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Abstract. Korea and Japan have done a lot of research on composite girders with corrugated steel webs and built many bridges
with corrugated steel webs due to the significant advantages of this type of bridges. Considering the demanding on the calculation
method of such types of bridges and lack of relevant reinforcement design method, this paper proposes the spatial grid analysis
theory and tensile stress region method. First, the accuracy and applicability of spatial grid model in analyzing composite girders
with corrugated steel webs was validated by the comparison with models using shell and solid elements. Then, in a real engineering
practice, the reinforcement designs from tensile stress region method based on spatial grid model, design empirical method and
specification method are compared. The results show that the tensile stress region reinforcement design method can realize the in-
plane and out-of-plane reinforcement design in the top and bottom slabs in bridges with corrugated steel webs. The economy and
precision of reinforcement design using the tensile stress region method is emphasized. Therefore, the tensile stress region
reinforcement design method based on the spatial grid model can provide a new direction for the refined design of composite box
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girder with corrugated steel webs.
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1. Introduction

The composite girder bridges with corrugated steel webs
have advantages such as light weight, low cost, beautiful
appearance, and conforming to the national conditions of
China at present, so they are popular with the builders
increasingly. Countries such as Korea and Japan have done
a lot of research on the composite girder with corrugated
steel webs and built various types of bridges. Japan has
applied and built the most composite girder with corrugated
steel webs, up to more than 200 bridges. In China, nearly 50
bridges with corrugated steel webs have been constructed
and are under construction. The application of corrugated
steel webs has developed from the simply-supported and
continuous girder bridges to the continuous rigid frame and
cable stayed bridges now. Meanwhile, the cross section also
extends from the single-box single-cell to single-box multi-
cell and multi-box multi-cell. Most typical examples
include the Guoshoujing Bridge and Gangtielu Bridge in
Baiquan Avenue of Xingtai, Hebei (the first one-box-seven-
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cell composite box girder bridge with corrugated steel webs
in China), (70 + 11 x 120 + 70) m prestressed concrete
continuous box girder with corrugated steel webs of Yellow
River Bridge in Juancheng of Shandong province, and (60 +
5 x 120 + 60) m multi-tower composite girder cable stayed
bridge with corrugated steel webs of Chaoyang Bridge (Ma
2017). Typical arrangement of composite girder bridges
with corrugated steel webs is shown in Fig. 1.

At present, the analysis and reinforcement design of
composite girder bridges with corrugated steel webs in
China refer to Design and Construction Specifications for
Prestressed Concrete Bridge with Corrugated Steel Webs in
Japan, the regional standard of Guangdong Province —
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Fig. 1 Typical corrugated steel web bridge
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Technical Regulations for Prestressed Concrete Box Girder
Bridge with Corrugated Steel Webs, and the regional
standard of Henan Province — Technical Specifications for
Highway Prestressed Concrete Box Girder Bridge with
Corrugated Steel Webs, etc. There is no unified
specification yet in China, so the analysis and reinforcement
design of the top and bottom slabs of bridges with
corrugated steel webs still adopt the single section method
in the bridge specification (Xu et al. 2015).

The analysis of bridge structures generally adopts the
Finite Element Models (FEM) of different complexity
levels. Such FEMs (Pipinato 2016) may include spine
models (simple), grillage models (moderate) and FEMs
using shell or solid elements (sophisticated). However, the
spine models cannot accurately analyze bridges with
significant space effects. These spatial effects include the
shear lag effect in the flanges, the ununiform load
distribution in the cross section due to eccentric loads, the
plane section assumption in wide bridges. Due to inherent
imperfection, the grillage models cannot accurately reflect
the shear stress flow in box sections and the local stress
distribution in top and bottom slabs. Compared to the
straightforward and intuitive internal forces result in spine
or grillage models, the result of FEMs using shell or solids
elements is hard to directly applied in the reinforcement
design. These sophisticated models are normally used to
check the local effects while the spine and the grillages
models are used in the overall analysis of the structures (Ma
etal. 2017).

At the same time, in the calculation stress, for a complex
bridge, the stress effect of the structure under external load
needs focusing on the upper edge, lower edge and in-plane
principal stresses of each plate (top plate, bottom plate and
web), rather than being simply expressed by the upper and
lower edge stress of section respectively representing the
upper edge of top plate and the lower edge of bottom plate
as the calculation stress, so as to embody the stress
conditions and possible cracking situations of the position
by the corresponding calculation stress, and also reflect the
complex stress conditions of such bridge structure more
accurately.

Hence, it is necessary to propose a new structural
analysis method to accurately obtain the internal forces and
stresses as well as put forward a new reinforcement method
for PC box girder bridges with corrugated steel webs. In
view of this, (Ma et al. 2017, Xu et al. 2017) describes and
applies the practical refinement analytical method — spatial
grid model. The tensile stress region method is used to gain
the principal stresses with spatial grid model as the carrier
and accordingly realize the refined calculation and
reinforcement design of plates. The grid model treats the
composite girder section as being composed of several
plates, makes the girder grillage division for each plate, and
equivalently replaces each plate by the cruciform grillage.

Compared with the grillage models, the spatial grid
models are better in these ways: (1) The dense division of
the top slabs enables the acquirement of accurate stress
distribution in the top slabs without the need to calculate the
effective width; (2) The spatial grid models are able to
accurately simulate the torsion of box sections. The torsion

is reflected by the shear stresses of each girder grillage
through the mutually combined action in different grids; (3)
The distortion and the lateral bending behavior of the cross
section under external loads can be well captured; (4) It can
analyze various deformation of the composite girder section
under the eccentric load.

Apart from these advantages, the output of the spatial
grid model is in the form of internal forces, stresses and
displacements. Hence, the structural state (forces, stresses)
of different components can be obtained conveniently and
reinforcement design could be carried out correspondingly,
which has important significance in the design analysis of
the practical engineering (Ma et al. 2017, Xu et al. 2015).

2. The spatial grid model

In structural analysis, the complex bridge structure can
be decomposed into several plates. Each plate element is
composed of a cruciform grillage composed of 6 DOF beam
element. The stiffnesses of these beams are taken using the
principle of equivalent rigidity to that of the plate (seen in
Fig. 2). The quantity of plates constituting the bridge is
equal to the number of cruciform grillage. Therefore, the
bridge structure can be treated as a spatial grid model. As
shown in Fig. 2, the cross section of the single box girder
can be decomposed into a top plate, a bottom plate and two
webs. The cruciform grillages in different planes assemble
the box girder as a spatial net structure, which is termed as
spatial grid model (Xu et al. 2017).

2.1 Mesh of the spatial grid model
In the spatial grid model, the longitudinal girder can be

meshed in accordance with the usual meshing rules for
spine model. The refinement degree of the mesh for the

[ R S )

Fig. 3 Structure partitioning for box girder bridge in spatial
grid model
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cross section of girder should be determined in accordance
with the cross section and modelling requirements to reflect
the space effect. An example of the mesh for spatial grid
model is shown in Fig. 3.

2.2 Cross section property for spatial grid model

In the spatial grid model for the box girders with webs,
the cross section mainly includes three types: (1) the
integral web part, (2) partitioned parts of web, and (3)
partitioned parts of top and bottom plates, as shown in Fig.
4. The calculation of these cross sections and properties is
consistent with the cross section properties of traditional
beam elements, which is calculated by the actual cross
sectional dimension after mesh (Ma et al. 2017).

A common rectangular section after mesh (Fig. 5) is
taken as an example to show the calculation of the cross
section property of typical parts in the spatial grid model.
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Torsional moment of inertia
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(b) Partitioned web
=

(c) Partitioned parts of top and bottom plates

(@) Integral web

Fig. 4 Typical cross section in spatial grid model

b

Fig. 5 Calculation of common cross section characteristics
in spatial grid model

2.3 Analysis and modelling in spatial grid model

In the spatial grid model, the composite beam section
was separated into several plates and these plates are
replaced by cruciform grillages. Due to the dense division
of the top plate, it can analyze the the shear lag effect of the
top plate without calculating the effective width. The
torsion rigidity is reflected on the shear stress of each beam
grillage through the mutual interaction between spatial
grids. It can achieve the distortion analysis of the cross
section and the transverse flexural deformation of each
plate. Meanwhile, it is able to provide a comprehensive
deformation analysis of the composite girder under
eccentric load (Xu et al. 2017).

While using the spatial grid model, the load effect of the
cross section can be resisted respectively as: (1) The
longitudinal effect of the box girder cross section (such as
the axial force and bending moment) is resisted by
longitudinal beam; (2) The transverse effect of the box
girder cross section (such as the distortion and transverse
effect of live load) is sustained by transverse beam; and (3)
The torsion effects of the box girder cross section are
transformed into shear force of the web beam grillage.

In the spatial grid model, the internal forces of the cross
section are distributed among different components
according to their stiffnesses. As shown in Fig. 6, a typical
cruciform grillage is normally subjected to axial forces Ny
and Ny, in-plane shear forces Vy, and Vi, and out-of-plane
bending moment My and My. Under Ny and Ny, the in-plane
membrane stress is distributed uniformly over the element
thickness. The local load effect in top and bottom plates can
be calculated as bellow (Ma et al. 2017, Ko et al. 2013).

The out-of-plane normal stress under My and My is given
as bellow.

M,z
Oy = I_y (5)
y
M,z
0y = ch (6)

where oy and oy are normal stresses of the cross section
under My, and My respectively; z is the perpendicular
distance to the neutral axis; I and |, are second moment of
area about the neutral axis x and y, respectively; and My and
My are the bending moment about the neutral axis x and vy,
respectively.

The in-plane normal stress can be calculated as

Ox—-m =5 = )

Fig. 6 Calculation of internal forces of elements in spatial
grid model
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Oy_m = 7 = (8)

where ox.m and oy.m are the in-plane membrane stress in x
and y direction, respectively; and by and by, hy and hy are the
width and the height of the element in x and y directions,
respectively.

The in-plane shear stress can be derived by

Ty = (©)

and the in-plane principal tensile stress o; and
compressive stress oc are derived by the following
equation.

O  Ox—m t 0y_m Ox—m — Oy-m\> 5 10
o= ij( ) 4, (10

The output of the spatial grid model is in the form of
internal forces, stresses and displacements of each beam
grillage. The stress state of various structural components
can be conveniently and accurately obtained. The
significance of these output in the practical engineering
design is that they could be directly linked to the
reinforcement design in agreement with common codes
(Shon et al. 2015, Elkawas et al. 2018, Jiao et al. 2017,
Hassanein and Kharoob 2017, Li and Wang 2013, Ko et al.
2013, Zevallos et al. 2016).

2.4 Application scope

The plate elements in spatial grid model provides unique
bending, torsion and shear resistance resulting from the
integral box cross section girder. These plates can be steel,
concrete, or other composite materials such as steel
concrete composite beam. The applicability of spatial grid
model is not limited to specific structure form and it can be
applied to various bridges including the curved, wide, and
composite bridges (Chao and Xu 2012, Xu and Yu 2012 Liu
et al. 2015, Elkawas et al. 2017).

3. Parameter analysis and model verification

Through the analysis and comparison (the spatial grid
model and FEM model using solid elements) of the simply
supported corrugated steel web concrete composite box
beam, the rationality of the parameter value and the
accuracy of the analysis results for the spatial grid model in
the analysis and application of the corrugated web bridge
(Elkawas et al. 2018).

3.1 Finite element model specification
The comparison is carried out using a 20-m simply-

supported composite box girder with corrugated steel web.
The top and bottom slabs of the bridge use C50 concrete
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Fig. 7 Elevation and sectional view of the composite box
girder with corrugated steel web (Unit: cm)

t=lcm

Fig. 8 Dimensions of the corrugated steel web (Unit: cm)

(elastic modulus of 3.45E4MPa, gravity of 26 kN/m?, and
Poisson’s ratio of 1/6) while the web uses KL.400 steel plate
(elastic modulus of 2.0E5MPa, density of 78.5 kN/m?, and
Poisson’s ratio of 0.3). See Figs. 7~8 for the dimension of
each part in the girder. The thickness of the steel web is 1
cm. The corrugated steel web is built by adopting the actual
shape, and the central position coincides with the original
web position (Xu et al. 2017).

(1) Model specification of the FEM using shell and solid
elements

The general-purposed finite element analysis software
ANSYS is adopted for the sophisticated FEM. The shell
element SHELLG63 is used to simulate the corrugated steel
web, and the solid element Solid45 is used to simulate the
top and bottom concrete slabs. See Fig. 9 for the transverse
section and the full-span grid division section in (Lopes et
al. 2017).

Boundary conditions: Under gravity, the constraint is
applied at two sides of the transverse section, and the
bottom plate node below the center of the corrugated web.
At one end longitudinally, it constrains three direction
degrees of freedom UX/UY/UZ of the node, and at the
other end, it constrains UY/UZ. Under the effect of anti-
symmetric load and eccentric load, it constrains three
direction degrees of freedom UX/UY/UZ for the above four
nodes.

IEE= | 1 . 0 5 I

| 0 5 6 S

Fig. 9 Finite element model using shell and solid elements
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Fig. 10 Schematic diagram of geometrical parameters of
gorrugated web

(2) Model specification of the spatial grid model

While simulating the corrugated steel web by the spatial
grid model, it is necessary to modify some cross section
properties of the elements to match the structural behavior
of the corrugated steel webs. The parameter correction
mainly lies in the longitudinal and the vertical elements
simulating the corrugated steel webs.

In the spatial grid model, the corrugated steel web is
modelled as a plane steel plate with equal height and
thickness. To accommodate the accordion effect of
corrugated steel webs, it is viable to make a reduction of the
longitudinal elastic modulus of the plane steel plate (Chen
et al. 2018, Gajdzicki et al 2018). The reduced elastic
modulus is noted as the effective elastic modulus Ex.

The effective elastic modulus Ex is determined by the
principal that the original corrugated steel web and the
plane steel plate have identical axial deformation under the
same axial load P, as shown in Fig. 10.

The axial deformation of the corrugated steel web under
the axial force P is obtained from Castigliano theorem, i.e.

P ad
- (— 2 11
61 6E01(2+3h b) (11)

The axial deformation of the plane steel plate under the
axial force P is given as

8, = il b+d 12
=g+ D (12)
Imposing 6; = & leads to the effective elastic modulus
Ex
Ex = Eo(b+d) tZ_E t?
YT 2hr3b 2T 0 Y
where

a=—2td o i2oa/n
a3/2h? +3b’ ’

A is the cross sectional area of steel plate.

The effective elastic modulus Ex for the axial direction
of corrugated steel web is generally less one hundredth and
even less one thousandth of the elastic modulus Eg of the
plane steel plate. This means that the accordion effect of the
corrugated steel web makes the axial rigidity very small.
Hence, the axial forces contributed from the corrugated
steel webs hardly contribute to the bending moment and
axial force of the whole cross section.

Regarding the structure depicted in Fig. 7, the ratio
between the effective elastic modulus and the real one,

Ex/Eo, is 1/883 using the theoretical formula above.

The above theoretical calculation is verified upon using
the sophisticated FEM established by ANSYS. While
applying the tensile force and stress, calculate the specific
value of the corrugated web and plain plate displacement
under the effect of the same axial force. The result shows
that the displacement of the corrugated web is 883 times the
plain plate displacement, thus it can be seen that the above
formula is valid and applicable.

In the spatial grid model, the area of the longitudinal
elements for the corrugated steel webs is reduced to 1/883
of the one calculated from Eq. (1). Other geometrical
characteristics and material parameters are not modified.

In the spatial grid model, the division spacing of the
cross section in the transverse direction is 0.3 m for the top
and bottom plates, and is 0.2 m for the web. The division
spacing of the longitudinal elements is 0.2 m. The cross
section of the vertical bar unit of web is two cross section
types as shown in Fig. 11. The corresponding cross section
of the vertical bar unit of web selected by the out-plane
rigidity is shown as Fig. 12.

The spatial grid model (Fig. 13) for this structure has
9450 elements and 10396 nodes. The top plates, bottom
plates and the webs are divided into 22 longitudinal beams
(No. T1 ~ T22), 12 longitudinal beams (No. B1 ~ B12) and
7 longitudinal bands (No. W1 ~ W?7), respectively. The box
beam is divided into 100 segments in the longitudinal
direction, each with the length of 0.2 m. The web elements
and the flange elements are linked by vertical elements. The
loads between the webs and the flanges are transferred by
these vertical elements . The boundary conditions of the
spatial grid model is identical to those applied in the
sophisticated FEM using shell and solid elements in

)

Fig. 11 Cross section of vertical bar unit

Fig. 12 Out-plane rigidity cross section of vertical bar unit

Fig. 13 Schematic diagram of spatial grid model
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Fig. 15 Position of result comparison point (Unit: mm)

(3) Loading case

The shear lag effect obtained by the spatial grid model
and the FEM using shell and solid elements are compared
under the loading case of self-weight. Regarding the thin-
wall effect (Tomas et al. 2018), the statically indeterminate
shear stress distribution and warping normal stress
distribution on the cross section are compared under an
anti-symmetric load (g = 100 kN/m) and an eccentric load
(g = 100 kN/m), as shown in Fig. 14.

(4) Comparative study

The displacements from the two models are extracted
and compared. The concerned locations include the left of
the top slabs, the middle of the top slab, the middle of the
bottom slab and the middle of the web, as shown in Fig. 15.
Meanwhile, the normal stresses and the shear stresses are
compared at the one-fourth point and the mid span in the
longitudinal direction.

Fig. 16 shows the comparison of vertical deflection for
the position of four longitudinal bands (T1, W4, T11 and
B6) along the direction of the span under gravity. Fig. 17
shows the comparison of vertical deflection for the mid-
span and the one-fourth point in the transverse direction
under self-weight. Fig. 18 shows the comparison of
deformation for the mid-span and the one-fourth point in
the transverse direction under the effect of anti-symmetric
load. Fig. 19 shows the comparison of deflections for the
mid-span and the one-fourth point in the transverse
direction under the effect of eccentric load. The digits in the
bracket indicate the result from the FEM using shell and
solid elements. The maximum differences of the vertical
displacements of the longitudinal bands T1, T11, B6 and
W4 in two models under gravity are 0.1 mm, 0.15 mm, 0.12
mm and 0.11 mm in Fig. 16, respectively. The maximum
differences of the vertical displacement of the two models
at the mid-span and the one-fourth point in the transverse
direction under gravity are respectively 0.04 mm and 0.05
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Fig. 16 Comparison of vertical deflection under gravity
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(a) Mid-span position (b) One-fourth position

Fig. 17 Comparison of vertical deflection of transverse
section under gravity (Unit: mm)

mm in Fig. 17. The maximum differences of the vertical
displacement of the two models at the mid-span and the
one-fourth point in the transverse direction under the effect
of anti-symmetric load are respectively 0.04 mm and 0.03
mm in Fig. 18. The maximum differences of the vertical
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Fig. 18 Comparison of vertical deflection of transverse
section under effect of anti-symmetric load
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Fig. 19 Cmparison of vertical deflection of transverse
section under effect of eccentric load (Unit: mm)

displacement of two models at the mid-span and the one-
fourth point in the transverse direction under the effect of
eccentric load are respectively 0.04 mm and 0.05 mm in
Fig. 19. Thus, it can be judged that the spatial grid model
accurately simulates the structural rigidity.

The normal stresses in the middle-plane spatial grid unit
mainly arises from axial force, bending moment and cross
section torsion. Here, the normal stress in the position of 0.1
m away from the upper edge of the top plate and bottom
plate is valued as the normal stress of the middle-plane plate
unit for comparison. Fig. 20 shows the comparison of the
normal stress (positive for tensile stresses) of the mid-span
and the one-fourth point transverse section under gravity.

(a) Mid-span position

1,35 L33
129 T f‘(iﬁ\\‘ L. 29
— \“:'-.
) e

127

—e— 5olid FE model

——Spatial grid model

]

T
2,55 55

s -

(b) One-fourth position

Fig. 20 Comparison of normal stress of box beam cross
section under gravity (Unit: MPa)
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(a) Mid-span position

——  Spatial Girid Model
——  FEM using solid elenments

e Elementary beam thoery

(b) One-fourth position

Fig. 21 Comparison of shear lag effect coefficient of box
beam top plate under gravity

From the figure, it can be seen that the variation rule of the
Figs. 22~23 show the comparison of warping normal stress
(positive for tensile stresses) of mid-span and the one-fourth
point transverse section under the effect of anti-symmetric
load and eccentric load. In the figure, the result of the solid
finite element model is indicated by the dotted line, and the
calculation result of the grid model is indicated by the stair-
step solid line. From the figure, it can be seen that the stress
in the cantilever end of the mid-span and the one-fourth
point section is the maximum with the differences of 0.12
MPa and 0.11 MPa respectively, and the stress in the center
line of the box beam is the minimum with the difference of
nearly zero when the structure is subjected to anti-
symmetric load. The stress at the side of eccentric load is
the relatively big, and the stress in the cantilever end of the

(b) One-fourth position

Fig. 22 Comparison of warping normal stress of box beam
cross section under effect of anti-symmetric load
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(b) One-fourth position
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Fig. 23 Comparison of warping normal stress of box beam
cross section under effect of eccentric load

mid-span and the one-fourth point section is the maximum
with the differences of 0.03 MPa and 0.03 MPa
respectively, and the linear distribution along the top and
bottom plates laterally when the structure is subjected to
eccentric load. Under the effect of anti-symmetric load and
eccentric load, the normal stress of the web is nearly zero.
Thus, it is concluded that the calculation results of the FEM
using shell and solid elements and the spatial grid model
under different loading cases are almost identical. The
spatial grid model can accurately simulate the warping
effect of the box beam cross section.

Fig. 24 shows the comparison of the shear stresses in the
one-fourth position of the simply supported box beam. The
shear stresses in the top and bottom slabs is taken at the
middle plane of the plate in thickness direction. The result
of the FEM using shell and solid elements is indicated by
the dotted continuous solid line while the result of the
spatial grid model is indicated by the continuous solid line
with triangle. From the figure, it can be seen that the top
and bottom slabs sustain very small shear stress compared
with the web under the loading cases of self-weight, anti-
symmetric load and eccentric load, accounting for about 4%
of the shear stresses of the web. The webs almost sustain all
shear forces. It is consistent with the conclusion in the
literatures (Shon et al. 2015, Elkawas et al. 2018, Jiao et al.
2017). The shear stress distribution predicted by two
models is very close. In all the analyzed loading cases, for
the shear stress distribution in the top and bottom plates, the
slight differences in the joint of the web and top and bottom
plates can be neglected, because it does not consider the
contribution of shearing resistance in the top and bottom
plates during calculating. The maximum difference of the
shear stress on the steel web is generated from the anti-
symmetric load, and is only 1 MPa, accounting for 6% of
the stresses obtained from the FEM using shell and solid
elements, with very small influence.

In this section, a composite girder bridge with
corrugated steel webs is simulated and analyzed by the
spatial grid model. The stresses, displacements result are
compared with the FEM using shell and solid elements in
ANSYS. The high agreement between the results from the
two models indicate that the spatial grid model can
completely simulate the structural behavior of composite
girders with corrugated steel webs, and also can fully
correspond to the calculation index of design specifications.
It lays a good foundation for the reinforcement design
method of composite girder with corrugated steel webs
using the tensile stress region method, which will be
introduced subsequently.
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Fig. 24 Comparison of shear stress at the one-fourth
position

4. Tensile stress region method

Tensile stress region reinforcement design theory firstly
classifies different components in the bridge into two types
according to the stress states in these components. The first
type relates to plates subjected to in-plane biaxial stresses
while the second type relate to girders subjected to the out-
of-plane bending moments. The former represents the
overall effect of the structure with in-plane stress direction
(Fig. 25(a)), and the latter represents the local effect of the
structure with out-of-plane stress direction (Fig. 25(b)). The
girder subjected to the out-of-plane stresses connects with
current specifications, and applies to all clauses about
simple bending normal section design state, reinforcement
method and design safety in current specifications.
Therefore, plates subjected to in-plane biaxial stresses

Ox oz

(a) A plate subjected to in-plane biaxial stresses

(b) Beams subjected to out-of-plane single stress

Fig. 25 Two types of structure according to stress states
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representing the overall effect of the structure is the only
prototype component in the tensile stress region
reinforcement design method (Xu and Yu 2012). In plates
subjected to in-plane biaxial stresses, the normal and the
shear stresses are uniformly distributed along the thickness
direction, so the in-plane principal stresses are also
uniformly distributed along the thickness direction. Hence,
such plates can be regarded as membrane members. The
region bearing the uniform principal tensile stresses in the
membrane plates can be defined as tensile stress region.

5. Tensile stress region reinforcement method for
top and bottom slabs of composite girder with
corrugated steel webs

In the tensile stress region, when the principal tensile
stress is less than the tensile strength of concrete, the
concrete mainly bears the principal tensile stress. When the
principal tensile stress exceeds the tensile strength of
concrete, the concrete cracks and the capacity of bearing the
principal tensile stress is greatly weakened. As a result, the
principal tensile stress will be sustained by the rebars in the
proximity. In other words, the principal tensile stress
originally borne by the concrete will be borne by the rebar
after cracking. The amount of rebars should be sufficient to
provide the necessary bearing capacity of the plate member.
Based on this goal, tensile stress region reinforcement
design theory puts forward a novel shear rebar
reinforcement design theory using orthogonal grid shear
rebar. The stress state of membrane component under
external load effect is shown in Fig. 26(a), and the
equivalent principal tensile stress f; is shown as Fig. 26(b).
The contribution from concrete to resist the principal tensile
stress between cracks is neglected. The principal tensile
stress is solely borne by the orthogonally steel rebars after
the emergence of diagonal cracks. The the balance system is
built as shown in Fig. 26(c), to enable the plate element
continues to bear the external load. In the infinitesimal
element, the crack length is s and the principal compressive
stress dip angle of concrete is 8. The horizontal component
and vertical component of principal tensile stresses after
cracking are respectively balanced by horizontal and
vertical part of the orthogonal rebar crossing the crack
surface. The corresponding balance equation (Xu and Yu
2012, Chao and Xu 2012) is
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The reinforcement ratio of horizontal rebar and vertical
rebar can be obtained by simplifying Eq. (14).
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Fig. 26 Design and calculation diagram of orthogonal grid
shear steel bar

In the equation, As and Asy are respectively the area of
vertical stirrup and horizontal rebar, respectively. sk and sy
are the spacing between vertical stirrup and horizontal
rebar, respectively. fy, and fs, are the yield stress of vertical
stirrup and horizontal rebar, respectively. f; is the principal
tensile stress of concrete transferring to the rebar (Xu and
Yu 2012, Chao and Xu 2012).

The tensile stress region reinforcement design method
can be applied for the top and bottom slabs of girders with
corrugated steel webs using the stresses obtained from the
respective spatial grid model. The reinforcement design
includes the in-plane vertical and horizontal reinforcement
and also the the out-of-plane vertical and horizontal
reinforcement.

The reinforcement amounts of each small plate of top
and bottom plates are determined using the proposed
method and using the tradition method based on the internal
forces obtained from the spine model. The grid
reinforcement design process is shown in Fig. 27. In the
grid reinforcement, for the horizontal rebar, if the middle
plane and the upper and lower layer rebar are reinforced in
the same position, it is valued as per the maximum of in-
plane principal stress horizontal reinforcement and
horizontal out-of-plane reinforcement for each plate. If the
middle plane is reinforced in the middle layer and the upper
and lower layer rebar is reinforced at the upper and lower
edge of plate, the sum of in-plane and out-of-plane
reinforcement is valued. For the vertical rebar, if the middle
plane and the upper and lower layer rebar are reinforced in
the same position, it is valued as per the maximum of in-
plane principal stress vertical reinforcement and vertical
out-of-plane reinforcement for each plate. If the middle
plane is reinforced in the middle layer and the upper and
lower layer rebar is reinforced at the upper and lower edge
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Fig. 27 Flow chart of reinforcement design for composite
box girder with corrugated steel web

of plate, the sum of in-plane and out-of-plane reinforcement
is valued (Xu and Yu 2012, Chao and Xu 2012).

6. Case analysis
6.1 Project overview

The superstructure of the Longhai Road bridge in
Zhengzhou is studied here. The superstructure adopts the
concrete box girders with corrugated steel webs. The span
arrangement is 31 m + (9 x 50) m + (9 x 50 + 40) m + (3 x
26) m + (52 + 80 + 52) m + (32.061 + 32 + 31.876) m in the
left range / (34.906 + 34.98 + 35.09) m in the right range.
The (9 x 50) m + (9 x 50 + 40) m part is made up of
continuous composite box girder with corrugated steel
webs. The (9 x 50) m continuous spans are used for the
following analysis, which is shown in Fig. 28.

6.2 Spatial grid model

The spatial grid model is used to analyze this structure.
The full bridge includes 5,625 nodes and 12,009 elements.
The external prestressing tendons are simulated by the
tension-only members. In the model, the main bridge
support adopts the support element. The upper node of the
support element connects to the lower node of the vertical
element for the cross beam. The lower node of the support
element is restrained as per the boundary conditions
(construction process or completed bridge state). For the
selection of global coordinate system of bridge, the origin is
set in the middle of end cross beam on one side, and the
direction notation follows the right hand rule, i.e., x axis is
in the longitudinal direction along the bridge, y axis is in the
vertical direction. z axis is in the horizontal direction.
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Fig. 28 Span layout (Unit: m)
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Fig. 29 Spatial grid calculation model

It is necessary to correct the longitudinal elastic
modulus Eo of the corrugated steel web, and adopt the
effective elastic modulus Ex. The corrugated steel web of
the structure adopts two types of thickness of t = 16 mm
and t = 20 mm. When t = 16 mm, the values of the
longitudinal effective elastic modulus Ex and the original
elastic modulus Ey satisfy Ex/Eq = 500. When t = 20 mm
(only adopted by the span end pivot overlapping section at
both sides, with length range of 4.65m), it is obtained that
Ex/Eo = 320.1. In the spatial grid model, the longitudinal
rigidities of the longitudinal element representing the
corrugated steel webs are modified correspondingly. The
reductions of 1/500 and 1/320.1 are made on the axial areas
of these longitudinal elements having the thickness t = 16
mm and t = 20 mm, respectively. Other geometrical
properties and material parameters shall not be corrected.
The spatial grid model is shown in Fig. 29.

6.3 Reinforcement calculation results

To check the design result of the tensile stress region
reinforcement, the reinforcement design at the middle and
the over pier cross section of the side span, and the key
plates 2#, 3#, 7# and 8# in Fig. 11(c) are studied. To
demonstrate the economy and effectiveness of the proposed
method in composite box girder with corrugated steel webs,
the reinforcement design result using the proposed method
is compared with the result using the internal forces
obtained from spine model and the one used in the
blueprint.

(1) Transverse section reinforcement

The spatial grid model divides the top and bottom plates
into in-plane and out-of-plane reinforcement. This model
has considered the horizontal effect of bridge deck, without
calculating the bridge deck reinforcement separately. The
single girder method only places the out-of-plane vertical
reinforcement for tensile region. Figs. 30~33 indicate the
comparison results of side span 1/2L grid, blueprint, single
girder reinforcement and web stress, respectively. Figs.
34~37 indicate the comparison results of central pivot grid
of side span, blueprint, single girder reinforcement and web
stress, respectively.

According to the vertical reinforcement design for top
slabs from the tensile stress region method, single girder
and blueprint in Fig. 30, the reinforcement amount from the
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tensile stress region method is less than that of blueprint by
20%. The standard single girder reinforcement amount is
more than that of blueprint by 12.1%, and the reinforcement
amount of spatial gird is less than that f standard single
girder reinforcement amount by nearly 30%. According to
the vertical reinforcement results for bottom slabs from the
tensile stress region, single girder and blueprint in Fig. 31,
the reinforcement amount from the tensile stress region

method is less than that of blueprint by 8.9%, and the
standard single girder reinforcement amount is more than
that of blueprint by 18.1%, and the reinforcement amount of
spatial gird is less than that of standard single girder
reinforcement amount by nearly 26%. According to the
horizontal reinforcement results for top and bottom slabs
from the tensile stress region method and blueprint in Fig.
32, the transverse reinforcement amount for top slabs from
the tensile stress region method is less than that of blueprint
by 29.3%, and the transverse reinforcement amount for
bottom slabs from the tensile stress region method is less
than that of blueprint by 3.6%.

According to the longitudinal reinforcement design of
top slabs from the tensile stress region, single girder and
blueprint in Fig. 34, the reinforcement amount of spatial
gird is less than that of blueprint by 33.7%, and the standard
single girder reinforcement amount is more than that of
blueprint by 43.8%. Meanwhile, the reinforcement amount
of spatial gird is less than that of standard single girder
reinforcement amount by nearly 70%. According to the
longitudinal reinforcement design of bottom slabs from the
tensile stress region, single girder and blueprint in Fig. 35,
the reinforcement amount of spatial gird is less than that of
blueprint by 25.8%, and the standard single girder
reinforcement amount is more than that of blueprint by
12.4%. Meanwhile, the reinforcement amount from the
tensile stress region method is less than that of standard
single girder reinforcement design by nearly 13%. The
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reinforcement amount from the tensile stress region method
is the minimum. According to the transverse reinforcement
design for top and bottom slabs of spatial grid model and
blueprint in Fig. 36, the transverse reinforcement amount
for the top slabs from the tensile stress region method is less
than that of blueprint by 7.6%. Also, the transverse
reinforcement amount for the bottom slabs from the tensile
stress region method is less than that of blueprint by 17.6%.

The single girder model fails to calculate the transverse
rebar of bridge deck, and shall be completed by means of
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Fig. 37 Shear stress comparison of web

finite element model of space. The vertical and horizontal
reinforcement amount of top and bottom plates arranged in
the spatial grid is less than the reinforcement amount of
blueprint and standard single gird, and the reinforcement
amount of standard single girder is generally larger.
However, based on the stress reinforcement, the
reinforcement project is considered to be relatively
comprehensive and clearly calculated, and the
reinforcement is the tensioned rebar.

By the comparison results of web stress diagram in Figs.
33 and 37, the spatial grid model can extract the shear stress
value at different points along the web height direction,
showing the distribution trend of shear stress height
direction of steel web. The single girder calculation result is
a average shear stress value, and the magnitude is slightly
more than the spatial grid model calculation result, but two
calculation results are less than the shearing strength design
value of rolled steel.

(2) Transverse reinforcement amount for the key plates
in longitudinal elements

Plate 2#, 3#, 7# and 8# are key positions of box girder
section. The in-plane and out-of-plane reinforcement
amount trend line is drawn along the longitudinal direction
along the span. The reinforcement trend line of Plate 2#, 3#,
7# and 8# is shown as Figs. 38~41, respectively.

Plate 2# and 3# on the section are located at top slabs,
and Plate 7# and 8# are located at bottom slabs. From Figs.
38~41, sudden changes of the reinforcement amount of
Plate 2# and 3# are observed at the negative moment region
at piers.

On the contrast, sudden changes of the reinforcement
amount of Plate 7# and 8# are observed at the positive
moment region at midspan. The reinforcement trend line of
Plate 2#, 3#, 7# and 8# is basically consistent with the
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moment diagram of continuous girder.

During the actual reinforcement design, the reinforce-
ment amount for top or bottom slabs can refer to the
reinforcement trend line along the span. The segment
reinforcement between girder spans is conducted according
to the segment reinforcement amount. The maximum value
of the reinforcement trend line can be taken as a constant
arrangement for the whole span to facilitate the
construction.

At the research stage, it is generally recognized that the
blueprint and standard single girder reinforcement is on the
upper and lower edges of the slabs, while the ideal position
of in-plane grid reinforcement is located at the mid-plane of
the slabs. The location of the out-of-plane longitudinal and
transverse reinforcement is determined according to the
external force. In addition to the requirements of stress state
of these structural members, it is necessary to conform to
the regulations on reinforcement detailing for top and
bottom slabs in highway bridge codes.

From the overall reinforcement trend line of the whole
bridge, the reinforcement amount of each section and each
segment is expressed clearly. This indicates that the spatial
grid model and the tensile stress region method have the
applicability to the overall reinforcement design of 9x50m
continuous composite box girder with corrugated steel
webs.

7. Conclusions

This paper describes the shortcomings of current design
calculation method and reinforcement design method of
composite girders with corrugated steel webs. The spatial
grid model and the reinforcement design using tensile
stress region method are presented. The accuracy and
applicability of spatial grid model in analyzing composite

girders with corrugated steel webs was first validated by a
20-m simply-supported girder. In a 9 x 50 m prestressed
concrete composite continuous box girder bridge with
corrugated steel webs, reinforcement arrangement was
designed according to different methods.

For the longitudinal reinforcement rebars in the top and
bottom slabs, the reinforcement amount designed according
to the Chinese code is slightly more than the reinforcement
designed by tensile stress theory or those from the blueprint.
The reinforcement design according to the tensile stress
region method is the minimum among them. In general, the
reinforcement amount according to the Chinese code using
the internal forces obtained from beam model is higher than
the reinforcement amount obtained from the tensile stress
region method. For the transverse reinforcement of top and
bottom plates, the single girder model fails to calculate the
transverse rebar of bridge deck, and shall be supplemented
by additional finite element analysis. The reinforcement
amount of transverse rebars of top and bottom slabs in the
blueprint is more than the reinforcement amount from the
tensile stress region method. Thus, the following
conclusions are drawn.

e The reinforcement design of composite box girder
with corrugated steel webs is proposed based on the
spatial grid model and tensile stress region method.
It realizes the refined reinforcement design for the
in-plane and out-of-plane reinforcement in the top
and bottom slabs of composite girder bridge with
corrugated steel webs.

e The comparison results between the spatial grid
model and the FEM using shell and solid elements
verifies the accuracy of the spatial grid model in
simulating the composite box girder with corrugated
steel webs.

e The spatial grid model and the reinforcement design
based on tensile stress region method provide a new
direction for the refined design of composite box
girder with corrugated steel webs.
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