
 
 

Delft University of Technology

Shear behavior of steel I-girder with stiffened corrugated web, Part II
Numerical study
He, Jun; Wang, Sihao; Liu, Yuqing; Wang, Dalei; Xin, Haohui

DOI
10.1016/j.tws.2019.02.023
Publication date
2020
Document Version
Final published version
Published in
Thin-Walled Structures

Citation (APA)
He, J., Wang, S., Liu, Y., Wang, D., & Xin, H. (2020). Shear behavior of steel I-girder with stiffened
corrugated web, Part II: Numerical study. Thin-Walled Structures, 147, 1-17. Article 106025.
https://doi.org/10.1016/j.tws.2019.02.023

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.tws.2019.02.023
https://doi.org/10.1016/j.tws.2019.02.023


Contents lists available at ScienceDirect

Thin-Walled Structures

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

Full length article

Shear behavior of steel I-girder with stiffened corrugated web, Part II:
Numerical study
Jun Hea, Sihao Wangb, Yuqing Liub,⁎, Dalei Wangb,⁎, Haohui Xinc
a School of Civil Engineering, Changsha University of Science and Technology, Hunan, China
bDepartment of Bridge Engineering, Tongji University, Shanghai, China
c Civil Engineering and Geosciences, Delft University and Technology, Netherlands

A R T I C L E I N F O

Keywords:
Composite bridge
Stiffened corrugated steel web
Finite element analysis
Parametric studies
Shear capacity
Analytical models evaluation

A B S T R A C T

For long-span composite bridges with corrugated steel webs, the encased concrete near the intermediate support
section increases the weight of the girder, reduces pre-stressing efficiency, and causes difficulties in the con-
struction process. The authors in the companion paper [1] proposed a corrugated steel web with vertical or/and
horizontal stiffeners to replace or shorten the length of concrete encasement. In parallel with experimental study
described in the companion paper, this paper further investigates the shear performance of proposed stiffened
corrugated steel webs by numerical and analytical methods. Firstly, finite element (FE) models considering
material nonlinearity, welding residual stress, and geometric imperfection were established and validated
against the experimental results. Then the effects of web thickness, corrugation depth, height and thickness of
stiffeners on shear strength and failure modes were analyzed based on the validated FE models. Finally, both
experimental and numerical shear strength were used to evaluate the applicability of existing calculation
methods proposed by different scholars to predict the shear capacity of stiffened corrugated steel web. The
comparisons reveal that calculation methods proposed by Hassanein & Kharoob [2] and Leblouba et al. [3]
predict the shear capacity of pure corrugated steel web more accurately, and all existing calculation methods
underestimate corrugated steel web with vertical stiffeners. Therefore, the analytical model for accurately
predicting shear strength of stiffened corrugated steel web need to be developed, which will be investigated in
subsequent studies.

1. Introduction

Steel-concrete composite bridge with corrugated steel web re-
presents a promising structural system, which has been widely built
around the world in the past three decades. This type of bridge uses
corrugated steel webs to substitute conventional concrete webs in I-
girder or box-girder, which reduces the self-weight of the bridge girder,
prevents cracking of the web, improves prestressing application effi-
ciency, and makes full use of the benefits of combining two construction
materials [4,5]. Most of composite bridges with corrugated steel webs
are continuous girder bridges and rigid frame bridges with medium or
large spans, the concrete encasement (Fig. 1a) is generally arranged to
enhance the stability of corrugated steel webs near the intermediate
supports where subjected to large shear force and hogging moment,
which has been proved to be effective [6,7]. But the encased concrete
also bring some problems, such as increases the complexity of con-
struction process, increases the weight of composite girder near the

support section, limits the accordion effect in longitudinal direction,
reduces the prestressing efficiency at intermediate support area, and
causes stress concentration at the transition section between pure cor-
rugated steel web and encased composite web [8,9].
In order to overcome these shortcomings, corrugated steel web with

vertical and horizontal stiffeners was proposed to replace concrete en-
casement (Fig. 1b) or as a transition between pure corrugated web and
encased composite web (Fig. 1c) to shorten the length of encased
concrete. The vertical stiffeners are welded on each parallel and in-
clined fold of corrugated steel web, and trapezoid-shaped horizontal
stiffeners are welded between two adjacent inclined folds on both sides
of the web. The general profile and geometric notations of stiffened
corrugated steel web are shown in Fig. 2, in which, a is the parallel fold
width; b is the horizontal projection of the inclined fold width; c is the
inclined fold width; d is the corrugation depth; α is the corrugation
angle; tw and ts are the thickness of corrugated web and stiffeners re-
spectively; hs is the width of the stiffeners. The stiffened corrugated
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steel webs are directly welded and fabricated in a factory, thus avoiding
complex in-situ concrete casting. In addition, stiffeners are expected to
improve shear buckling strength of the corrugated steel web during
construction process and at service stage. Therefore, stiffened corru-
gated steel web can be utilized in the intermediate support area of the
composite bridge, and its shear behavior also needs to be paid special
attention to.
For corrugated steel plates, the progress of experimental study on

shear behavior has been presented in the companion paper [1], this
paper focuses on the analytical and numerical investigations: Easley
et al. [10,11] proposed the global shear buckling equation of corru-
gated steel web under different boundary conditions by treating the
corrugated steel web as an orthotropic flat web. The corrugated steel
web is assumed to provide the shear capacity of the girder, while the
shear strength is controlled by buckling and/or shear yielding of the
web. Elgaaly et al. [12] performed a nonlinear analysis using the pro-
gram ABAQUS, and the initial imperfections were first introduced into
the finite element model to simulate the test results. Moreover, the
ultimate shear capacity calculation methods based on global and local
buckling modes were presented. Luo and Edlund [13] conducted nu-
merical studies on the shear capacity of corrugated web using non-
linear finite element method, the influence of parameters such as the
web thickness, corrugation depth, corrugation angle, and fold width on
shear capacity and buckling modes were reported, empirical formulas
for predicting shear strength were examined, and design suggestions for
such girders in shear were given. Yi et al. [14] studied the nature of
interactive shear buckling of corrugated webs by finite element ana-
lysis, and concluded that the first order interactive shear buckling
equation not considering material inelasticity and material yielding
provides a good estimation of the shear strength of corrugated steel web
by comparison with experimental and finite element analysis (FEA)
results. Eldib [15] carried out FEA to investigate the geometric para-
meters affecting the shear strength of curved corrugated steel web.
Compared with trapezoidal corrugated steel web with the same web
thickness, the curved corrugated steel has higher shear strength. The
design criteria of curved corrugated steel web were proposed and va-
lidated by an experimental data in the literature. Sause and Braxtan
[16] summarized previously developed formulas for predicting the

shear strength of the corrugated steel web and proposed a new formula
along with corresponding theory. Hassanein and Kharoob [2,17] found
that when the ratio of flange’s thickness to corrugated steel web’s
thickness was greater than 3, the boundary conditions between flange
and web were approximately fixed, and the formula for calculating the
interactive shear buckling of corrugated webs under fixed boundary
conditions was proposed. On the basis of finite element parametrical
analyses considering geometric and material nonlinearity, it was con-
cluded that the formula of interactive shear buckling strength proposed
by Hassanein & Kharoob [2] and the formula of shear loading capacity
proposed by Sause & Braxtan [16] have high accuracy.
At present, there are few reports about shear behaviors of corru-

gated steel web with vertical or/and horizontal stiffeners. Wang
et al. [1] tested four corrugated steel web I-girders with different ar-
rangements of stiffeners to investigate their shear performance. The
experimental buckling modes, shear capacity, stress distributions of
corrugated steel web and welded stiffeners were observed and analyzed
in detail. The present paper pays more attention to the numerical stu-
dies of stiffened corrugated steel web girders. Firstly, finite element
models considering material nonlinearity, residual stress, and geo-
metric nonlinearity are established and validated by model test results.
Then parametric analyses are performed to examine the effects of web
thickness, corrugation depth, height and thickness of stiffeners on the
shear behavior. Finally, the applicability of existing methods for cal-
culating the shear capacity of corrugated steel webs to that of stiffened
corrugated steel webs is evaluated through the comparisons of experi-
mental and numerical results.

2. Finite element modeling

2.1. Description of test specimens

Four steel I-girders with pure or stiffened corrugated web desig-
nated as W1~W4 were fabricated and tested to investigate their shear
performance in the companion paper [1].
The dimensions and configurations of test specimens are shown in

Fig. 3. The difference between each specimen is the stiffeners’ ar-
rangement. The total length and height of test specimens are 4.4 m and
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1.25m, respectively. The unit wavelength of corrugated web is
400mm, the width of parallel fold (a), inclined fold (c), and the pro-
jected width of inclined fold (b) is 110mm, 105.5mm, and 90mm,
respectively. The corrugation depth (d) and angle (α) are 55mm and
30°, respectively. The thickness of corrugated steel web (tw), horizontal
and vertical stiffeners (ts) is 3 mm; while the thickness of top and
bottom steel flanges (tf) is 25mm. The height of horizontal and vertical
stiffeners (hs) is 25mm. The vertical stiffeners were welded in the
middle of each fold, while the horizontal stiffeners were welded at a
distance of 270mm from the top flange.

2.2. Finite element model

The nonlinear finite element analysis (FEA) program ANSYS (ver-
sion 16.0) was used to model the shear behavior of steel I-girders with
stiffened corrugated web, considering the effect of initial geometric
imperfections, welding residual stress, and material nonlinearity. Two
analysis types were adopted: the elastic bifurcation analysis was per-
formed on a perfect corrugated web to obtain the first buckling mode
shape, and then a nonlinear buckling analysis was used to investigate
the ultimate shear strength of stiffened corrugated web girders. The
corrugated steel webs, steel flanges, and welded stiffeners were simu-
lated by a 4-node structural shell element SHELL181 based on the mesh
sensitive analysis in Section 2.3. Each node has six degrees of freedom,
namely three translations in the nodal x, y, and z directions, respec-
tively, and three rotations about the nodal x-, y-, and z-axes, respec-
tively. The element has plasticity, stress hardening, large deflection,
and large strain capabilities.

Fig. 4 shows the finite element model, boundary condition and
loading of specimen W2. The boundary conditions were simulated the
same as that in shearing tests: the test specimens were simply sup-
ported, all translational degrees of freedom and rotational degrees of
freedom were restrained at side A to simulate fixed bearing. The
translational degree of freedom (with respect to Y-axis) and rotational
degrees of freedom (with respect to X-, Y-axis) were restrained at side B
to simulate roll bearing. The translational degree of freedom (with re-
spect to Z-axis) at two support ends (lines AD and BC), top and bottom
flanges in mid-span (area E and F) were restrained to simulate lateral
supports and lateral displacement limit device. The test specimens were
subjected to concentrated load on the top flange, the force control
method and appropriate load steps were chosen during the loading
process to improve the accuracy and convergence of simulation results.
Full Newton-Raphson iterative procedure was used to solve the non-
linearity by continuously updating the element stiffness matrix.

2.3. Mesh sensitivity analysis

Previous researches [15,18,19] show that mesh sensitivity has a
great influence on the shear strength of corrugated steel web, and the
number of elements per sub-panel of the corrugation should be properly
adopted. Therefore, mesh sensitivity analysis was carried out to assess
the requirement of the mesh refinement as well as the applicable ele-
ment type in numerical modeling. Fig. 5 shows the results of mesh
sensitivity analysis for specimen W1 without stiffeners and specimen
W2 with vertical stiffeners. The finite element analysis results converge
on a stable value when the number of elements per sub-panel is larger

Fig. 3. Test specimens (mm).

Fig. 4. Finite element model of specimen W2.
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than 4 in the case of eight-node-shell elements (SHELL281). For cor-
rugated steel web modeled by four node-shell elements (SHELL181),
the analysis loading capacity decreased with the increase of the divided
element number per sub-pane and converged to the same value as
eight-node-shell elements (SHELL281) when the sub-panel is divided
into 12 elements. Considering the introduction of welding residual
stress in finite element model, the more elements divided per sub-panel,
the more accurate the residual stress can be introduced into the model.
Therefore, 12 elements along the width of the web folds using four
node-shell elements (SHELL181) were adopted to get accurate analy-
tical results and minimize the computational effort.

2.4. Material constitutive sensitivity analysis

2.4.1. Material constitutive of corrugated steel web
The corrugated steel webs are cold-formed thin-walled members,

and plastic deformation is inevitable to occur due to cold forming
process, which cannot be completely released after cold bending, re-
sulting in significant change in material properties [20]. According to
related study by Abdel-Rahman & Sivakumaran [21], the strength of
steel plate was greatly improved after cold bending, and its yield
strength (strength corresponding to 0.2% plastic strain) and ultimate
strength were increased by 23–47%. The increase of strength is ac-
companied by deterioration of the ductility of steel plate. The stress-
strain curves of cold-formed steel do not appear the yield plateau and
the strength-harden section like ordinary steel plates do, which gen-
erally exhibit an initial linear variation and then gradually increase to
ultimate strength. Abdel-Rahman & Sivakumaran [21] and Karren [22]
proposed calculation formula of the yield strength of steel plate after
cold bending and provided a corresponding constitutive model, but
their research objects were tubular or trough sections, the applicability
of this constitutive model in trapezoid corrugated steel web of bridge
structure needs to be further explored.
Since corrugated steel web is formed by cold bending, the re-

lationship between the stress and strain of corrugated steel web is dif-
ferent from that of flat steel plate. In the shear loading test, the cor-
rugated web presented interactive buckling and shear yielding, which
also occurred for specimens with stiffeners. Therefore, material con-
stitutive sensitivity analyses need to be performed to obtain proper
stress-strain relationship. Four different constitutive models were
adopted, including elastic-perfect plastic model (EPP) [13], elastic-
plastic hardening model considering yield plateau (EPYP) [23], elastic-
linear strength hardening model (EPSH) [24] and Ramberg-Osgood
model (RO) considering the strength-hardening section [25], as shown
in Fig. 6. For steel girders with corrugated steel web under path loading,
Luo & Edlund [25] found that the loading capacity obtained by Ram-
berg-Osgood model can be increased by 8~12% in comparison with

that by ideal elastoplastic model. The stress-strain relationship of
Ramberg-Osgood model is expressed as follows:

= +
E

p
100 p

n

(1)

where σ and ε are the stress and strain, respectively, and σp is the stress
corresponding to residual plastic strain at p%, and for low carbon steel,
p=0.2. The parameter n is the enhancement coefficient of stress-strain
curve, for corrugated steel plate, n=8 [25]. For the stiffeners and top/
bottom steel flanges, the elastic-plastic hardening model considering
yield plateau was adopted. All constitutive models use Von Mises yield
criterion, which is applicable to proportional loading and large plastic
strain of steel. The Young’s modulus E and Poisson's ratio μ are taken as
203 GPa and 0.3 respectively, the yield strength fy and ultimate
strength fu of corrugated steel web were adopted as 400MPa and
524MPa respectively according to material tests.

2.4.2. Effect of material constitutive
Fig. 7 shows the effect of different constitutive models on load-de-

flection curves and loading capacity. It can be found that different
constitutive models do not affect the initial stiffness of test specimens,
and the load-deflection curve from RO model exhibits nonlinearity
behavior earlier than those from other three models. The loading ca-
pacity from EPP and EPYP models are almost the same, while the
loading capacity from EPSH model is slightly larger than that from EPP
and EPYP models. For specimens W1 and W3 with elastic buckling
failure, the simulated loading capacity from RO model is less than those
from other three models. For specimens W2 and W4 with vertical stif-
feners, the loading capacity from RO model is larger than those from
other three models, and the relative error between different constitutive
models for the same specimen is within 10%. In all, the RO model co-
incides well with the test results, which was adopted in the following
finite element analysis.

2.5. Residual stress sensitivity analysis

2.5.1. Residual stress distribution
Residual stress plays an important role in the design of steel mem-

bers, which seriously affects the mechanical properties of the material.
There are many factors causing residual stress, such as welding, cold
bending, hot rolling, flame-cutting, punching and so on [26]. For steel
beams with stiffened corrugated web, there are three factors may in-
duce residual stress in corrugated webs [27]: (a) the cooling of weld
metal between corrugated steel web and steel flanges; (b) bending re-
gions of corrugation due to cold forming; (c) the cooling of weld metal
between corrugated steel web and stiffeners. The oxygen cutting and
cooling of weld metal also produce residual stress in steel flanges, the
stress distribution pattern and its influence on flange buckling behavior
have been measured and studied by Li et al. [28] and Jáger et al. [29].
The residual stress in the flanges was not considered in the following
analysis because the buckling failure was only occurred in the corru-
gated steel web.
The residual stress distribution on corrugated steel web has been

investigated by some researchers. Fig. 8a shows the schematic drawing
of residual stress distribution adopted by Sumiya et al. [30], the edge of
corrugated web welded with flanges is tension yielded, and reduced
linearly along the web height to uniformly distributed compressive
strength of 0.1fy. Koichi and Masahiro [31] proposed the similar re-
sidual stress distribution of corrugated steel web, but the compressive
strength along the web height was taken as 0.3fy, which has also been
adopted by Jáger et al. [23]. The thickness and height of corrugated
web in the shear test of Sumiya et al. [30] were 3.2 mm and 1200mm,
while the height of corrugated webs in Koichi and Masahiro [31] test
was just 320mm, which may be the reason for different residual
compressive stress distributions. In the following finite element

Fig. 5. Results of mesh sensitivity analysis.
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analysis, the residual stress distribution proposed by Sumiya et al. [30]
was adopted because of the similar dimensions of test specimens.
When the vertical and horizontal stiffeners are welded to corrugated

steel webs, the welding residual stress is generated in the web and
stiffeners after welds cooling, which also affects the shear strength of
stiffened corrugated steel webs. Welding residual stresses of stiffened
plates commonly used in bridge structures have been extensively stu-
died, and different models of welding residual stress distribution have
been proposed. Fig. 8b–c show the simplified model of welding residual
stress adopted by Gannon et al. [32], which assumes that a certain
range near the weld of mother plate is tension yielded, and the rest is a

uniformly distributed residual compressive stress. In Fig. 8b, bt is the
width of tension area for mother plate, and t is the thickness of mother
plate, ƞ is the width coefficient of tension area. Faulkner [33] suggested
that the value of ƞ is generally between 3 and 4.5, ƞ is taken as 3 in this
study. The residual compressive stress fr is generally 0.25–0.3 times of
the yield stress fy of mother plate [34–36], fr is taken as 0.25fy. For the
stiffeners, the residual stress is reduced linearly along stiffener height
from the tensile yield strength fy at welding to the compressive strength
of 1/4fy at one-quarter of stiffener height (hs/4), then linearly reduced
to zero from hs/4 to hs, where hs is the height of stiffener.

Fig. 6. Constitutive model of stress-strain relationship.

Fig. 7. Results of material constitutive sensitivity analysis.

Fig. 8. Residual stress distribution of stiffened corrugated steel webs.
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2.5.2. Effect of residual stress
In order to investigate the effect of residual stress on shear capacity

of stiffened corrugated steel web, the finite element models with or
without consideration of residual stress (W-R, W/O-R) of test specimens
were established to conduct the nonlinear analysis. Fig. 9 presents the
defined residual stress distribution due to welding of flanges, vertical
and horizontal stiffeners in the FE models.
Fig. 10a shows the effect of residual stress on load-deflection curves

and loading capacity. The residual stress does not affect the initial
stiffness of each specimen, but leads to load-deflection curves entering
into nonlinearity in advance for specimens with vertical stiffeners. In
addition, the residual stress reduced the loading capacity of corrugated
steel web girders, the corresponding reductions for specimens W1~W4
are 6.1%, 7.3%, 2.4% and 3.5%, respectively. The reduction of loading
capacity for specimen W3 was smaller than that for specimen W1, the
welding of lateral stiffeners reduced the effective height of corrugated
web, which also decreased the sensitivity of loading capacity to residual
stress. The effect on loading capacity of residual stress induced by
horizontal stiffeners can be negligible, since the welding residual stress
is only distributed near the horizontal stiffeners. For specimen W2, the
reduction of loading capacity is the largest by combining the residual
stress caused by welding of vertical stiffeners and steel flanges at the
same time.

2.6. Equivalent geometric imperfections sensitivity analysis

2.6.1. Geometric imperfections distribution
In the process of cold bending, welding, and assembling, the initial

geometric imperfections are unavoidable to appear, which seriously
affect the shear strength of the corrugated steel web, Elgaaly et al. [12]
found that the shear capacity obtained from finite element analysis was
higher than that from tests. After introducing imperfections in the form
of a global double sine wave, better agreement between the analytical
and experimental results was obtained. Abbas et al. [37] analyzed the
influence of geometrical imperfection (including imperfection shape
and amplitude) of the corrugated steel web on shear strength by non-
linear finite element method. The results showed that shear capacity
decreased with the increasing of the imperfection amplitude, and the
first mode provided the most critical condition. Driver et al. [38]
measured the initial imperfections of corrugated steel web for shear test
specimen by hand and electrical measurements. The results indicated
that the initial imperfection shape showed sinusoidal distribution along
the web height, the maximum imperfection amplitude was 6mm,
which was equal to the thickness of the corrugated steel web (tw).
Therefore, they suggested imperfection amplitudes of tw should be
considered in finite element simulations.

2.6.2. Equivalent geometric imperfections
EN1993-1-5 [39] states that the initial imperfections include geo-

metric imperfections and residual stresses, which can be considered

Fig. 9. Welding residual stress distribution in the finite element model (MPa).

Fig. 10. Effect of welding residual stress.
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simultaneously by equivalent geometric imperfections in the finite
element model. The model should include imperfections corresponding
to the most likely instability modes, usually, the application of the first
order buckling mode scaled to proposed amplitude is the best choice,
and the calculated results tend to be relatively conservative [40], which
was adopted in the following FE model validation and numerical
parametric studies.
The amplitude of equivalent geometric imperfection should be

properly considered. EN1993-1-5 [39] recommends taking hw/200 (hw
is the web height) for flat web girders, which was confirmed to be
applicable for corrugated web girders by Yi et al. [41] and Jáger
et al. [40]. Driver et al. [38] suggested that the imperfection amplitude
was equal to the web thickness tw, which was also accepted by Leblouba
et al. [42], Hassanein and Kharoob [17]. At present, there is no definite
method to obtain the geometric amplitude, and large differences exist
in various methods. In addition, the imperfection in different direction
causes different amount of deformation. Thus, it is necessary to check
different directions of imperfections for unsymmetrical plates like
specimen W2 and W4 with vertical stiffeners.

2.6.3. Effect of equivalent geometric imperfections
In order to perform an adequate numerical parametric study, a

sensitivity analysis is executed for the determination of equivalent
geometric imperfection amplitude. The elastic buckling analysis was
first carried out before nonlinear finite element analysis to obtain the
first order buckling mode each specimen, and then the first order
buckling mode with different scaling factor range from −10 to 10mm
at an increment of 2mm was introduced into finite element model as
equivalent geometric imperfection.
Fig. 11a shows the effect of imperfection amplitude on the load-

deflection curve and loading capacity for each specimen. The im-
perfection amplitude does not affect the initial stiffness of stiffened
corrugated steel web girder, but increasing the imperfection amplitude
leads to a significant reduction in loading capacity of each specimen.
When the imperfection amplitude (I/A) increased from 0 to 2mm, the
loading capacity of specimens W1~W4 decreased by 19.6%, 15.6%,
17.6%, and 12.1%, respectively. Afterward, the loading capacity de-
creased approximate linearly with the increase of imperfection ampli-
tude, and the reduction of loading capacity for specimens W1~W4 are
14.7%, 10.3%, 12.5%, and 8.2% respectively when the positive im-
perfection amplitude increased by 2mm. Compared to specimen W1
with pure corrugated web, the reduction degree of stiffened corrugated
web is relatively smaller, indicating that the sensitivity of corrugated
steel webs to geometric imperfection decreased after the welding of
stiffeners. In addition, the application of horizontal stiffeners combined
with verticals shows less sensitivity than the application of horizontal

or vertical stiffeners separately. With the increasing of the negative
imperfection magnitudes, the reduction of loading capacity for speci-
mens W1~W4 are 14.6%, 11.1%, 12.8%, and 9.1% respectively.
Therefore, the positive imperfection shape tends to be worse than the
negative imperfection shape for specimen W2 and W4 with un-
symmetrical stiffeners.
From the geometric imperfections sensitive analysis, it can be con-

cluded that the loading capacity was sensitive to the geometric im-
perfections amplitude. In order to get the calculation results consistent
with the test ones, the equivalent imperfection amplitude should be
taken as 6mm (1/200 of the web height hw) for specimens W1 and W3
without vertical stiffeners. For specimen W2 and W4, the equivalent
imperfection amplitude is smaller than that for W1 and W3, due to the
welding of vertical stiffeners, and 3mm (equal to the web thickness tw)
was adopted as equivalent imperfection amplitude in the following FE
model validation and parametrical analysis.

3. FE model validation

3.1. Failure modes

Fig. 12 shows the comparison of failure mode between test results
and FEA ones by introducing equivalent geometric imperfections. In
general, a very good agreement can be observed, and buckling modes
obtained from FEA are almost the same as those from measurement,
both are interactive buckling of multiple folds. For test specimens W1
and W3, the buckling range is relatively small, which is concentrated at
the middle of web height. However, the buckling range is extended to
the entire web height or the area between bottom flange and horizontal
stiffeners after the installation of vertical stiffeners for test specimens
W2 and W4.

3.2. Load-deflection curves

Under a concentrated load P at mid-span section, the deflection (Δ)
at mid-span of the simply supported steel I-girder with corrugated steel
web can be calculated as Δ=P/k0, in which k0 is the initial stiffness at
elastic stage, which can be obtained considering bending stiffness kb
and shear stiffness ks simultaneously:

=
+

k k k
k k

b s

b s
0 (2)

=k EI
L

48
b 3 (3)

=k A G
L

4
s

w
(4)

Fig. 11. Effect of equivalent imperfection amplitude.
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Fig. 12. Comparison of failure modes obtained from test and FEA.
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where, G is the elastic modulus and shear modulus, respectively; I is the
moment of inertial of the section, neglecting the web’s contribution duo
to its according effect, but the contribution of horizontal stiffeners were
considered; Aw is the sectional area of corrugated steel web; L is the
span of simply supported girder; η is the shape coefficient of corrugated
steel web, η=(a+b)/(a+c), which reflects the influence of web cor-
rugation.
The relationships of applied load and mid-span deflection for all the

specimens were obtained from tests, theory and FEA, as shown in
Fig. 13. The load-displacement curves from numerical studies agree
well with those from measured and calculated results in terms of both
stiffness and strength. The predicted load-displacement curves from FE
models do not show a descending branch, because force control method
was adopted in FE models, and the calculation is difficult to converge
after web buckling. In the elastic stage, the load-displacement curves
from the theoretical calculation, finite element simulation, and model
tests are coincident with each other. For specimens W2 and W4, since
shear yielding of corrugated web first occurred, the load-displacement
curve from finite element simulation showed a significant nonlinear
segment, and the position of the curve entering into nonlinearity ob-
tained from FEA is coincident with that from the test.

3.3. Shear capacity

The FE model described above was used to predict the shear be-
havior of steel I-girders with stiffened corrugated steel web. Table 1
shows the comparison of ultimate load Pu and deflection Δu between
experimental and FEA results, φu is improvement coefficient of shear
capacity for steel girder with stiffened corrugated web, i.e. the ratio of

the shear capacity of specimens with stiffeners to that of specimen W1.
The ratios of simulated ultimate load (Pu_FEA) to measured one (Pu_test)
for specimens W1~W4 are 1.00, 0.95, 1.01, and 1.00, respectively, and
the average value is 0.99. The ratio of simulated deflection (Δu_FEA) to
measured ones (Δu_test) are 0.92, 0.91, 0.96, and 0.94, respectively, and
the average value is 0.93. The comparison indicates that established FE
models can be used to predict the shear behavior including shear
strength and stiffness of stiffened corrugated steel web girders.

3.4. Strain distributions of the cross-section

Fig. 14 shows the comparison of tested and simulated normal strain
distribution at section A-A under the applied load of 400 kN. The strain
distributions from FEA agree well with that from the test. The long-
itudinal strain of corrugated steel web is relatively small, indicating
that corrugated steel web does not resist bending moment, and vertical
stiffeners do not affect the longitudinal stiffness of corrugated steel web.
There is a sudden change of longitudinal strain at the position near
horizontal stiffeners for specimens W3 and W4, indicating that the
horizontal stiffeners increase the longitudinal stiffness of corrugated
steel web. However, since the thickness of horizontal stiffeners is much
smaller than that of steel flanges, the normal strain just changes
slightly.

4. Parametric analysis

From the above analysis and validation, it can be found that the
finite element models can accurately simulate the shear behavior of
stiffened corrugated steel web girders. Subsequently, a series of FE

Fig. 13. Load-displacement curves obtained from test and FEA.
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models were performed to examine the effects of thickness of the cor-
rugated web and stiffeners, the corrugation depth and the height of
stiffeners, on the shear behavior of steel girders with stiffened corru-
gated web.

4.1. Effect of web thickness

The effect of web thickness on shear behavior of stiffened corru-
gated steel web was investigated by changing the web thickness from
1mm to 6mm with an increment of 1mm. Fig. 15 shows the effects of
web thickness on load-deflection curves and loading capacity. Fig. 16
shows the failure modes of specimens W1~3 with different web
thickness, the buckling modes for specimen W4 with hybrid vertical
and horizontal stiffeners are similar to that of specimen W2 with ver-
tical stiffeners, but the buckling area of W4 is located below horizontal
stiffeners.
The loading capacity almost increases linearly for corrugated web

girders with vertical stiffeners as the increase of web thickness.
Additionally, increasing the web thickness of stiffened corrugated steel
web girder leads to a significant increase of initial stiffness. In order to

ensure web yielding before web buckling, the thickness of corrugated
steel web with vertical stiffeners must be thicker than 3mm while the
thickness of pure corrugated steel web must be thicker than 5mm. For
specimen W1 with pure corrugated web and specimen W3 with hor-
izontal stiffeners, the failure modes experience local, interactive and
global buckling with the increase of web thickness from 1mm to 6mm.
However, steel girders with vertical stiffeners all exhibit interactive
buckling modes. Thus, vertical stiffeners can prevent local buckling of
corrugated web with a small thickness and postpone the occurrence of
global buckling with the increase of web thickness. For specimen W3
with a web thickness of 6mm, the horizontal stiffeners deformed with
corrugated web, the influence of horizontal stiffeners on buckling mode
can be negligible, so the shear capacity of thick (6mm) corrugated web
with or without horizontal stiffeners is almost the same.

4.2. Effect of corrugation depth

The effect of corrugation depth on shear behavior of stiffened cor-
rugated steel web girder was investigated by changing the corrugation
depth from 10mm to 90mm with an increment of 20mm. The

Table 1
Comparison of ultimate load and deflection between experimental and FEA results.

Specimen Pu_test (kN) Pu_FEA (kN) φu_test φu_FEA Δu_test (mm) Δu_FEA (mm) Pu_FEA/Pu_test φu_FEA/φu_test Δu_FEA/Δu_test

W1 1134 1129 1.00 1.00 8.05 7.41 1.00 1.00 0.92
W2 1775 1714 1.57 1.52 14.74 13.47 0.97 0.97 0.91
W3 1224 1240 1.08 1.10 8.40 8.04 1.01 1.02 0.96
W4 1805 1824 1.59 1.62 16.45 15.62 1.01 1.02 0.95

Average 1.00 1.00 0.94

Fig. 14. Normal strains obtained from test and FEA.
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corrugation angle α (Fig. 2) is calculated as 6°, 18°, 29°, 38°, and 45°
when corrugation depth changes from 10mm to 90mm, in order to
keep the width of sub-panel unchanged. Fig. 17 shows the effects of
corrugation depth on load-deflection curves and loading capacity of
stiffened corrugated web girders. Fig. 18 shows the failure modes of
specimens W1~3 with different corrugation depth.
It can be noticed that increasing the corrugation depth slightly de-

creases the initial stiffness. For vertical stiffened corrugated web gir-
ders, the shear strength increases almost linearly with the increase of
corrugation depth (less than 50mm), while the increment becomes
smaller in cases of large corrugation depth (more than 50mm).
Corrugated steel web girders with small corrugation depth (10mm) are
failed by global bucking, while those with relatively large corrugation
depths exhibit interactive or local buckling. For specimens W1 and W3,
the shear strength is reduced when the buckling mode changes from
interactive buckling to local buckling, because the shear strength is
more sensitive to the local buckling imperfection shape introduced into
finite element model compared with interactive buckling with the same
imperfection amplitude. For specimens W1 and W2 with a corrugation
depth of 90mm, the failure modes are local and interactive buckling,

respectively; the vertical stiffeners can delay the occurrence of local
buckling with the increase of corrugation depth. However, elastic local
buckling occurs for specimen W3 with a corrugation depth of 70mm;
while specimen W1 shows interactive buckling, the horizontal stiffeners
advanced the occurrence of local buckling.

4.3. Effect of stiffeners thickness

The effect of stiffeners thickness on shear behavior of stiffened
corrugated steel web girder was investigated by changing the thickness
of stiffeners (ts) for specimens W2~W4. The thickness ranges from
0mm to 9mm with an increment of 2mm. Fig. 19 shows the effects of
stiffeners’ thickness on load-deflection curves and loading capacity. It
can be concluded that the loading capacity increases with the increase
of vertical stiffeners’ thickness, but the initial stiffness is not changed.
Increasing the thickness of horizontal stiffeners leads to a slight increase
of the initial stiffness, because the horizontal stiffener increases the
bending stiffness of corrugated steel web girder, but the cross-section
area of the horizontal stiffener is smaller than that of the top and
bottom flanges, resulting in small increasing amplitude. For specimen

Fig. 15. Effects of web thickness on load-deflection curves and loading capacity.

Fig. 16. Effect of the web thickness on failure mode.
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Fig. 17. Effects of corrugation depth on load-deflection curves and loading capacity.

Fig. 18. Effect of corrugation depth on failure mode.
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with vertical stiffeners, the thickness of the stiffeners should be greater
than 3mm to guarantee the nonlinear buckling failure. For specimen
with horizontal stiffeners, the increase of horizontal stiffeners’ thickness
does not affect the shear capacity, since shear buckling occurs at cor-
rugated steel webs below horizontal stiffeners. Fig. 20 shows the in-
fluence of stiffeners’ thickness on the failure modes of specimen W2.
The vertical stiffeners deformed with the buckling of corrugated web.
When the thickness of stiffener is small (1 mm), elastic local bucking
firstly appeared on the stiffeners, the benefit of stiffeners is not fully
developed. With the increase of stiffeners’ thickness, the stiffeners’ re-
straining effect on the web is enhanced and the bucking area along the
web height is enlarged.

4.4. Effect of stiffeners height

The effect of stiffeners’ height on shear behavior of stiffened cor-
rugated steel web was investigated by changing the height of stiffeners
(hs) for specimens W2~W4. The stiffeners’ height ranges from 0mm to
45mm with an increment of 10mm. Fig. 21 shows the influence of
stiffeners height on load-deflection curves and loading capacity. It can
be seen that the height of vertical stiffeners does not affect the initial
stiffness, but the loading capacity increases with the increase of stif-
feners height. In order to ensure nonlinear buckling failure of test
specimens, the stiffeners’ height should be greater than 25mm. In-
creasing the height of horizontal stiffeners leads to slight increase of the
initial stiffness and loading capacity. When the horizontal stiffeners’

Fig. 19. Effect of stiffener thickness on load-deflection curves and loading capacity.

Fig. 20. Effect of stiffener thickness on failure mode.
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height is more than 25mm, it has negligible influence on shear strength
and failure mode, since the stiffeners’ stiffness is sufficient to ensure the
buckling occurs below the horizontal stiffeners. Fig. 22 shows the in-
fluence of stiffeners’ height on the failure mode of specimen W2. When
the height of vertical stiffeners is small (5 mm), the buckling area is
concentrated at the center of web height, which is similar to that of
pure corrugated web beam. With the increase of the vertical stiffeners’
height, buckling area is extended to the whole web height.

5. Evaluation of shear strength

Shear strength of steel I-girder is controlled by buckling and/or

shear yielding of corrugated steel web. Shear buckling of corrugated
webs is often classified as local buckling, global buckling, and inter-
active buckling. Global buckling involves multiple folds and the
buckled shape extends diagonally over the height of the web. Local
buckling is controlled by deformations within a single “fold” of the web.
The interactive shear buckling mode is attributed to the interaction
between local and global shear buckling modes.

5.1. Local shear buckling

The local elastic shear buckling stress of a corrugated steel web can
be predicted using classic plate buckling theory [43]. A single parallel

Fig. 21. Effect of stiffener height on load-deflection curves and loading capacity.

Fig. 22. Effect of stiffener height on failure mode.
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or inclined fold is assumed to be supported by the adjacent folds and
steel flanges. The corresponding local elastic shear buckling stress, τecr,L
is:

= k E t
w12(1 )cr L

e
L

w
,

2

2

2

(5)

where w is the maximum fold width, which is the larger value of a and
c; kL is the local shear buckling coefficient that depends on the
boundary conditions and the fold aspect ratio, kL lies between 5.34
(assuming simply supported edges) and 8.98 (assuming fixed edges).
kL=5.34 is recommend for practical design purposes by Moon
et al. [44].

5.2. Global shear buckling

An expression for the global elastic shear buckling stress of a cor-
rugated steel plate, τecr,G was developed by Easley et al. [10] using or-
thotropic plate theory:

= k
D D
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w w
,

3/4 1/4

2 (6)

where, kG is global shear buckling coefficient, Dx and Dy are the bending
stiffness per unit length of corrugated web associated with x- and y-
axes; Easley et al. [11] proposed that kG varies between 36 (assuming
the web is simply supported by the flanges) and 68.4 (assuming that the
flanges provide the web with fixed supports). However, Elgaaly [45]
suggested that kG should be taken as 31.6 for simply supported
boundaries and 59.2 for clamped boundaries. Dx and Dy for trapezoidal
corrugated webs are determined as follows:
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where, Ix is the moment of inertia about the x-axis,
= +I at d d t2 ( /2) /(6 sin )x w w

2 3 .
According to the design manual for PC bridges with corrugated steel

webs [46], Dx and Dy can be calculated as:
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where, η is the length reduction factor defined as η=(a+b)/(a+c).
Abbas [47] expressed the global shear buckling stress directly in

terms of geometric parameters of the trapezoidal corrugations (Fig. 2)
as follows:
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where, F (α, β) is a coefficient based on the web corrugation geometry,
as follows:
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+
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where, β is the ratio of a to c, generally β=1.0.

5.3. Interactive shear buckling

The interactive shear buckling mode is attributed to the interaction
between local and global shear buckling modes and governs shear
buckling strength. Lindner & Aschinger [48] first provided interactive
elastic shear buckling stress, τecr,I, as follows:

=
+(( ) ( ) )cr I

e cr L
e

cr G
e

cr G
e n

cr L
e n n.

, ,

, ,
1/ (13)

where, the exponent n is an integer, different researchers have given a
different value of n [2,3,14,16,38,49].

5.4. Shear strength

Previous studies [14,44] have shown that shear strength of corru-
gated steel web was generally controlled by interactive shear buckling
strength, so the shear buckling coefficient (λI,n) of corrugated steel web
is defined as:

= /I n y cr I
e

, , (14)

where, τy is shear yield stress of corrugated steel web.
Driver et al. [38] proposed Eq. (15) to calculate the shear capacity

of corrugated steel webs, it was recommended that n equals to 2 in Eq.
(13), this equation covers all shear failure modes, including inelastic
buckling and shear yielding:
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When the elastic shear buckling stress (τecr,G, τecr,L) exceeds 80% of
shear yield stress τy, the inelastic shear buckling stress τincr should be
considered as following [45]:

= 0.8cr
in

y cr
e

y (16)

Moon et al. [44] proposed Eq. (17) to calculate the shear capacity of
corrugated steel webs. It was suggested that n equals to 1 in Eq. (13),
the equation considers the reduction of shear strength due to material
nonlinearity, residual stress, and initial imperfection [46]:
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El-Metwally [49] proposed Eq. (18) to calculate the shear capacity
of corrugated steel web, which includes shear yield stress, and the in-
teractive shear buckling coefficient is taken as n=2:

= × +(1/(( ) 1))n EL y I, ,2
4 1/2 (18)

Sauce and Braxtan [16] summarized a large number of previous
experimental data, and selected 22 groups of experimental results to fit
Eq. (19) to calculate the shear capacity of corrugated steel web, and the
interactive shear buckling coefficient is taken as n=3:

= × +(1/(( ) 2))n S y I, auce ,3
6 1/3 (19)

Hassanein and Kharoob [2] believed that the boundary conditions
between corrugated steel web and top/bottom flanges are close to fixed
conditions, and proposed Eq. (20) to calculate shear capacity under
such boundary conditions, in which the interactive shear buckling
coefficient is taken as n=0.6, the local buckling (kL) and the global
buckling (kG) coefficients are taken as the upper limit of 8.98 and 59.2,
respectively

= × +(1/(( ) 2))n H ssanein y I, a ,0.6
6 1/3 (20)

Leblouba et al. [3] recently collected 113 test results from literature
and carried out 12 tests by themselves, and developed an analytical
model to calculate shear strength of corrugated steel web based on the
hyperbolic Richards equation, which is given as follows:

= × +(1/(( /1.58) 1))n y I,Leblouba ,4
1.6 1.15 (21)

The applicability of these above calculation methods on shear ca-
pacity to stiffened corrugated steel web was evaluated based on ex-
perimental and numerical results. Table 2 summarizes the analytical
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shear strength of specimens W1~W4, and compares calculated results
with test ones. For specimens W3 and W4, since the buckling of cor-
rugated steel web occurred between horizontal stiffeners and bottom
flange, the effective height of the web hw is taken as the distance from
horizontal stiffeners to bottom flange (hw =930mm) when global
elastic buckling stress τecr,G of stiffened corrugated steel web is calcu-
lated. For specimens W2 and W4, corrugated steel web girder with
vertical stiffeners, the contribution of vertical stiffeners to the moment
of inertia is considered when calculating the shear capacity of stiffened
corrugated steel web girders.
As summarized in Table 2, for specimens W1 and W3 without ver-

tical stiffeners, the calculation methods proposed by Moon et al. [44]
and El-Metwally [49] seriously overestimate their shear capacity, with
an average error of 14% and 17% respectively. Sauce & Braxtan [16]
method also overestimates the shear capacity, with an average error of
8%. The method proposed by Driver et al. [38] slightly overestimates
the shear strength for specimen W1 but underestimates specimen W3.
The calculation methods suggested by Hassanein & Kharoob [2] and
Leblouba et al. [3] predict shear strength of corrugated steel web much
better, with an average error of 4% and 3%, respectively. For corru-
gated steel web girders with vertical stiffeners (specimens W2 and W4),
the above-mentioned calculation methods seriously underestimate their
shear strength. The relative errors are 18~35% with the average value

of 28%.
Fig. 23 shows the comparison of different calculation methods to

numerical and test results. Most of the numerical data based on spe-
cimen W1 and W3 are below the buckling curves proposed by Moon
et al. [44] and El-Metwally [49]. The curves according to Driver et al.
[38] and Sauce & Braxtan [16] passed through the numerical data for
specimens without vertical stiffeners. Curves according to Hassanein &
Kharoob [2] and Leblouba et al.[3] agree well with the numerical data,
except for some cases with very small web thickness. Nevertheless, all
of these curves are below the numerical data of specimens with vertical
stiffeners. Therefore, calculation methods presented by Hassanein &
Kharoob [2] and Leblouba et al. [3] can be used to predict shear
strength of corrugated web without stiffeners more accurately. All of
these above methods are not applicable to the corrugated steel web
with vertical stiffeners. The calculation method to accurately predict
shear capacity of stiffened corrugated steel web will be developed and
described in further study.

6. Conclusions

The current paper explores the shear performance of stiffened cor-
rugated steel web girders numerically and analytically. The following
conclusions can be drawn from the present study:

Table 2
Comparison of calculated shear strength with test results.

Specimens Test (kN) Calculation (kN) Ratio

Pu_test Pu,M Pu,D Pu,S Pu,E Pu,H Pu,L Pu,M/Pu_test Pu,D/Pu_test Pu,S/Pu_test Pu,E/Pu_test Pu,H/Pu_test Pu,L/Pu_test

W1 1134 1278 1176 1239 1303 1193 1153 1.13 1.04 1.09 1.15 1.05 1.02
W2 1775 1306 1176 1255 1338 1208 1176 0.74 0.66 0.71 0.75 0.68 0.66
W3 1224 1421 1176 1295 1464 1260 1274 1.16 0.96 1.06 1.20 1.03 1.04
W4 1805 1441 1176 1299 1481 1267 1290 0.80 0.65 0.72 0.82 0.70 0.71

Fig. 23. Calculated shear strength compared with numerical and test results.
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(1) The established finite element models considering material non-
linearity, welding residual stress and geometric imperfections were
validated by experimental results, which can be used to simulate
shear behaviors of stiffened corrugated steel web girders.

(2) The shear strength of stiffened corrugated steel web decreased
linearly with the increase of the equivalent imperfection amplitude.
The sensitivity of corrugated steel webs to geometric imperfections
decreased after installation stiffeners, especially for the combina-
tion of vertical and lateral stiffeners. The welding residual stress
will cause the webs to enter the nonlinearity in advance and reduce
the loading capacity of stiffened corrugated steel web girders.

(3) With the increase of the corrugation depth (corrugation angle), the
buckling modes experience global, interactive and local buckling
for pure corrugated web. The vertical stiffeners can postpone the
occurrence of local buckling while the horizontal stiffeners cause
the occurrence of local buckling in advance.

(4) The shear strength of stiffened corrugated steel web increased with
the increase of the thickness and height of vertical stiffeners. For
corrugated steel web with a thickness of 3mm and corrugation
depth of 50mm, the thickness and height of vertical stiffeners
should be greater than 3mm and 25mm to guarantee nonlinear
buckling failure.

(5) The calculation methods proposed by Hassanein & Kharoob [2] and
Leblouba et al. [3] can be used to predict shear strength of corru-
gated steel web more accurately. All of existing methods under-
estimate the shear strength of vertical stiffened corrugated steel
web. A calculation method to accurately predict shear capacity of
stiffened corrugated steel web needs to be developed in further
study.
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