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Abstract: This paper presents a shear buckling analysis of corrugated web I-girder beam using nonlinear finite element analysis.
An in-house finite element package called 3D-NLFEA is used in the simulation. The steel material is modelled as solid elements
with one-eight aspect ratio between the element size and its thickness. The double sine waves equation is used to generate the
initial imperfection in the corrugated web. The nonlinear geometry deformation, which is essential in capturing the buckling
behavior, is considered using the 2" order analysis in 3D-NLFEA. A comparison with the carried out experimental test in the
laboratory showed that the peak prediction from the analytical model was in good agreement. Furthermore, using the double
sine waves equation as the initial imperfection can closely predict the buckling mode and shapes of the corrugated web I-girder

as obtained from the experimental test.
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INTRODUCTION

The conventional steel I-girder is often used as a short-span
railway bridge. Due to heavy load, high impact dynamic
load factor, and fatigue, the depth of the steel I-girder is
considerably higher than the standard I-girder available in
the construction industry market. This I-girder is usually
fabricated by combining steel plates using bolted or welded
connection. One of the disadvantages of this steel I-girder
is the buckling behavior of the web due to its slenderness.
The buckling of the web can be prevented with closely
spaced vertical stiffeners along the span of the I-girder are
often used. As an alternative, corrugated web girders (with
trapezoid or sinusoidal patterns) can be used to replace
these closely spaced vertical stiffeners.

The use of a corrugated web I-girder can increase the
out-of-plane rigidity without using vertical stiffener and
thus increase the bending strength of the girder. In addition,
the use of steel material can be reduced. From the aesthetic
aspect of the structure, the use of the corrugated web is
better than the conventional steel-plated girder [1]. The
corrugated web plate thickness may vary from one to
several millimeters. The corrugated web girders can have
9-13 percent less weight than the conventional steel-plated
girder with stiffeners [2]. With the absence of vertical
stiffener, the beam weight is reduced without
compromising its strength and gains a reduced cost of
about 30% [3].

Due to the accordion effect, when loaded in flexure,
the corrugated web-only resists the shear forces. At the
same time, the flanges carried out the compression and
tension forces from the bending moment. The corrugated
webs can have 1.5 to 2 times more shear buckling capacity
than the conventional steel-plated girder. These shear
forces can induce buckling in the web. The shear buckling
in the corrugated web I-girder can be classified as local,
global, and interactive shear buckling [2, 4-6]. It is well
understood that the initial geometric imperfection can
affect the shear strength and behavior of the corrugated
web I-girder. The finite element simulation conducted by
Elgaaly et al. [7] showed that numerical shear strength was
higher than the test result.

Civil Engineering Department, Institut Teknologi Sepuluh Nopember,
Sukolilo, Surabaya 60111, Indonesia. Corresponding author email address:
piscesa@ce.its.ac.id

Hassanein and Kharoob [1] evaluated the shear
strength of corrugated web girder tested by [7] using
ABAQUS. In their study, the initial imperfection was
modeled using the scaled deformed shape of the first
buckling mode. The peak was able to be accurately
predicted. However, the mid-span deflection at peak load
was predicted much less than the test result. In addition, the
behavior of the post-peak response from ABAQUS showed
a snap-back behavior which was not found in the recorded
load-deflection shape in the test result.

In this paper, a numerical simulation to predict the
shear buckling behavior of the corrugated web I-girder is
carried out using an in-house 3D-NLFEA finite element
package. 3D-NLFEA was developed by Piscesa et al. [8-
10]. The 3D-NLFEA can model the random materials,
initial geometric imperfections, and 2" order analysis. The
3D-NLFEA package uses SALOME 9.3.0 [11] as the pre-
processor and ParaView 5.8.0 [12] as the post-processor.
For validation purposes, one corrugated web [-Girder
tested at the Laboratory of Structure (Civil Engineering
Department, Institut Teknologi Sepuluh Nopember,
Surabaya, Indonesia) is used in this study.

RESEARCH SIGNIFICANCE

This paper presents a shear buckling analysis of corrugated
web I-girder using an in-house 3D-NLFEA finite element
package. The model is verified with one of the tested
specimens in the laboratory. The initial geometric
imperfection is generated using the double sine wave
equation. This paper also investigates the sensitivity of the
initial geometric imperfection to the load-deflection curve
and the buckling deformation shape.

METHODOLOGY

The research methodology starts with modeling the
corrugated web I-girder and investigates the behavior
without using any initial geometric imperfection. The
predicted load-deflection curve is then compared with the
test result. The expected peak load generally higher than
the test result. To scaled-down the expected peak load,
initial geometric imperfection must be initiated before the
analysis. The initial geometric imperfection considered in
the study is generated using a double sine waves equation.
With the initial geometric imperfection, the predicted load-
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Figure 1 The geometry details of the modeled SCWG-I specimen (mm)
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Figure 2 The corrugation dimension of the modeled SCWG-1 specimen (mm)

Figure 3 The meshing of the modeled SCWG-I specimen (Side view)

Figure 4 The meshing of the modeled SCWG-1 specimen (top view)

deflection curve and the buckling shape of the specimen are
compared with the test result. For sensitivity analysis, some
length parameters in the double sines wave equation are
also investigated to find the best result that matches the
buckling shape of the tested specimen. Details on the
research methodology are discussed in the following
section.

A. SPECIMEN GEOMETRY, 3D MODELING, AND
MATERIAL PROPERTIES

Figure 1 shows the side view of the modeled specimen. The
total beam, span, and height lengths are 3600, 3500, and
1000 mm, respectively. The corrugated web thickness is 2
mm. Ten-millimeter thick stiffeners are provided at the
supports and at the load location to prevent buckling at
those locations. Figure 2 shows the top mid-height view of
the specimens. The corrugation width (b), depth (hy), and
incline length (d) are 150, 75, and 100 mm, respectively.

54

The three-dimensional model is prepared using
SALOME 9.3.0 [13] software which serves as the pre-
processor. All the boundary conditions (at nodes) and
grouping of material for a further assignment are done in
SALOME 9.3.0. The specimen is modeled using the
hexahedral element with BBar element technology [14].
Figures 3 and 4 show the specimen meshed model (side and
top views). The maximum mesh size of the model is set to
eight mm, which gives the ratio of element length to
element thickness (L./t) less than equal to four. By using
the predefined maximum mesh size, the total number of
hexahedral elements is 181,590 elements and the total
nodal element is 303,968 nodes.

Simply supported boundary condition is used where
the support on the left-hand side is assigned as a hinge, and
the right-hand side's support is set as a roller. The load is
controlled using displacement at the loading point. The
input from SALOME 9.3.0 is then extracted to Microsoft

JOURNAL OF CIVIL ENGINEERING / Vol. 36 No. 2/ December 2021



Excel files to further process the initial geometric
imperfection and assign material properties to the
elements. The steel material grade is equivalent to ST37
with a yield strength of 240 MPa and the ultimate yield
strength of 370 MPa. The Young's modulus of the steel
material is set to 210 GPa. Once the input is ready, the input
file is executed using the 3D-NLFEA finite element
package. Once the simulation is completed, the output is
viewed using ParaView 5.9.0 [12, 15, 16].

B. INITIAL GEOMETRIC IMPERFECTION

The initial geometric imperfection is compulsory to capture
the buckling mode of the modeled specimen. An error can
cause this initial geometry during the fabrication process of
the 1-Girder. In addition, the welding process can also leave
some residual stresses, which also causes some material
imperfection. During the welding process, some restrained
deformation due to the yielding of the plates also takes
place.  Although considering these imperfection
possibilities in the analysis would be beneficial, the
imperfection is limited only to the initial geometric defect
in this study.

The initial geometric imperfection is considered as the
out-of-plane deformation of the corrugated web. This out-
of-plane deformation, as proposed by Elgaaly et al. [17] has
the form of double sine waves and is:

Ziy) = 2o xsin (%Xj xsin (%y) (1)

In Eq. (1), a is the horizontal length of one sine wave, h is
the vertical length of one sine wave, x is the distance
measured from the outer left position of the beam, y is the
distance measured from the lowest elevation of the
corrugated web, and zo is the amplitude of the sine.

RESULTS AND DISCUSSION

Figure 5 shows the comparison of the load-deflection curve
between the model (without initial geometric imperfection)
and the test result. From Figure 5, it is seen that the peak
load of the tested specimen is 468.52 kN and the
displacement at the peak load is 4.578 mm. On the other
hand, the predicted peak load using 3D-NLFEA without
considering the initial geometric imperfection gives the
peak load 500.16 kN, and the displacement at the peak load
is 6.3 mm. The ratio between the predicted peak load to the
test result is 1.068.

For the analysis that considers the initial geometric
imperfection using the double sine waves, four variations
in the horizontal and vertical lengths of the sine waves are
investigated. Table 1 shows the variation in the horizontal
length of the sine wave (a) while the vertical height of the
sine wave remains constant. Table 1 also showed the scaled
deformation, maximum sine amplitude, and the predicted
peak load for each variation in a. Table 2 shows the
different values on the vertical length of the sine wave (h)
while the horizontal length of the sine wave remains
constant. The scaled deformation, maximum sine
amplitude, and the predicted peak load are also shown in
Table 2. The scaled deformation magnitudes are selected
such that the predicted peak load is almost equal to the peak
load from the test result.

Figure 6 shows the comparisons of the load-
displacement curve between the model with the parameter
defined in Table 1 and the test result. As shown in Figure
6, the load-deformation behavior after the post-peak is
almost similar. However, the obtained buckled shapes for
each of the variation differs significantly. Figure 7, Figure
8, Figure 9, and Figure 10 show the deformed buckling
shape for each variation listed in Table 1.

Table 1 Effect of variation in a and its respective scaled
deformation magnitude to the predicted peak load

Imperfection

a h Scaled Maxi Peak Load
(mm) (mm) deformation aximum (kN)
- amplitude (mm)
magnitude
200 200 95.00% 1.90 468.95
250 200 142.0% 2.84 468.12
300 200 150.0% 3.00 468.50
350 200 183.2% 3.66 468.50

Table 2 Effect of variation in h and its respective scaled
deformation magnitude to the predicted peak load

Imperfection

a h Scaled Maximum Peak Load
(mm) (mm) deformation amplitude (mm) (kN)
magnitude
350 200 183.2% 3.66 468.95
350 250 171.0% 3.42 468.53
350 300 188.0% 3.76 468.63
350 350 193.0% 3.86 468.42
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Figure 5 Comparison of the predicted load-displacement
curve with the test result
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Figure 6 Effect of variation in a to the load-displacement
curve
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Figure 7 The buckling deformed shape of the specimen with a = 350 mm and h = 200 mm
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Figure 8 The buckling deformed shape of the specimen with a = 300 mm and h =200 mm
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Figure 9 The buckling deformed shape of the specimen with a = 250 mm and h =200 mm
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Figure 10 The buckling deformed shape of the specimen with a = 200 mm and h = 200 mm
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Figure 11 The buckling deformed shape of the tested Figure 12 Effect of variation in h to the load-displacement
specimen curve
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Figure 13 The buckling deformed shape of the specimen with a = 350 mm and h = 250 mm
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Figure 14 The buckling deformed shape of the specimen with a = 350 mm and h = 300 mm
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Figure 15 The buckling deformed shape of the specimen with a = 350 mm and h = 350 mm
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To choose the most suitable value for a, it is suggested to
look at the deformed buckling shape of the tested specimen.
Figure 11 shows the deformed buckling shape of the tested
sample. As shown in Figure 11, the deformed buckling
shape is categorized as the interactive buckling mode. In
the interactive buckling mode, web buckled involving
multiple folds [21]. In the tested specimen, the buckling
shape of the web started from the top left corner below the
top flange and propagated in a diagonal direction towards
the bottom flange. By comparing the predicted buckling
deformed shape with the test result, the closest predicted
buckling deformed shape is associated with the value of a
equal to 350 mm (see Figure 7).

Figure 12 shows the predicted load-displacement
behavior with the parameter defined in Table 2. A similar
conclusion with Figure 11 was obtained. The obtained
buckling deformed shape is shown in Figure 13, Figure 14,
and Figure 15, with the value of h equal to 250, 300, and
350 mm, respectively. For a value of h equal to 200 mm is
already shown in Figure 7. As shown in Figure 7, Figure
13, Figure 14, and Figure 15, the closest predicted buckling
deformed shape with the test result was associated with
Figure 7. Therefore, it can be concluded that the values for
a and h that give the closest prediction of the deformed
buckling shape with the test result are 350 and 200 mm,
respectively.

CONCLUSIONS

This paper presented a numerical simulation to capture the
shear buckling behavior of the corrugated web I-Girder
using a 3D-NLFEA finite element package. The analysis
without and with initial geometric imperfection was carried
out. For the analysis with initial geometric imperfection,
double sine waves equation was used to generate the initial
geometric imperfection. Variation for both the horizontal
and vertical lengths of the sine wave equation was observed
to find out the best values that able to predict well the
deformed buckling shape of the modeled specimen.

The predicted peak load was higher than the peak load
from the test result from the analysis without initial
geometric imperfection. While from the study with initial
geometric imperfection can match the peak load from the
test result with different scaled deformation values for each
of the considered variations in the initial geometric
imperfection. The parametric study found out that the value
that matched well the deformed buckling shape of the test
result for the vertical and horizontal length of the double
sine waves equation are 350 and 200 mm, respectively.
Using the appropriate double sine wavelengths, the scaled
deformation magnitude that gives predicted peak load
equal to the peak load from the test is 183.2%. The
associated maximum amplitude for the selected, scaled
deformation magnitude is 3.664 mm.
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