger radius of 
corrugation in the corrugated web could give higher capacity of bending 
moment. Also they stated that by using the vertical-corrugated web, a 
reduction in weight could be achieved. 

Dabon and Elamary [6] conducted an experimental investigation on 
four specimens exposed to bending. Two specimens were flat and 
corrugated web with non-compact flange. Compact flanges were used in 
the other two specimens. The effect of compactness of the flange on the 
behavior of corrugated web beams had been analytically and experi
mentally studied. Beams with corrugated webs had been compared to 
those with flat webs to specify the advantages and disadvantages of 

Nomenclature 

bf flange width 
tf flange thickness 
hw corrugated web height 
tw corrugated web thickness 
Cf large flange outstand = (bf + a3)/2 
a buckling length of the compression flange sub-panel = a1 

+ a4 
R enclosing effect of the trapezoidal corrugated web 
a1 web horizontal panel width 
a2 web inclined panel width 
a3 corrugation depth 

a4 horizontal projection of the inclined panel width of the 
corrugated web 

θ corrugation angle 
E modulus of elasticity of steel 
σcr critical compressive stress 
σcr,FEM critical stress obtained by finite element analysis 
u initial imperfection magnitude 
Pcr critical load 
υ Poisson’s ratio 
k buckling coefficient 
α flange sub-panel aspect ratio = Cf/a 
λ slenderness ratio (length/thickness ratio)  

Fig. 1. Trapezoidal profile of web and geometric properties [2].  
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using corrugated web. The results showed that; the beam yield load had 
been enhanced by the flange transversal stiffeners by 21% and the flange 
thickness increased the yield load by 56%. If both of them used, 72% of 
the beam yield load could be achieved if these enhancement existed in 
these beams. Watanabe and Masahiro [7] declared the results of the 
experimental test of girders with corrugated web subjected to pure 
bending moments. Four different corrugations of trapezoidal profiled 
web and one flat web profile have been used in their test. The failure 
mode which noticed in all girders was the local buckling of the 
compression flange. They compared the test results of ultimate strength 
and bending behavior with the results of numerical study using DIANA 
FE software. Sayed-Ahmed [8] conducted a linear buckling parametric 
analysis to investigate the flange local buckling in corrugated web 
girders. A 0.7 limit of the coefficient of buckling has been concluded in 
the results of the analysis and the larger flange outstand should be used 
in the compression flange classification. Numerical investigation had 
been done on the local buckling behavior of the compression flange in 
corrugated web girders. Leong and Osman [9] studied three plates failed 
by flange local buckling phenomena. The trapezoidal profile of the 
corrugated web welded to the flange had been studied on the flange 
subjected to compression. 

Slender trapezoidal web specimens had been tested experimentally 
by Lho et al. [10]. They aim to study the estimation of the maximum 
slenderness ratio of the profiled web to prevent the occurrence of the 
induced buckling failure type of the compression flange. Also they 
conducted a linear buckling analysis and based on the experimental 
results of their test they concluded that, the profiled web’s maximum 
ratio of slenderness could be 1.5 times higher than the slenderness ratio 
of the DASt-Richtlinie 015 [11]. Experimental and numerical in
vestigations of six specimens with wide flanges subjected to normal 
force and bending moment at the same time have been studied by Li 
et al. [12]. The aim of their study was the calculation of outstand-to- 
thickness ratio limit of the compression flange using linear buckling 
analysis, and then the classification limit was modified through 
nonlinear finite element analysis considering the geometrical imper
fections and residual stresses effect. Parametric studies had been carried 
out to study local buckling strength of the compression flange affected 
by the corrugated web, tension flange and the length of the beam. FE 
model has been used to study the effect of the initial geometric imper
fection of the compression flanges and residual stresses on the critical 
buckling stress. It was concluded that the critical buckling stress reduced 
by 28% due to the initial imperfections effect, while residual stresses 
reduced it by 14%. A 70% correction factor was recommended for the 
critical outstand-to-thickness ratio of the flanges to consider these two 
effects in the stability of beams with corrugated webs. 

B. Jáger et al. [13] carried out an experimental investigations on 16 
specimens of trapezoidally corrugated web girders simply supported and 
subjected to four-point-bending to investigate the phenomenon of local 
buckling of the flange and calculate the bending resistance of the tested 

girders. The failure mode of all specimens was local buckling of the 
compression flange, however, two different failure modes can be noticed 
based on results of the test. In case of higher values of flange-to-web 
thickness ratio (tf/tw > 2.5) the flange rotated unrestrictedly around 
the corrugated web. On the other side in case of lower values of flange- 
to-web thickness ratio (tf/tw < 2.5) the failure made was separated 
buckling of the compression flange subpanels bounded by the profile of 
corrugated web. Combined buckling mode was observed from the test 
results. They also concluded that the profile of web corrugation has a 
large effect on the flange initial geometric imperfection and the 
magnitude of initial imperfection is influenced by the largest flange 
outstand to thickness ratio. In their numerical investigations [14] an 
advanced FE model was developed and validated. They studied a 
sensitivity analysis of the imperfection to develop proposals for equiv
alent geometric imperfections to be applied in the FEM based design 
method. They also carried out a parametric study to improve the 
calculation of the buckling coefficient of the compression flange in 
corrugated web girders. 

The previous studies show, that a small number of the available 
studies done by literature investigated the bending behavior of steel 
corrugated web girders and the flange buckling capacity in trapezoidal 
corrugated web girders (TCWPGs). Also not many researchers studied 
the full behavior of these girders in bending by taking wide range of 
girders dimensions used in real-world steel bridges. In the current study, 
an extensive numerical parametric study is used to give an explanation 
for the bending behavior of trapezoidal web girders. Also based on the 
results obtained by the numerical solution, some guidelines have been 
recommended to be considered in the design of the trapezoidal corru
gated web girders. 

2. FE model development and validation 

2.1. General 

The commercial software of finite element modelling ABAQUS/CAE 
[15] has been used in current study. The simulation consists of two types 
of analysis. The first analysis is the linear buckling analysis (LBA), it has 
been conducted on a perfect corrugated web girder to obtain its modes of 
buckling which have been utilized as initial imperfection shape of the I- 
girder. Also local buckling coefficient of the compression flange has been 
obtained. The second analysis is the nonlinear analysis with imperfect 
geometrical and material behavior (GMNIA) in which the concentrated 
loads have been applied in small increments using the modified RIKS 
method available in the software library. The modified RIKS method is a 
load–deflection analysis generally used to predict unstable, geometri
cally nonlinear collapse of a structure as it can include nonlinear ma
terials and boundary conditions. 

Experimental data of B. Jáger et al. [13] were used to obtain the 
numerical model to be investigated in the numerical parametric study. 

Fig. 2. Used geometrical properties of trapezoidal corrugated web girders [13].  
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To check the FE model validity, a comparison between the results of the 
experimental test and the numerical analysis results has been made. 
Their test was a four-point bending loading test on 16 large scale simply 
supported specimens. Ten girders having four different trapezoidal 
profile geometries have been tested. The material and geometrical 
properties of the tested girders were declared by Jáger [13]. All tested 
girders have 250 mm nominal flange width, and 500 mm depth of 
corrugated web. The used notations are shown in Fig. 2. 

2.2. Boundary conditions, load points, and lateral constraints 

The used boundary conditions in the current finite element model 
were pin support on one side of the girder where the restrained dis
placements were in x-, y-, z-directions and the other side has roller 
support where the restrained displacements were in y-, z-directions. Two 
concentrated loads have been statically applied at start and end of the 
middle third of the girder. Vertical stiffeners have been located in the 
model at the locations of the concentrated loads and support reactions. 
These stiffeners have been located on the girder to prevent the flange 
local crippling where the web was welded. To prevent the failure of 

girders by the lateral-torsional buckling mode, the FE models have been 
constrained laterally at the application points of the two concentrated 
loads. Fig. 3 presents the experimental layout of girders tested by B. 
Jáger et al. [13] which considered in the FE model of the current study. 

2.3. Element type and meshing 

A 4-node doubly curved thin or thick shell, reduced integration, 
hourglass control, finite membrane strains (S4R) element was used in 
the current study as it is the most used element suitable for modelling of 
built up steel girders. S4R element from the element library has been 
used to discretize the flanges, web and the vertical stiffeners. The S4R 
element is suitable for complex buckling behavior. Each node of this 
element has six degrees of freedom. At each node there are three 
translational degrees of freedom and three rotational degrees of 
freedom. Finite membrane strains and arbitrarily large rotations could 
be accounted for using this element. So, large strain analyses and 
nonlinear geometrical problems can be solved. Fig. 4 shows the mesh 
used in the current FE model. 

Fig. 3. Supports restraints and lateral bracing in 3D finite element model.  

Fig. 4. Mesh used in the finite element model.  
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2.4. Convergence study 

Convergence study is performed to investigate the suitable size of 
mesh to be used in the numerical model to get accurate and converged 

results. In Fig. 5 the results of convergence study were presented and 
plotted at various imperfection magnitudes. Relationship between the 
numerical to experimental total applied load ratio on the vertical axes 
and the mesh size on the horizontal axes is plotted at various values of 
initial imperfection magnitudes. In this study a mesh size of 30 mm was 
considered as the best size to get accurate results and save the compu
tation time also. 

2.5. Material properties 

Steel 36/52 [16] has been assumed to be used in this study. The 
behavior of steel was considered as elastic-perfect-plastic without strain 
hardening. It has been concluded by Hassanein et al. [17] that the dif
ferences in results between elastic-perfect plastic and elastic–plastic 
with strain hardening models were 3.5%, based on their comparison, the 
elastic-perfect plastic stress–strain curve was used in their study. In the 
current study, the stress–strain curve of the used steel has been shown in 
Fig. 6. In the linear stage of the analysis, steel modulus of elasticity has 
been evaluated to be 210000 MPa, steel Poisson’s ratio equals 0.3 and 
yield stress of 360 MPa was considered. 

2.6. Modelling of equivalent geometrical imperfections 

To get an accurate numerical analysis and obtain real results, the 
equivalent geometrical imperfections should be added to the FE models 
before performing the nonlinear numerical analysis. In the nonlinear 
analysis, equivalent imperfections have been introduced using the per
turbations in the geometry. Geometrical imperfections were added onto 
the ‘‘perfect’’ FE model to create out-of-plane displacements of the plate 
elements. A two-step method for modelling corrugated web girder 
having equivalent imperfections. In the first step, the elastic buckling 
analysis has been carried out on a perfect mesh to generate the expected 
modes of buckling and the nodal displacements of these buckling modes. 
In the second step, applying the geometrical imperfections to the perfect 
mesh has been done by adding the first positive elastic buckling mode in 
Fig. 7 to the perfect mesh in the FE modelling with scaling factor equal to 
the equivalent imperfection amplitude. 

The EN1993-1-5 [18] suggested equivalent geometric imperfection 
magnitude for flanges subject to twist equals Cf/50, where Cf is the 
largest outstand distance of the compression flange. This value was 
considered by B. Jáger et al. [14] for simulating the initial geometric 
imperfections and residual stresses of trapezoidal corrugated web 
girders. This value has been selected in the current parametric study to 

Fig. 5. Convergence study of mesh size and initial imperfection magnitude.  

Fig. 6. Elastic-perfect plastic stress–strain curve used in FE model.  

Fig. 7. First positive eigen-mode.  
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take the initial geometrical imperfections and residual stresses effect 
into account [14]. 

2.7. Validity of the FE models 

The results of this validation have been indicated as the total load 
versus the mid-span deflection of test specimens. A comparison of 
verified girders has been made as shown in Fig. 8. 

The small differences in the deflection of girders between the 
experimental and the numerical analysis were noticed due to using the 
first positive buckling mode as initial imperfection shape instead of 
using the real imperfection shape of the flange. Comparison between the 
results of the experimental and the numerical load carrying capacities is 
summarized in Table 1 and indicated in Fig. 9. 

Only 6 specimens were used for model validation from the 16 
specimens of Jáger et al. because the authors could not extract the 
imperfection amplitudes declared by Jáger et al. except for these spec
imens. The initial imperfection magnitudes have a large effect on the 
accuracy of the results of FE model, however, the imperfection ampli
tudes of each specimen have not been declared by B. Jáger et al. [13]. In 
Table 1, 12.8% difference between the experimental and numerical 
total applied load of 5TP2-1 specimen may referred to non-declared 
magnitude of initial imperfection of this specimen definitely. Previous 
comparisons between the results of the experimental test and the nu
merical analysis results from the finite element modelling explain that 
the numerical model presented in the finite element simulations is 
suitable to be considered in the numerical study. The results of the 
validation of the FE model explain a good agreement with the experi
mental data as shown in Fig. 10. 

3. Numerical parametric study 

Geometric properties and parameters 

The analytical model used in the current study consists of a simply 
supported girder subjected to two point load at third points as shown in 
Fig. 11. The most extreme layouts of the parameters have been selected 
to study the full behavior of the considered girders. In the current nu
merical analyses, the following parameter ranges were investigated and 
analyzed: 

tf = 8, 12, 14, 16, 20, 24 mm 
hw/tw = 125 ~ 500 
tf/tw = 1 ~ 12 
Cf/tf = 6.25 ~ 31.875 

Fig. 8. Curves of load vs mid-span displacement for test specimens.  

Table 1 
Comparison between numerical and experimental load carrying capacities.  

No. Specimen 2F (Exp.) kN 2F (Num.) kN Difference % 

1 1TP1-1  200.5 198.7  0.9 
2 4TP2-1  148.7 159.3  7.1 
3 4TP2-2  156.3 166.2  6.3 
4 5TP2-1  172.1 194  12.8 
5 8TP2  306.2 297.4  2.9 
6 9TP3  326.3 314.9  3.5  

Fig. 9. Comparison between numerical and experimental load car
rying capacities. 

Fig. 10. Experimental vs. Numerical failure mode [13].  
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R = 0.07 ~ 0.5 
bf/a3 = 1.4 ~ 10 

In the FE models of current study, the applied geometric ranges of the 
corrugation profile were the angle of corrugation equals 450 and a1 = a2 
ranges from 40 to 300 mm to get the extreme values of the layout of 
girders profile. Also tf ranges from 8 mm to 24 mm. It was considered 
that hw should be constant with changing of tw to get various web 
slenderness ratios. In the current parametric study, almost 240 different 
geometries have been investigated to study the selected range of the 
parameters. Some of the models have been indicated in Table 2. 

4. Results and discussion 

Using the linear analysis of buckling, flange local buckling coeffi
cient has been calculated using the critical load multiplier. Since the 
critical normal stresses in the flange were determined by assuming that 
the flange normal stress distribution is uniform along the flange width 
instead of assuming non-uniform normal stress distribution in the 
flanges as simplified and conservative solution. The strains measure
ments conducted by Jáger [13] prove that this assumption is applicable 
if only the bending moments were applied on the corrugated web girder. 
The numerical local buckling coefficient of compression flange was 

Fig. 11. Geometry of trapezoidal corrugated girder under four-point bending loading.  

Table 2 
Models used in the parametric study.  

Groups Models hw 

(mm) 
tw 

(mm) 
bf 

(mm) 
tf 
(mm) 

a1,2 

(mm) 
a3 

(mm) 
a4 

(mm) 

A MTR16A1 1000 8 300 16 40 30 30 
MTR16A2 1000 8 300 16 70 50 50 
MTR16A3 1000 8 300 16 100 70 70 
MTR16A4 1000 8 300 16 150 105 105 
MTR16A5 1000 8 300 16 170 120 120 
MTR16A6 1000 8 300 16 200 140 140 
MTR16A7 1000 8 300 16 220 155 155 
MTR16A8 1000 8 300 16 250 175 175 
MTR16A9 1000 8 300 16 300 210 210 

B MTR16B1 1000 6 300 16 40 30 30 
MTR16B2 1000 6 300 16 70 50 50 
MTR16B3 1000 6 300 16 100 70 70 
MTR16B4 1000 6 300 16 150 105 105 
MTR16B5 1000 6 300 16 170 120 120 
MTR16B6 1000 6 300 16 200 140 140 
MTR16B7 1000 6 300 16 220 155 155 
MTR16B8 1000 6 300 16 250 175 175 
MTR16B9 1000 6 300 16 300 210 210 

C MTR16C1 1000 4 300 16 40 30 30 
MTR16C2 1000 4 300 16 70 50 50 
MTR16C3 1000 4 300 16 100 70 70 
MTR16C4 1000 4 300 16 150 105 105 
MTR16C5 1000 4 300 16 170 120 120 
MTR16C6 1000 4 300 16 200 140 140 
MTR16C7 1000 4 300 16 220 155 155 
MTR16C8 1000 4 300 16 250 175 175 
MTR16C9 1000 4 300 16 300 210 210 

D MTR16D1 1000 2 300 16 40 30 30 
MTR16D2 1000 2 300 16 70 50 50 
MTR16D3 1000 2 300 16 100 70 70 
MTR16D4 1000 2 300 16 150 105 105 
MTR16D5 1000 2 300 16 170 120 120 
MTR16D6 1000 2 300 16 200 140 140 
MTR16D7 1000 2 300 16 220 155 155 
MTR16D8 1000 2 300 16 250 175 175 
MTR16D9 1000 2 300 16 300 210 210 

Note: MTR16A1: M refers to model, TR refers to trapezoidal corrugated web, 16 refers to tf = 16 mm, A refers to web slenderness ratio (hw/tw = 125), B refers to web 
slenderness ratio (hw/tw = 167), C refers to web slenderness ratio (hw/tw = 250), D refers to web slenderness ratio (hw/tw = 500), and from 1 to 9 refers to web 
corrugation profile. 
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determined according to Eq. (2). For the larger flange outstand, 
reasonable solution has been obtained. The obtained values from the 
numerical analysis were not related to the smaller outstand of the flange. 

kσ,num. =
σcr,FEM.12(1 − ν2)

π2.E

(
Cf

tf

)2

(2) 

The effects of the analyzed parameters have been evaluated consid
ering that a1 equal to a2 and θ = 45◦. Similar tendencies were noticed in 
the other analyzed trapezoidal profiles. 

4.1. Effect of panel aspect ratio (α = Cf/a) 

At low and high web slenderness ratio, Increasing Cf/a ratio in
creases the buckling coefficient effectively by mean value of 85% up to 
Cf/a ratio almost equal to 1, then any increase in Cf/a ratio more than 1 
decreases the buckling coefficient slightly by 22%; this was due to 
decreasing the buckling length (a) which leads to higher buckling stress 
consequently higher buckling coefficient value. The results are shown in 
Fig. 12. 

4.2. Effect of flange-to-web thickness ratio (tf/tw) 

The main function of the corrugated web in corrugated web steel 
girders subjected to pure bending moment is the supporting of the 
flange. Increasing tf/tw ratio decreases the buckling coefficient effec
tively by 59% in small web slenderness ratio (hw/tw = 125). In higher 
web slenderness ratio (hw/tw = 500), a small decrease by 23% was 
noticed. This decrease was due to decreasing the corrugated web 

supporting effect and consequently decreasing the local buckling coef
ficient as well. The effect of web slenderness ratio was more logic as in 
lower hw/tw (higher tw), the corrugated web working as rigid support to 
the flange and significantly affects on the buckling coefficient. The effect 
of ratio of flange-to-web thickness has been noticed clearly at tf/tw ratio 
up to 2.5, and then this effect was marginal at tf/tw ratio higher than 2.5 
as the web has been considered as hinged support to the flange as shown 
in Fig. 13. 

In a comparison with Jáger et al. [13], flange induced buckling, 
combined and separated local flange buckling are three different buck
ling modes of the compression flanges were parted based on the slen
derness ratio of web and the flange-to-web thickness ratio. They 
concluded that the flange-to-web thickness ratio has a large effect on the 
moment capacity of trapezoidal corrugated web girders. In the current 
study, similar tendencies of the effect of flange-to-web thickness ratio 
were observed at all web slenderness ratios. 

4.3. Effect of enclosing effect of trapezoidal web 

At R higher than 0.14, the bending moment resistance of trapezoidal 
corrugated web girders has been affected by the enclosing effect of the 
corrugated web effectively. As increasing R more than 0.14, reduces the 
capacity of these girders in bending moment as shown in Fig. 14. This 
effect was due to that the flange local buckling of the sub-panels of the 
compression flange occurred in a localized manner of stress as indicated 
in Fig. 15. The distance between the supports of flange sub-panel in
creases at higher values of R, so the bending moment resistance reduced. 

Fig. 12. Effect of panel aspect ratio: (a) hw/tw = 125, (b) hw/tw = 167, (c) hw/tw = 250, (d) hw/tw = 500.  
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4.4. Effect of flange slenderness ratio (Cf/tf) 

In the numerical analysis, it has been noticed that using the 
maximum outstand distance (Cf) in calculating the buckling coefficient 
lead to unreliable values. In case of higher values of enclosing effect of 
the trapezoidal corrugated web more than 0.14, the maximum outstand 
distance may be suitable to be used in the buckling stress equation (Eq. 
(2)) as the buckling occurs in every sub-panel of the compression flange. 
On the other side, in case of values of the enclosing effect of the corru
gated web equal to or less than 0.14, the average outstand distance 
(bf/2) can be considered as shown in Fig. 16. 

As Cf/tf increases, the buckling coefficient significantly decreases as 
shown in Fig. 17. In the girders having enclosing effect almost equal to 
0.14, higher buckling coefficient has been obtained. Using higher Cf/tf 
ratio due to using higher Cf makes the flange more slender and leads to 
obtain low compressive stress and consequently low buckling 
coefficient. 

4.5. Effect of web slenderness ratio (hw/tw) 

In high ratio of Cf/tf more than 11, increasing the slenderness ratio of 
the corrugated web (hw/tw) is effectively decreases the bending moment 
capacity of such girders (Mult.). In low Cf/tf less than or equal to 11, 
increasing slenderness ratio of corrugated web (hw/tw) has a small effect 
on the bending moment capacity as shown in Fig. 18. This value of Cf/tf 
has been given before by the Egyptian code as: 

Cf

tf
≤

210
̅̅̅̅̅
Fy

√ (3)  

where fy is the material yield stress in MPa. 
It means that this equation which has been used for limiting non- 

compact sections can be used also to specify the range where web 
slenderness ratio affected on the bending moment capacity. 

4.6. Proposal of new design procedure 

Design of built up sections under bending moment requires non- 
slender flanges to be considered. 

In most of the previously developed design methods for unstiffened 
plated elements, the relative slenderness may be calculated according to 
Eq. (4). 

Fig. 13. Effect of flange-to-web thickness ratio: (a) hw/tw = 125, (b) hw/tw = 167, (c) hw/tw = 250, (d) hw/tw = 500.  

Fig. 14. Effect of enclosing effect of corrugated web.  
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λp =

cf
/

tf

28.4 ε
̅̅̅̅̅
kσ

√ (4)  

where ε =
̅̅̅̅̅̅
235
Fy

√
; Fy in MPa. 

The limiting equation of Egyptian code (Eq. (3)) which used in 
classifying the non-compact flanges should be modified to be used in I- 
sections with trapezoidal corrugated webs. The EC3 specified the rela
tive slenderness parameter which used in the derivation of the limiting 
equation. 

λp =

̅̅̅̅̅̅
Fy

σcr

√

(5)  

where σcr is calculated from Eq. (2) and by substituting in relative 
slenderness parameter equation, Eq. (6) has been found. 

cf

tf
= λp

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π2Ekσ

12(1 − ν2)fy

√

(6) 

According to [19], in case of simply supported plate of flange (three 
sided plate under uniaxial compression stress), kσ = 0.425 has been 
used. In case of fixed supported plate of flange, kσ = 1.28 has been used. 
The AISC suggested a value of the buckling coefficient kσ = 0.7 to be 
used in flange of flat web girders. 

In the new suggested equation of flange local buckling coefficient in 
trapezoidal corrugated web plate girder (Eq. (7)) presented by Jáger 
et al. [14] in the literature, the buckling coefficient can be accurately 
calculated taking in consideration the effect of geometric parameters 
neglected before, so this new equation has been used to obtain the new 
design equation for flanges supported by trapezoidal corrugated web. 

k = 0.43
(

2.5
tw

tf

)0.6+R

+

(
Cf

a1 + a4

)2

(7) 

Fig. 15. Flange stress distribution: (a) R = 0.165, (b) R = 0.331, (c) R = 0.5.  

Fig. 16. Average and maximum outstand distance.  
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Jáger et al. [14] proposed that the relative slenderness limit should 
be 0.493/

̅̅̅̅̅
kσ

√
for trapezoidally corrugated web girders. In the current 

theoretical investigation of compression flange classification, the mini
mum and safe value of flange buckling coefficient could be assumed 

0.43. So, the relative slenderness limit equals 0.752 according to the 
proposal of Jáger et al. [14]. As a results, a new equation (Eq. (8)) has 
been deduced to be used in the classification of the compression flanges 
in plate girders with trapezoidal corrugated web. 

Fig. 17. Effect of flange slenderness ratio: (a) hw/tw = 125, (b) hw/tw = 167, (c) hw/tw = 250, (d) hw/tw = 500.  

Fig. 18. Effect of web slenderness ratio on ultimate bending capacity.  
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cf

tf
= 0.752

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π2*210000*kσ

12(1 − 0.32)fy

√

= 326

̅̅̅̅̅
kσ

fy

√

(8)  

where kσ is the flange local buckling coefficient obtained by the new 
proposed equation (Eq. (7)). 

5. Conclusions 

From the previous numerical investigations and analyses, the main 
conclusions of the current study have been drawn as follows: 

1. Higher values by 85% of flange local buckling coefficient have 
been obtained at value of flange sub-panel aspect ratio almost equal to 1 
than flange sub-panel aspect ratio equal 0.5. 

2. Increasing flange-to-web thickness ratio decreases the local 
buckling coefficient of the flange effectively by 59% in small web 
slenderness ratio (hw/tw = 125) and by 23% in high web slenderness 
ratio (hw/tw = 500) up to tf/tw ratio equal to 2.5, and then any increase 
in tf/tw ratio has a marginal effect on the buckling coefficient. 

3. The highest local buckling coefficient values of flange in tra
pezoidally corrugated web girders have been obtained by making the 
web enclosing effect almost equal to 0.14. 

4. Increasing the flange slenderness ratio decreases the local flange 
buckling coefficient effectively. 

5. The criteria classifying the flange in flat web girders given previ
ously by the Egyptian code (Eq. (3)) can be used safely in trapezoidal 
web girders to specify the effect of web thickness on the bending 
resistance. 

6. In the classifying of the compression flange, the maximum flange 
outstand should be used in trapezoidally corrugated web girders with 
enclosing effect of 0.14 or more. In range of enclosing effect less than 
0.14, average flange outstand may be suitable to be used. 

7. For economic design purposes, decreasing the trapezoidal corru
gated web enclosing effect increases the bending moment resistance of 
these girders up to enclosing effect of 0.14, and then any decrease has 
almost no effect on the bending capacity. 

8. At flange slenderness ratio more than 11, the bending moment 
capacity of trapezoidal corrugated web girders has been affected by the 
web slenderness ratio significantly up to web slenderness ratio of 250. At 
flange slenderness ratio less than 11, the effect of slenderness ratio of the 
web was marginal. 
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