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Abstract

The corrugated steel web of prestressed concrete box-girder with corrugated steel webs is in pure shear stress
state. The shear-resistant capacity of the corrugated steel web is not determined by the shear strength of steel
web, but controlled by the shear buckling strength of steel web. The shear buckling mode and ultimate shear
capacity of corrugated steel webs are analyzed by nonlinear finite elements method. The corrugated webs are
simulated by 8-node structure shell element. The simulation was done for the defect of corrugated steel web with
uniform imperfections mode method, and the defects were included in the material nonlinearity and geometric
nonlinearity. On this basis, the influences of corrugation configuration, the overall profile dimensions and steel
thickness of corrugated webs on ultimate shear buckling load and buckling mode are investigated.
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1. Introduction

Bridge with corrugated steel webs is a kind of composite-structure of steel and concrete using the corrugated
steel webs instead of concrete webs for conventional prestressed concrete box girders. This structure is
characterized by reduction of dead weight of main girder, improvement of prestressed efficiency of concrete
girder and reduction of on-site work and construction cost. Because of its fast construction, light weight, good
ability of span, aesthetic appearance etc, prestressed concrete composite box-girder bridge with corrugated steel
webs become more and more popular recent years. Since its appearance, this bridge was investigated and widely
used in France, Japanese etc. However, as the theoretical research progressed, prestressed concrete composite
box-girder bridge with corrugated steel webs shows a good tendency of development and variable cross-section
and large span are adopted gradually in its application.

The composite box girder with corrugated steel webs is a new structure applying external prestressing technique
to bridge construction. Compared with normal concrete box girder bridges, in addition to completely avoid the
web cracking, this structure has many other advantages, such as force definite, lighter weight, beautiful
appearance, and convenient for construction. It is expected that this structure will be strongly promoted and
widely used for engineering practice. When the composite box girder with corrugated steel webs bears load, the
corrugated steel webs are almost in pure shear stress state. Generally speaking, the design of the composite box
girder with corrugated steel webs is mainly controlled by shear buckling failure, so its shear buckling
performance is extensively studied. Therefore, how to determine buckling mode and buckling load of the
corrugated steel web in shear loads is an essential issue in the study of such structures.

Analysis of corrugated steel web to ultimate shear buckling load and buckling mode with the linear theory of
small deflection just gets the branch points of buckling load. The elastic branch points of corrugated steel webs
can be obtained by buckling analysis of ideal structures, while the actual structure inevitably exists initial defects,
and such defects may induce corrugated steel webs to shift from the ideal branch points of buckling modes to the
extreme branch points of buckling modes. It is clearly that the linear theory of small deflection unable to
consider the impact of the structure of the initial geometric imperfections, but also unable to consider the impact
of the material nonlinearity and geometric nonlinearity, and cannot describe the load and the displacement of the
structure in the whole process performance. From this perspective, in order to more realistically reflect the actual
structure stress state, the only way to analyze the structure is to use the nonlinear theory of large deflection,
considering the material nonlinearity and geometric nonlinearity in the whole process.
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In this paper, the influences of different factors, such as the web thickness, the corrugation angle, the width of
horizontal plate, the corrugation depth and the height of the corrugated steel web, etc, on the nonlinear shear
buckling property of corrugated steel web are studied by finite element analysis. And initial deformation of
corrugated steel web is considered in the finite element model. It will be the innovations of this paper.

2. Finite Element Model

In this paper, the eight-node thin-shell element of ANSYS was used to simulate the corrugated steel webs. Each
node in the unit has six degrees of freedom. A typical finite element model is shown in Figure 1. In solving
nonlinear equations, arc length method is adopted in the finite element model. In addition, it should make an
investigation on the choice of element meshes. Through extensive analysis, finite element model of this paper
can sufficiently ensure the accuracy of the purpose of this study.

Figure 1. Finite Element model

The finite element model considers the impact of structural defects in the initial geometry and considers the
impact of the material nonlinearity and geometric nonlinearity. On the basis of it, the study was done on the
influences of corrugation configuration and the overall profile dimensions of the corrugated web on the ultimate
shear buckling bearing capacity of the corrugated web and buckling mode for providing the reference to
calculation of the similar bridge.

In the course of the actual stress state, corrugated steel webs will exist inevitably certain degree of initial
deformation. Namely corrugated steel webs show incomplete rule waveform shape. Such initial imperfections
can be called the wave size imperfections. The corrugation configuration imperfections are simulated by uniform
imperfections mode method. The first buckling mode of the structure is determined by solving buckling
eigenvalue of the structure. According to the first buckling mode of the structure, the deformation of the
structure will be in a state of the lowest special potential energy. Therefore, in the initial stage of loading, the
actual structure exists a deformation tendency in accordance with the first buckling mode. You can imagine that
if the imperfection pattern of the structure coincided with the structure of the first buckling mode, which will
undoubtedly have the most adverse impact on the mechanical behavior of the structure. Therefore, in this paper,
distribution of the initial defects of the structure is simulated by the first buckling mode of the perfect structure.
And then the first buckling mode which is multiplied by a certain proportional coefficient is added to the
structure. In this paper, the proportional coefficient of the finite element model is 0.017.

3. Influencing Factors of the Shear Capacity and Parametric Analysis

The ultimate shear buckling load and buckling mode may be influenced by many factors. In order to keep this
paper more concise, we shall pay attention on the influences of the parameters in geometry aspect. In all of the
following models, the length of steel webs remain unchanged (L=11.82 m). The geometric parameters are listed
below (it is illustrated by Figure 2):

1) the web thickness (t);

2) the width of horizontal plate (b);

3) the corrugation depth (hy);

4) the corrugation angle (0);

5) the height of the corrugated steel web (H).
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Figure 2. Corrugation Configuration parameters

3.1 Impact of the Web Thickness (t)

To investigate the influence of the web thickness on the ultimate shear buckling load, six girders with the web
thickness t = 6mm, 8mm, 10mm, 12mm, 14mm and 16mm are taken into account. Other geometric parameters
remain unchanged. Ultimate shear buckling load with different web thicknesses are listed in Table 1. Ultimate
shear buckling load variation with thicknesses is shown in Figure 3.

Table 1. Ultimate shear buckling load with different web thicknesses

Buckling load

Number  b/mm d/mm hymm 0/(°) H/mm t/mm (Puw/kN)
T1 6 157.27
T 8 209.43
T3 10 262.76
T4 430 550 326.6 30.7 5000 12 320.78
T 14 384.32
T6 16 456.46
500.00
450.00
= 400.00
§ 350.00
a
= 300.00
T
8 250.00
2 200.00
% 150.00
& 100.00
50.00
0.00
0 5 10 15 20

the web thickness (t/mm)

Figure 3. Buckling load variation with thicknesses of corrugated steel web

It is observed in Figure 3 that when the web thickness increases, the ultimate shear buckling load markedly
increases. According to the elastic buckling theory, the ultimate shear buckling load is proportional to the 3th
power of the web thickness. However, considering the material nonlinearity and geometric nonlinearity, it is
obtained that the ultimate shear buckling load do not raise in proportional to the 3th power of the web thickness.

3.2 Impact of Horizontal Plate Width (b)

To investigate the influence of horizontal plate width on the ultimate shear buckling load, six girders with
horizontal plate width b = 330 mm, 380 mm, 430 mm, 480 mm, 530 mm and 630 mm are taken into account.
Other geometric parameters remain unchanged. Ultimate shear buckling load with different widths of horizontal
plate are listed in Table 2. Ultimate shear buckling load variation with widths of horizontal plate is shown in
Figure 4.
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Table 2. Ultimate shear buckling load with different widths of horizontal plate

Buckling load

Number  b/mm d/mm hy/mm 0/(°) H/mm t/mm (Pu/kN)
B1 330 270.56
B2 380 277.02
B3 430 262.76
550 326.6 30.7 5000 10
B4 480 267.00
BS 530 249.02
B6 630 222.45
290.00
280.00
= 270.00
< 260.00
% 250.00
% 240.00
£ 23000
é 220.00
210.00
200.00
300 350 400 450 500 550 600 650

the width of horizontal plate (b/mm)

Figure 4. Buckling load variation with widths of horizontal plate

Overall, it can be seen in Figure 4 that the ultimate shear buckling load decreases as horizontal plate width
reduces. It is observed that when horizontal plate width increases, the range of buckling deformation decrease
and corrugated steel web changes gradually from global buckling to local buckling. Local buckling appears
markedly when the width of horizontal plate b=630 mm. Therefore, it can be seen that the width of horizontal
plate has small influence over the ultimate shear buckling load. And in order to make Local buckling does not
appear, the width of horizontal plate should not be too large.

3.3 Impact of the Corrugation Depth (h)

To investigate the influence of the corrugation depth on the ultimate shear buckling load, six girders with the
corrugation depth hy =237.5 mm, 267.2 mm, 296.9 mm, 326.6 mm, 356.3 mm and 385.9 mm taken into account.
Other geometric parameters remain unchanged. Ultimate shear buckling load with different corrugation depths
are listed in Table 3. Ultimate shear buckling load variation with the corrugation depths is shown in Figure 5.

Table 3. Ultimate shear buckling load with different corrugation depths

Buckling load

Number  b/mm d/mm he/mm 0/(°) H/mm t/mm (Pu/kN)
HF1 400 237.5 455.63
HF2 450 267.2 365.37
HF3 500 296.9 325.71
HF4 430 550 326.6 307 5000 10 262.76
HF5 600 356.3 237.19
HF6 650 385.9 196.04
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Figure 5. Buckling load variation with the corrugation depths

It is presented in Figure 5 that when the corrugation depth increases, the ultimate shear buckling load decreases.
When the corrugation depth changes from 237.5 mm to 267.2 mm, the ultimate shear buckling load decreases
rapidly. Whereas, when the corrugation depth changes from 267.2 mm to 385.9 mm, the ultimate shear buckling
load decreases slowly. It is also observed that as the corrugation depth increases, the width of inclined plate
increases and the effect of local buckling is more pronounced. When the corrugation depth is kept constant, the
value of the corrugation depth should be determined by the width of horizontal plate and the width of the
inclined plate should be less than the width of horizontal plate.

3.4 Impact of the Corrugation Angle (6)

To investigate the influence of the corrugation angle on the ultimate shear buckling load, six girders with the
corrugation angle 0=30.7°, 40°, 45°, 50°, 55° and 60° are taken into account. Other geometric parameters remain
unchanged. Ultimate shear buckling load with different corrugation angles are listed in Table 4. Ultimate shear
buckling load variation with the corrugation angles is shown in Figure 6.

Table 4. Ultimate shear buckling load with different corrugation angles

Buckling load

Number  b/mm d/mm hg/mm 0/(°) H/mm t/mm (Pu/kN)
TH1 550 326.6 30.7 262.76
TH2 490 411.2 40 263.68
TH3 452.3 452.3 45 263.97
TH4 430 4112 490 50 5000 10 264.18
THS 366.9 524 55 264.32
TH6 319.8 553.9 60 264.47
264.6
264.4
Z 264.2
o
S 264
[a W
= 263.8
O
3 2636
o 263.4
< 2632
O
o 263
262.8
262.6
25 30 35 40 45 50 55 60 65

the corrugation angle (6/° )

Figure 6. Buckling load variation with the corrugation angles
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It is presented in Figure 6 that when the corrugation angle increases, the ultimate shear buckling load increases
slightly. It can be easily known that the corrugation depth raises as the angle of the corrugation increases.
Whereas, the ultimate shear buckling load does not decrease as the depth of the corrugation raises. The reason is
that the width of the inclined plate is kept constant. In Figure 5, the ultimate shear buckling load decreases as the
corrugation depth increases. The root cause is the increase of the inclined plate width which the increase of the
corrugation depth cause.

3.5 Impact of the Corrugated Steel Web Height (H)

To investigate the influence of the corrugated steel web height on the ultimate shear buckling load, six girders
with the corrugation steel web height H = 3000 mm, 4000 mm, 5000 mm, 6000 mm, 7000 mm and 8000 mm are
taken into account. Other geometric parameters remain unchanged. Ultimate shear buckling load with different
corrugated steel web heights are listed in Table 5. Ultimate shear buckling load variation with heights of
corrugated steel web is shown in Figure 7.

Table 5. Ultimate shear buckling load with different corrugated steel web heights

Buckling load

Number  b/mm d/mm h¢/mm 0/(°) H/mm t/mm (Pu/kN)
o 3000 260.75
0 4000 261.32
s 5000 262.76
HA 430 550 326.6 30.7 6000 10 264.07
HS 7000 265.12
HE 8000 265.50
266.00
— 265.00
Z
5 264.00
<1
S 263.00
%D 262.00
'133 261.00

260.00
2000 3000 4000 5000 6000 7000 8000 9000

the corrugated steel web height (H/mm)

Figure 7. Buckling load variation with heights of corrugated steel web

It is presented in Figure 7 that when the height of corrugated steel web increases, the ultimate shear buckling
load increases slightly. This is because the cross-sectional area, which increases as the height of corrugated steel
web increases, increases. Accordingly, the ultimate shear buckling load increases. It also can be seen that as the
height of corrugated steel web increases, the web will easily be in a local buckling mode. To improve the value
of the ultimate shear buckling load for corrugated steel web in relatively height, the width of horizontal plate and
the width the inclined plate should properly decrease, or the corrugation angle should properly increase.

4. Conclusions

In this paper, the finite element model with corrugated steel webs is built using ANSYS Parametric Design
Language (APDL). In the finite element model, the material nonlinearity, geometric nonlinearity and structural
defects in the initial geometry have been taken into account. Based on extensive analysis, following conclusions
are made:

1) When the web thickness increases, the ultimate shear buckling load significantly increases. Nevertheless, the
ultimate shear buckling load do not keep proportional relation with the 3th power of the web thickness.
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2) Overall, the ultimate shear buckling load of corrugated steel web decreases as horizontal plate width raises.

3) With the same corrugation angle and horizontal plate width, the ultimate shear buckling load of corrugated
steel web decreases as the corrugation depth increases. What’s more, when the depth of the corrugation raises,
the buckling mode in the nonlinear finite element model will change from global buckling mode to local
buckling mode.

4) As the corrugation angle increases, the ultimate shear buckling load of corrugated steel web is slightly
improved.

5) With the same the corrugated steel web width, the ultimate shear buckling load of corrugated steel web
increases slightly as the height of corrugated steel web increases.
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