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Abstract
Corrugated steel plates are widely used in pre-stressed box girder bridges due to
its ability to achieve an adequate shear buckling resistant and reduce the dead
weights. The present study aimed to determine the static behaviour of two and
four panels composite plate girder with a corrugated web by using LUSAS
software. The numerical models were validated according to the outcomes of a
previous experimental test. The validation results indicated a good consistency in
terms of load-deflection response, shear strength and failure mode. Intensive
parametric studies were carried out to determine the effects of corrugation angle
(𝛼), corrugated web thickness (𝑡𝑤𝑒𝑏 ), flange thickness (𝑡𝑓𝑙𝑎𝑛𝑔𝑒 ) and concrete
strength on the behaviour of composite plate girder. The results indicated a
positive increase in the shear strength and change in the failure mode of the both
investigated girders with the increase of corrugation angle, web and flange
thickness. On the other hand, a slight effect was noted for the concrete strength
on the shear resistance and failure mode of the composite plate girders with
corrugated webs, therefore, a considerable reduction in the construction cost
might be achieved by utilizing a normal concrete strength in the design.
Keywords: Corrugation angle, Deflection, LUSAS, Plate girder, Web thickness.
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1. Introduction
In the last decades, high-performance steel had broadly used in the highway bridge
applications due to its high strength, excellent toughness, as well as good weldability and corrosion resistance. The main impediments to its effective use in
conventional flat plate girders are the web instability, excessive deflections, and
fatigue failure. The innovative design of webs with different corrugations types
such as trapezoidal and sinusoidal had successfully overcome these limitations via
provide enhanced shear stability and eliminate the needs for transverse stiffeners
which significantly reduces the girder weight and cost [1].
Corrugated web girders can be constructed with two non-composite steel
flanges, or composite with concrete at upper flange only or both flanges.
Corrugated web system is widely used in pre-stressed box girder bridges. Several
experimental tests were conducted to assess the behaviour of non-composite and
composite plate girders with corrugated webs [2-10]. In case of composite plate
girders with corrugated webs, Sayed-Ahmed [11] and Shanmugam and Baskar [12]
stated that the corrugated web solely provides the shear strength of the crosssection, while the flanges solely provide the flexural strength of the girder with no
contribution from the corrugated web. Three failure modes of the local buckling,
global buckling, and an interaction were noted in the case of corrugated webs.
In the same context, Kadotani et al. [13] concluded that 65% of the shear acting
on the girder was resisted by the corrugated steel web, with the proportion
decreasing after the yielding of steel. Zhou et al. [14] indicated that a big part of
bending moment is burdened by the top and bottom of concrete slab, while the
shear force is mainly burdened by corrugated steel web and distributed uniformly
along the direction of corrugated steel web height. Shitou et al. (2008) [15] found
that the shear contribution of corrugated steel web increased with the propagation
of cracking in the concrete flanges but decreased gradually after reaching the
yielding state. Ding et al. [16] noted that the yielding torque and ultimate torque of
composite box girder decreased when the thickness of corrugated steel web
decreased under a pure torsion load.
In this field, the finite element method (FEM) had given a good alternative to
evaluate the response of steel plate girders with corrugated webs [17-22]. Yi et al.
[23] used ABAQUS software to study the shear buckling behaviour of noncomposite trapezoidal corrugated steel webs. The results showed that the
interactive shear buckling mode and strength was not influenced by material
inelasticity or yielding, but rather by the geometry of the corrugated plate.
Basher et al. [24] determined the behaviour of composite plate girders with
trapezoidal curved corrugated webs by using LUSAS software. The results
indicated that the ultimate shear resistance is influenced significantly by the width
and depth of the corrugation. Larger corrugation width and depth caused a drop in
ultimate shear strength.
Eldib [25] studied the behaviour of non-composite curved corrugated steel webs
of bridges by using ANSYS software. The results indicated that the corrugation
angle has a considerable effect on the behaviour of curved corrugated webs, where
higher corrugation angles produce a tremendous increase in the shear buckling
strength of curved corrugated webs.
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According to the previous studies, the numerical approach had succeeded to
determine the behaviour of corrugated plate girders, nevertheless, the numerical
study of the composite plate girders still need a further investigation. Therefore,
the current study mainly focused on the numerical analysis of composite plate
girder with the corrugated web by using LUSAS software. The effects of
corrugation angle ( 𝛼 ), concrete strength, and the thickness of web ( 𝑡𝑤𝑒𝑏 )
and flange (𝑡𝑓𝑙𝑎𝑛𝑔𝑒 ) on the ultimate shear strength of composite plate girders had
been evaluated.

2. Numerical Model
2.1. Geometry and meshing
The geometrical details of the numerical models were defined according to the
experimental test of composite plate girders with two (2-CPG) and four panels (4CPG) carried out by Shanmugam et al. [12] as shown in Fig. 1. where 𝑎 is the flat
panel width, 𝑏 is the horizontal projection of the inclined panel width, 𝑐 is the
inclined panel width, 𝛼 is the corrugation angle, 𝑑 is the corrugation depth, and
𝑡𝑤𝑒𝑏 is the web thickness.

𝒕𝒘𝒆𝒃

𝒃
𝒄

𝜶
𝒅
𝒂

(a) 2-CPG.
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(b) 4-CPG.
Fig. 1. Geometry details of numerical models.
The numerical models of composite plate girders were created by considering
the corrugated steel web as a surface geometric and the upper concrete flange as
a volume, while the reinforcement was defined as a line as shown in Fig. 2. The
eight nodes thin shell element (QSL8) had utilized to model the web, stiffeners,
and flanges due to its nodal freedom can provide an ability to model the
intersecting shells. On the other hand, the concrete at upper flange was modelled
by using twenty nodes solid hexahedral element (HX20) which considers as the
most appropriate element that could be used with the thin shell element (QSL8)
during analysis. The reinforcement was modelled by the bar element (BRS3)
[26]. A convergence test was performed to determine the optimum mesh size by
using four element sizes of 100×100 mm, 80×80 mm, 65×65 mm, and 50×50 mm.
The results indicated that the element size of 80×80 mm is the most appropriate
to estimate the shear load capacity of composite plate girder within a high
accuracy and less computational time as compared with other element sizes.
Concrete (HX20)
elements (blue colour)

Web, stiffener and flange
(QSL 8) elements

Fig. 2. Numerical model of 4-CPG.
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2.2. Material model and properties
2.2.1. Steel plate girder and reinforcement
The steel plate girder and reinforcement were simulated as an elastic-perfectly
plastic material in both tension and compression [22]. The material properties of
flanges, web, stiffeners, and reinforcement were shown in Table 1, where 𝐸𝑠 is the
Young modulus of steel, 𝜐 is the Poisson ratio, and 𝑓𝑠𝑦 is the yield stress of steel.
Figure 3 presents the typical stress-strain curve of steel.
Table 1. Properties of steel plate girder and reinforcement.
Girder Parts
Top flange
Bottom flange
Web
Vertical stiffener
Horizontal stiffener
Reinforcement

𝑬𝒔 (GPa)
200
200
200
200
200
179

𝝊
0.3
0.3
0.3
0.3
0.3
0.3

𝒇𝒔𝒚 (MPa)
272
273
286
286
286
350

-𝑓𝑠𝑦𝑓𝑠

𝜀𝑦

𝐸𝑠
1
-𝜀𝑦

𝜀

𝑓𝑠𝑦

Fig. 3. Stress - strain of steel plate girder.

2.2.2. Concrete
The material properties and typical stress-strain of the concrete that utilized in the
current study are shown in Table 2 and Fig. 4, respectively, where 𝐸𝑐 is the Young
modulus of concrete, 𝑓𝑐` is the compressive strength of concrete, and 𝑓𝑡 is the tensile
strength of concrete. A smeared crack model was used to simulate the concrete in
the sense that it does not track any individual macro-cracks. Whereas, cracking is
assumed to happen when the stress reaches to crack detection surface failure and
its orientation can be stored for subsequent calculations.
Table 2. Properties of concrete for each girder.
Girder Type
2-CPG
4-CPG

𝑬𝒄 (GPa)
28
25

𝝊
0.2
0.2

𝒇𝒄 `(MPa)
40
25

Journal of Engineering Science and Technology

𝒇𝒕 (MPa)
3
1.996

September 2018, Vol. 13(9)

Finite Element Analysis of Composite Plate Girders with a Corrugated . . . . 2983

𝑓𝐶 `

0.3𝑓𝐶 `
𝜀𝑜

𝜀𝑢 `
𝜀𝑐 `

𝜀𝑢

𝑓𝑡
Fig. 4. Stress-strain curve of concrete.

2.3. Boundary conditions and contact
A simply supported boundary condition was assigned at the bottom of the girder at
a distance 416 mm from the edge and the lateral displacement at the top flange was
fixed. A concentrated load was applied at the mid-span of the girder as shown in
Fig. 5. The full interaction was assumed between the reinforced concrete and the
top flange of steel plate girder.

Lateral support (Fx fixed)

Pin support

Load
Roller support

Fig. 5. The boundary condition of 2-CPG.

3. Results and Discussion
3.1. Validation results
To ensure the accuracy of the numerical models, a comparison was carried out with
the experimental outcomes of Shanmugam et al.[12]. The comparison of the results
appeared a good consistency in terms of the load-deflection response behaviour and
ultimate shear strength within differences range of 3.26% and 6.48% for 2-CPG
and 4-CPG, respectively, as shown in Fig. 6.
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Numerical results
Exp. results

Load (MPa)

1000
800
600
400
200
0
0

10
20
Deflection (mm)

30

(a) 2-CPG.
Numerical results
Exp. results

Load (MPa)

1500
1200

900
600
300
0
0

10
20
Deflection (mm)

30

(b) 4-CPG.
Fig. 6. Comparison between numerical and experimental results.
Also, the global buckling failure mode at the intermediate supports was
dominant in both cases of composite plate girders due to the high tension stresses
and showed a good agreement with the experimental test as shown in Fig. 7.
According to the above results, the numerical solution could be considered as a
successful method to predict the ultimate shear strength and failure mode of the
composite plate girders within a short time and less computational cost as compared
with the experimental test.

Global buckling
failure

(a) Experimental.

(b) FEM.

Fig. 7. Failure modes of 2-CPG.
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3.2. Parametric studies
Intensive parametric studies had carried out to investigate the effect of corrugated
web geometry on the behaviour of composite plate girders particularly the
corrugation angle (𝛼), and web thickness (𝑡𝑤𝑒𝑏 ). In addition, the effect of flange
thickness (𝑡𝑓𝑙𝑎𝑛𝑔𝑒 ) and concrete strength on the ultimate shear strength of the
composite plate girders with two and four panels had been evaluated as described
in Table 3.
Table 3. Details of parametric studies.
Panels

Two

Four

Model
Title
B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B-10
B-11
B-12
B-13
B-14
B-15
B-16
B-17
B-18

𝜶
30
30
30
30
30
15
45
30
30
30
30
30
30
30
15
45
30
30

𝒕𝒘𝒆𝒃
(mm)
3
5
6.25
3
3
3
3
3
3
3
5
6.25
5
5
5
5
5
5

𝒕𝒇𝒍𝒂𝒏𝒈𝒆
(mm)
20
20
20
15
25
20
20
20
20
20
20
20
15
25
20
20
20
20

𝒇𝒄 `
(MPa)
40
40
40
40
40
40
40
25
60
25
25
25
25
25
25
25
40
60

3.2.1. Effect of corrugation angle (𝜶)
The effect of three corrugation web angles (15°, 30°and 45°) on the behaviour of
composite plate girders with two and four panels had evaluated at the same web
thickness. The results revealed that the high values of corrugation angle could
considerably affect ohe load-deflection response and increase the ultimate shear
strength of composite plate girders with two or four panels as described in Fig. 8.
The maximum increase in shear strength occurred in cases of two panels composite
plate girders which increased by 4.1, 6.88, and 7.85%, respectively, as compared
with the experimental results of 2-CPG. Similar remarks were stated by other
researchers [25, 27].
Moreover, Fig. 9 indicated that the failure modes of corrugated web composite
plate girders with two and four panels significantly varied with the increase of
corrugation angle value. The global buckling failure mode was dominant at the
lower values of 𝛼, however, with the increase of 𝛼 to 45 ° the failure mode was
changed at both cases of composite plate girders to local buckling particularly
observed at the intermediate supports of the girder.
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(a) Two panels.

(b) Four panels.
Fig. 8. Effect of corrugation angle (α) on the
load-deflection behaviour of composite plate girder.

Global buckling

Global buckling
(a) 𝛼 = 15°.

Local buckling

Global buckling
(b) 𝛼 = 30°.
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Local buckling

Local buckling
(c) 𝛼 = 45°.

Fig. 9. Failure modes of composite plate girder
with two and four panels at different corrugation angles.
3.2.2. Effect of web thickness
Figure 10 shows the effect of three corrugated web thicknesses of 3, 5 and 6.25 mm
on the load-deflection behaviour of composite plate girders with two and four
panels at the same corrugation angle of 30°. The results indicated that the ultimate
shear resistant of composite plate girders with two and four panels significantly
increased with the increase of corrugated web thickness and the maximum increase
in shear strength observed in case of two panels composite plate girders (B-3) by
107.6% as compared with B-1. Identical behaviour was observed by Sause and
Braxtan [28] for trapezoidal corrugated steel plate under shear load.

(a) Two panels.

(b) Four panels.
Fig. 10. Effect of web thickness on the loaddeflection behaviour of composite plate girders.
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Moreover, the effect of corrugated web thickness on the failure mode of
composite plate girders with two and four panels was observed as shown in Fig.
11. It can be noted that the web thickness has an effective role in the failure
behaviour of both investigated girders. Whereas, the thinner corrugated webs with
a thickness of 3 mm appeared a local buckling failure nearby the intermediate
supports, while the thicker webs appeared a global failure on both sides of the
intermediate supports especially at web thickness of 6.25 mm.

Local buckling

Local buckling
(a) 𝑡𝑤𝑒𝑏 = 3 mm.

Local buckling

Global buckling
(b) 𝑡𝑤𝑒𝑏 = 5 mm.

Global buckling

Global buckling

(c) 𝑡𝑤𝑒𝑏 = 6.25 mm.
Fig. 11. Failure modes of composite plate girders with two
and four panels at different corrugation web thicknesses.

3.2.3. Effect of flange thickness
The load-deflection behaviour of composite plate girders with two and four panels
affected by three flange thicknesses of 15, 20 and 25 mm had examined at the same
web thickness and corrugation angle as shown in Fig. 12. The increment of flange
thickness values showed a significant influence on the shear strength resistant of
the composite plate girders with two or four panels and the highest effect of flange
thickness was observed in case of four panels plate girders (B-14) which increased
by 18.61% as compared with B-13.
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(a) Two panels.

(b) Four panels
Fig. 12. Effect of flange thickness on the
load-deflection behaviour of composite plate girder.
Furthermore, the influence of flange thickness (𝑡𝑓𝑙𝑎𝑛𝑔𝑒 ) on the failure mode of
composite plate girders with two and four panels was evaluated as shown in Fig. 13.
The increase of flange thickness caused a significant variation in the failure mode of
the plate girder, whereas, the thicker flanges of 25 mm appeared a local buckling
failure as compared with the thinner flanges of 15 mm, which showed a global failure
in both, investigated cases of composite plate girders.

Global buckling

Global buckling
(a) 𝒕𝒇𝒍𝒂𝒏𝒈𝒆 = 15 mm.
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Global buckling

Local buckling

(b) ) 𝒕𝒇𝒍𝒂𝒏𝒈𝒆 = 20 mm.

Local buckling

Local buckling
(c) 𝒕𝒇𝒍𝒂𝒏𝒈𝒆 = 25 mm.

Fig. 13. Failure modes of composite plate girders
with two and four panels at different flange thicknesses.

3.2.4. Effect of concrete strength
Furthermore, the effect of concrete strength on the behaviour of composite plate
girders with two and four panels had studied. Three concrete strengths of 25, 40 and
60 MPa had evaluated as presented in Fig. 14. There is no a significant variation in
the failure mode of the both investigated cases with the increase of concrete strength.
The local buckling failure mode was dominant in case of two panels composite
girders, while the global failure was observed in the case of four panels girders with
corrugated webs.

(a) Two panels.
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(b) Four panels.
Fig. 14. Effect of concrete strength on the
load-deflection behaviour of composite plate girder.
Table 4 shows a slight increase in the shear strength of the composite plate girders
with two and four panels with the increase of concrete strength. Hence, the normal
concrete strength could significantly use in the design of corrugated web composite
plate girders to reduce the construction cost.
Table 4. Effect of concrete strength on the shear strength
capacity of composite plate girder with two and four panels.
Panels
Two

Four

Model Title
B-8
B-1
B-9
B-11
B-17
B-18

Shear Strength (kN)
860
885
907
1138
1193
1253

4. Conclusions
The results of this study can be summarized as follows:
 Validation results of the numerical models revealed a good consistency with
the experimental results of composite plate girders with two and four panels
regarding failure mode, load-deflection response behaviour, and ultimate shear
strength with differences less than 1%.
 The increase of corrugation angle value indicated an obvious increment in the
ultimate shear resistant of both composite plate girders and the maximum
influence of corrugation angle was observed in case of two panels plate girders.
 The increase of corrugated web and flange thickness led to a significant
increase in the shear strength capacity of both composite plate girders.
 The concrete strength showed a slight effect on the shear strength of both
investigated cases. Hence, a normal concrete strength could efficiently use in
the design of composite plate girders with the corrugated web to minimize the
construction cost.
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Nomenclatures
𝑎
𝑏
𝑐
𝑑
𝐸𝑠
𝐸𝑐
𝑓𝑠𝑦
𝑓𝑐`
𝑓𝑡
𝑡𝑓𝑙𝑎𝑛𝑔𝑒
𝑡𝑤𝑒𝑏

The flat panel width, mm
The horizontal projection of the inclined panel width, mm
The inclined panel width, mm
The corrugation depth, mm
Young modulus of steel, GPa
Young modulus of concrete, GPa
Yield stress of steel, MPa
Compressive strength of concrete, MPa
Tensile strength of concrete, MPa
Flange thickness, mm
Web thickness, mm

Greek Symbols
Corrugation angle, deg.
𝛼
Strain
𝜀
Initial strain
𝜀𝑜
Ultimate strain
𝜀𝑢
Yield strain
𝜀𝑦
Poisson ratio
𝜐
Abbreviations
2-CPG
4-CPG

Corrugated Plate Girder with Two Panels
Corrugated Plate Girder with Four Panels
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