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Abstract

The dynamic stability and long-term safe operation of long span continuous beam bridge have potential safety hazards
under the vehicle dynamic load. In order to explore the vibration characteristics of steel-concrete composite continuous
bridge and study the dynamic response of pavement system of three-span steel-concrete composite continuous girder
bridge under moving load.Based on the viscoelastic constitutive relation of asphalt mixture in bridge deck pavement, a
three-dimensional numerical analysis model of three-span steel-concrete composite continuous beams was established by
using ABAQUS finite element software. By writing the DLOAD and UTRACLOAD load subroutine to implement the
vehicle moving load, the central difference method was applied to solve the deflection and stress of the three-span steel-
hybrid continuous beam bridge at different vehicle speeds, and the stress state of each pavement layer of the bridge deck
was compared and analyzed. The results show that the vertical deflection of the third span is the largest, the first span is
the second, and the second span is the smallest under vehicle vibration load. The difference of vertical deflection of
bridge deck is very small and can be ignored. With the increase of vehicle speed, the vertical deflection of pavement layer
decreases. In addition, in terms of structural stress, the influence of vehicle vibration load on steel-concrete composite
continuous beam bridge gradually decreases from top to bottom, and the mechanical characteristics of different structural
parts are different. The conclusions obtained in this study can provide a theoretical basis for the design and construction
of multi-span steel-composite continuous beam bridge.
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1. Introduction

Steel-concrete composite continuous beams, as important
transverse load-bearing components in composite structural
system, have broad application prospects in the fields of
architecture and bridge structures. Compared with reinforced
concrete structures, it has the advantages of light weight,
good seismic performance, can reduce the cross-sectional
size of components, and save cost; Compared with steel
structure, it has the advantages of improving the stability,
fire resistance and durability of components.

At present, domestic and foreign researches on multi
span steel-concrete composite continuous girder bridges
mostly focus on static properties such as bending resistance
and shear resistance, while vehicle bridge coupling vibration
response analysis and vibration control research are still at
the stage of experience exploration and personalized
research. There is a lack of research on the dynamic
response characteristics and dynamic stability of bridge deck
pavement structure under vehicle bridge coupling [1, 2].

With the continuous development of urban construction,
traffic congestion is becoming increasingly severe. In order
to relieve urban traffic pressure, steel-concrete composite
continuous girder bridges have been widely used due to their
advantages such as low gravity, large spanning capacity, and
fast construction speed. However, under the long-term effect
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of vehicle traffic load, the bridge deck pavement system will
have some problems, such as cracks, pelling, and rutting.
Once rainwater soaks into the cracks, corrosion lesions will
appear on the steel structure, which will affect the stability
and durability of the steel-concrete composite continuous
beam bridge. Therefore, it is of great significance to study
the dynamic response of steel-concrete composite multi-span
continuous beam bridges to ensure the safe operation and
driving comfort of vehicle.

2. State of the art

Some scholars have partially studied the dynamic problem
of the bridge deck pavement. For example, Hou et al.
considered the slippage problem between steel beam and
concrete slab, and analyzed the vibration characteristics of
composite beams under moving loads [3]. Shaheen et al.
established a three-dimensional vehicle model of the bridge,
and solved the dynamic response of each node of the bridge
according to the mechanical contact relationship between the
vehicle and the bridge [4]. Based on the theory of transient
heat conduction, Li & Ren obtained the structural
mechanical response and deformation effect of steel box
girder by using castable asphalt concrete with different
spreading temperatures and thicknesses [5]. In order to study
the influence of heavy load vehicles and temperature on
epoxy asphalt mixture on the pavement of the bridge deck,
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Li & Ren calculated the tensile stress of the surface of
pavement layer by applying the moving load and the most
unfavorable temperature on the steel bridge deck [6].
Remennikov et al. established 1/4 vehicle model of simply
supported beam, and analyzed the the dynamic response of
the bridge deck pavement under the random vehicle load [7].
Mirzaee et al. studied the damage of cyclic vehicle load and
sustained temperature to the fatigue damage of the bridge
deck pavement system by applying the damage mechanics
theory [8]. Deng & Matsumoto established the simply-
supported beam models with different spans and sections,
and solved the variation of the dynamic impact coefficient of
the bridge [9]. Greco & Lonetti analyzed the problem of
vehicle-bridge dynamic coupling with virtual excitation

method and separation iteration algorithm [10]. Nguyen et al.

studied the dynamic responses of single, double and triple
rear shafts to bridges [11]. Although there are many scholars
have studyed the dynamic coupling of vehicle and bridge,
most of them simplified the vehicle load to be constant in the
pavement system of bridge deck. Even though some experts
analyzed the pavement of bridge deck in layers, they did not
consider the actual properties of the pavement material
(asphalt mixture) of bridge deck. Therefore, the existing
researches can not objectively describe the actual stress-
strain situation of vehicle-bridge under vibration load [12-
20].

The finite element model of a three-span steel-concrete
composite continuous beam was established in this study,
and the viscoelastic constitutive relation of asphalt material
was considered in the pavement system of the bridge deck.
The vertical uniformly distributed moving load and 30%
horizontal impact load were simultaneously applied on the
bridge deck. The variation laws of the deflection and stress
of the pavement of the three-span steel-concrete composite
continuous beam bridge were solved with the central
difference method, which provides the reference for the
pavement design of the steel bridge deck in the future.

The rest of this study is organized as follows. Section 3
presents the proposed algorithm for network clustering in
detail. Section 4 describes the experimental studies of the
proposed method, and finally, the conclusions are
summarized in Section 5.

3. Methodology

3.1 Pavement system of the continuous beam bridge deck
Taking a steel-concrete composite continuous beam bridge
structure of an expressway as the prototype, a finite element
model of steel-concrete composite continuous beam bridge
(including bridge deck pavement structure layer) was
established using ABAQUS finite element software, as
shown in Fig. 1 [21, 22]. The bridge deck pavement
structure was simplified into four layers: asphalt upper layer
(SMA-13), asphalt lower layer (AC-20), C50 concrete and
steel plate bottom layer. To prevent the concrete moving, the
shear nail was set between the steel plate bottom layer and
the concrete. In addition, the X-axis direction of the model
was the transverse direction of the bridge, the Z-axis of the
model was the longitudinal direction of the bridge, the Y-
axis direction of the model was the direction perpendicular
to the bridge deck. Constraints along the x, y, and z
directions were imposed at the end of the first span of the
continuous beam bridge, and constraints along the x and y
directions were imposed at the rest of the bridge.
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The length of steel-concrete composite continuous beam
bridge was 90 m, which was divided into three spans, each
span 30 m. The bridge deck had bidirectional and four lanes
with a width of 11.88 m, and the longitudinal structure of the
bridge was composed of four main longitudinal beams of I-
beam. The height of the main longitudinal beam of I-beam
was 1.65 m, and the spacing of the main longitudinal beam
was 3.5 m. The finite element model of steel-concrete
composite continuous beam bridge was divided into grids by
using C3D8R eight node solid element [23]. To make the
calculation more accurate, the grids where the moving load
is applied should be properly encrypted.

(a) Continuous beam overall model

T — Y ——

(b) Continuous beam cross section

<«4— Upper layer
4—— Lower layer

«4—— Cement concrete layer

e e Stedlaya

(c) Continuous beam bridge pavement structure
Fig. 1. Finite element model of three-span steel-concrete composite
continuous beam (including bridge deck pavement structure).

The sheet layer, main longitudinal beam and short
crossbeam were used with Q345D steel, which was a
homogeneous, isotropic, linearly elastic material [24]. It was
completely continuous between the layers of the bridge deck
pavement, and the specific parameters of the bridge deck
pavement are shown in Table 1.

The three-span steel-concrete composite continuous
beam bridge were discretized by finite element method, and
the vibration equation of the bridge can be written as:
M +[CclY+[K]r =F (D
where, [M], [C], and [K] respectively represent the matrices
of mass, damping and elastic stiffness. ¥, Y, and Y represent
vectors of acceleration, velocity, and displacement
respectively. F is the load vector.

When the dynamic equation of steel-concrete composite
bridge is solved, RAYLEIGH damping hypothesis was used
in the damping matri:

[C]=a[M]+ K] )

where, a and f is damping coefficient.
They are determined by the following empirical formulas:
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where, w; and w; are the first two order inherent frequencies
of the three-span steel-concrete composite continuous beam,
which are calculated by ABAQUS modal analysis. & and &
are the damping ratios of the first two order vibration modes.
f 1252: 0.05.

Table 1. Basic parameters of the steel-concrete continuous beam bridge.

Pavement layer structure Thickness (mm) Modulus of elasticity (MPa) Poisson’s ratio Density (kg/m®)
Upper layer (SMA-13) 40 1400 0.35 2400
Lower layer (AC-20) 60 1200 0.20 2300
Cement concrete layer 250 2.95e5 0.20 2300
Steel bridge deck 15 2.10e5 0.30 7800
Longitudinal beam roof 20 2.10e5 0.30 7800
Longitudinal beam floor 25 2.10e5 0.30 7800

3.2 Selection of asphalt mixture parameters

The mechanical response of the asphalt mixture is closely
related to temperature, load and time. The viscoelastic
properties of asphalt materials are considered in the model of
this paper, and the relaxation modulus of asphalt is
determined through the transformation of viscoelastic
relations of asphalt mixture, which is then imported into
finite element software to define viscoelastic material. The
time dependence of relaxation modulus is expressed as a
sequence of shear modulus Prony series:

glr)=g, {ai +Y 0 af eXp[— Ttgﬂ )

i

The shear modulus is:
g © = g 0 ai (6)

g =g’ %)
The volume modulus is:

k, =k,a! (8)

k. = kyo! )

where, a# and af are the relative moduli, go and ko are the
instantaneous moduli.
They are defined as follows:

g =glt=0)=g,+> "¢g (10)

ky=k(t=0)=k,+> " k,

"k (11)
When £; values are all set to 0, the remaining parameters
are as show in Table 2.
The temperature dependence of asphalt mixture has been
calculated with the Williams-Landel-Ferry(WLF) equation:

_Cl(T_Tr)

C,+(T-T,) (12

IOg(aT ) =

where, ar is the time-temperature displacement factor, C;
and C, are regression coefficients, 7 is the test temperature,
and 7 is the reference temperature.

Table 2. Asphalt mixture Prony parameters.

P ter £ Parameter ¢i
arameter SMA-13 2020
0.00001 0.7490 0.3933
0.0001 0.1063 0.2357
0.001 0.0643 0.1867
0.01 0.0290 0.1168
0.1 0.0145 0.0438
1 0.0068 0.0153
10 0.0036 0.0044
100 0.0017 0.0007
1000 0.0013 0.0018

The parameters of (WLF) equation[25, 26] are shown in
Table 3.

Table 3. Relaxation Variable (WLF) Equation Parameters.

Material type T: G C
Upper layer (SMA-13) 20 27.5 288.8
Lower layer (AC-20) 20 32.7 268.9

Asphalt pavement is simulated by generalized Maxwell
model, while other pavement materials of the bridge deck
are simulated by linear elastic constitutive model in this
study.

3.3 Realization of the moving load

The moving load in this model was single axle and double
wheel group, and the double round load was equivalent to
the rectangular load to facilitate calculate process, as shown
in Fig. 2(a). The length of the load was 0.2 m and the width
was 0.184 m. Single-axle twin-wheel couple 100 kN was
used as standard axle load, the single wheel load was 25 kN,
and the grounding pressure was 0.7 MPa. In addition, the
driving load was simplified into vertical load and 30%
horizontal impact load, and the vertical load was input by
subroutine DLOAD, while the horizontal load was input by
subroutine  UTRACLOAD. Detailed load application
diagram is shown in Fig. 2(b). Considering the non-linearity
of the asphalt mixture, the central difference method was
used to solve the model [27, 28].

3.4 Model validation

To verify the accuracy and rationality of the moving load,
the field test results were compared with the simulation
results. The test site of a three-span steel-concrete composite
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continuous beam is shown separately in Fig. 3. The test Length of vehicle head 2.4m
vehicle had a capacity of 50 tons, and the parameters of _ Height of vehicle head 1.75m
truck are shown in Table 4. The three-axle vehicle was used Distance between front and rear axes 43m
R R R . R Distance between two rear axes 1.37m
for r}umerlcal. s1mulat1(?n, a}nd the schc?matlc dlagram of the Distance between two front axle wheels 220m
loading area is shown in Fig. 4. The six rectangles in Fig. 4 Distance between center of two wheels on the same 036
are used to represent vehicle loads, when the vehicle speed is side of the same rear axle =0 m

50 km/h, the comparison between the experimental and

simulated values of the vertical

8
S
3
-]
g =l
(] _‘:-
= g

0.184 m

0.135m
(a) Rectangular load diagram

(b) Loading method
Fig. 2. Double wheel rectangular load.
deflection of the continuous beam is shown in Fig.

0.184 m

4. Simulation load area layout.

Fig.
4 -

Experimental value
— Simulation value

Vertical deflection (mm)

6 L L L L )
0 3 6 . 9 12 15
Time (s)

Fig. 5. Comparison of vertical deflection between test and simulation

Due to the test conditions are very complex and the
experiment is affected by many factors, such as the external
environment, vehicle speed and the location of the sampling
point, etc. There is a certain error between the test value and
the simulation value, and the specific value of the error is
shown in Table 5. The comparison of test frequency and
simulation calculation frequency is shown in Table 6.

Table S. Vertical maximum deflection of second span of the
beam.

Vehicle speed Vertical deflection value (mm)
(km/h) Test value Simulation value Error (%)
15 5.81 6.2 6.7
e 25 5.46 5.78 5.9
ez 40 4.98 5.2 44
(c) Trip test (d) Modal test 50 4.89 52 6.3

Fig. 3. Test site photos.

Table 6. Comparison of frequency between test and

Table 4. Three-axle truck parameters. simulation
Vehicle size Value Measured Measured value | Calculated value | o,
Weight of empty vehicle 185t order (Hz) (Hz) rrorzo
Front axle weight of empty vehicle 6.5t First order 3516 3.3452 4.8
Double rear axle weight of empty vehicle 12t Second order 4.102 4.1726 1.7
Weight of fully loaded vehicle 50t Third order 4.980 5.3560 7.5
Front axle weight of fully loaded vehicle 9.81
Double rear axle weight of fully loaded vehicle 40.2t o . .
Length of vehicle body 6.5m In Tablg 5, the Varlat.lon trend of the vertical deflection
Width of vehicle body 25m measured in the field is almost the same as that of the
Height of vehicle body 1.9m simulation results. The vertical deflection of the numerical
Width of vehicle head 23m simulation is slightly larger than that of the field
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measurement. The error between the calculated and
experimental values of the first order frequency of a three-
span steel-concrete composite continuous beam is 4.8%, and
the difference is 1.7% for the second order frequency and
7.5% for the third order frequency. The main reason for the
frequency error is that some optimizations have been added
to the model of the three-span steel-composite continuous
beam bridge rather than to the structure of the actual bridge.
However, the error does not affect the overall effect. In
summary, the mechanical characteristics of continuous beam
in the finite element model in this paper are basically
consistent with the field measured results. Therefore, all of
the above prove that the data is reasonable.

3.5 Roughness of steel deck pavement

When the coupling effect of the vehicle-bridge is studied,
the road roughness can cause vehicle vibration, so it must be
considered. The road roughness in this paper is expressed by
the road power spectral density Ggy(ng) in Chinese
GB/T7031-8 (Vehicle Vibration Input-Road Roughness
Representation Method).

(13)

where, 7 is the spatial frequency, ny is the reference space
frequency, let no = 0.1 m™. G,(no) is the coefficient of road
roughness. w is the frequency exponent, usually w = 2.

The pavement roughness is calculated by the random
phase cosine superposition method, and the specific formula
is as follows:

N
Z 4G(n,)An cos(nx +6,)

i=1

r(x)

(14

where, r(x) is the roughness of the bridge deck. x is the
vertical position of the bridge deck. G(n;) is the power
spectral density function. n; is a spatial frequency, An is
frequency increment. 6; is the random phase angle, which
uniformly distributed between 0-27.

In order to increase the effect of vehicle vibration, the
poor Grade-C road surface was used to analyze in this study.
The road roughness coefficient is 256¢’, and the curve of
pavement irregularities of Grade-C bridge deck was
calculated by MATLAB/ Simulink modeling [29, 30].

4. Results analysis and discussion

4.1 Displacement response of the pavement of the
continuous beam bridge

4.1.1 Comparison of the vertical deflection of the upper
layer

When the moving speed is 20 m/s, the vertical deflection of
the three spans of the three-span steel-concrete composite
continuous beam differ greatly in Fig. 6. The vertical
deflection of the upper layer in the mid-span of the first span,
second span and third span is 0.59 mm, 0.56 mm and 0.68
mm, respectively. The third span has the greatest vertical
deflection, followed by the first span and the second span
with the smallest, and the difference between the maximum
deflection and the minimum deflection is 0.12 mm.
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-6.0x10 —— Mid-span of first span
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-8.0x10™ L
0 1 2 3
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Fig. 6. Vertical deflection of the three-span steel-concrete composite
continuous beam.

4 5

4.1.2 Vertical deflection comparison of each pavement
layer of bridge deck
Vertical deflection curve of each span pavement in the three-
span steel-concrete composite continuous beam bridge is
shown in Figs. 7 to 9.

When the moving load acts, the vertical deflection of each
span of the continuous beam pavement varies greatly, as
shown in Figs. 7 to 9. The vertical deflection of the first span
of the continuous beam fluctuates greatly. The vertical
deflection of the main longitudinal beam in the first span is
the smallest, followed by the short beam. The vertical
deflection values of the upper layer, lower layer, cement
concrete layer and steel plate layer in the deck pavement
system are almost the same, larger than that of the main
longitudinal beam and short beam. The vertical deflection of
the second span of the continuous beam fluctuates slightly.
The vertical deflection of the main longitudinal beam of the
second span is the smallest, followed by the short beam, and
the vertical deflection of the bridge deck pavement is the
largest. The vertical deflection of the main longitudinal
beam in the third span is the smallest, followed by the short
beam. The bridge deck pavement has the greatest vertical
deflection.

2.0x107* -
\/
_ 0.0 |+
g
= .
= f\J
= vy
= !
151
8 |
D -2.0x10*
= L N
5] \
3 1 kel —— Upper layer
5 % I (‘V‘ Lower layer
= -4.0x10* | " Cement concrete
L ‘J Steel plate layer
1 Short transverse beam
Main longitudinal beam
-6.0x107 L 1 1 1 |
0 1 2 4 5

Time (s)
Fig. 7. Comparison of vertical deflection of the first span.

2.0x10™
— 0.0 5
E \
=
S N
5 -2.0x10" | /
= v f
g \ | ——— Upper layer
S \ Lower layer
> _4.0x10" | W Cement concrete
Steel plate layer
Short transverse beam
Main longitudinal beam
-6.0x10™ L " L L !
0 1 2 3 4 5
Time (s)

Fig. 8. Comparison of vertical deflection of the second span.
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Fig. 9. Comparison of vertical deflection of the third span.

4.1.3 Comparison of the deflection at different speeds
The vertical deflection curves of the second span of the three
span steel-concrete composite continuous beam are shown in
Figs. 10 and 11.

Under the moving load, the vertical deflection of the
second span of the continuous beam varies in a complex way,
as shown in Figs. 10 and 11. When the velocity of moving
load is 10 m/s, 20 m/s, 30 m/s, 40 m/s, the vertical deflection
value is 0.585 mm, 0.545 mm, 0.566 mm, 0.542 mm,
respectively. From these data, the vertical deflection of the
continuous beam does not decrease with increasing speed,
when With the increase of the moving speed from 20 m/s to
30 m/s, the vertical deflection of the continuous beam
increases slightly. But when the velocity increas from 30 m/s
to 40 m/s, the vertical deflection of the continuous beam
decreases gradually.

3.0x10"
E
- 00
8
S
15
=
L
<
=
Q
‘£ -3.0x10™
L
> — Speed 10 m/s
Speed 20 m/s
— Speed 30 m/s
—— Speed 40 m/s
—6.0)(1074 1 1 1 1 1
0 2 4 6 8 10
Time (s)
Fig. 10. Comparison of vertical deflection at different speeds.
059
:
~ 0.57
=
RS
S
L
=
<
g
g 0.55
L
>
0.53 L L !
10 30 40

Speed (m/s)
Fig. 11. Comparison of maximum deflection at different speeds.

4.2 Stress response of bridge deck pavements
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4.2.1 Vertical stress analysis of bridge deck pavement

Vertical stress variation curves of each pavement layer of
bridge deck are shown in Figs. 12 and 13. The vertical stress
of the bridge deck pavement of the three-span steel-concrete
composite continuous beam bridge is mainly compressive
stress, the maximum value of which in the upper layer is
0.641 MPa, as shown in Fig. 12. The stress condition is very
complex in the lower layer, which bears both compressive
stress and tensile stress, and the vertical stress of the lower
layer fluctuates a little. The maximum compressive stress of
the lower layer is 0.51 MPa, and the maximum tensile stress
of which is 0.078 MPa. The cement concrete layer is mainly
subjected to compressive stress, and the maximum value is
0.257 MPa. The steel plate layer at the bottom is mainly
subjected to compressive stress, with the maximum value of
0.041 MPa.

2.0x10°

0.0
<
&
% -2.0x10°
1
7
B
b=t -4.0x10°
)
>
—— Upper layer
-6.0x10° | Lower layer
Cement layer
Steel plate layer
'80}(10‘ 1 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 35 4.0
Time (s)

Fig. 12. Comparison of vertical stress of pavement layer.
8.0x10*
6.0x10"

4.0x10"

2
=
Z
L

0.0

Vertical stress (Pa)

-2.0x10*

-4.0x10°* — Short transverse beam

Main longitudinal beam

6.0x10" 1 1 1 1 1
0 1 2 3 4 5

Time (s)
Fig. 13. Comparison of vertical stress between main longitudinal beam
and transverse beam.

As can be seen from Fig. 13, the vertical stress of the
main longitudinal beam includes both compressive stress
and tensile stress. The vertical stress of the main longitudinal
beam varies with time, the maximum compressive stress is
52.1 kPa, and the maximum tensile stress is 42.3 kPa. In
addition, the vertical stress of the short beam also varies with
time. Short beams also bear both compressive and tensile
stresses, and the maximum compressive stress is 29.1 kPa
and the maximum tensile stress is 68.2 kPa.

4.2.2 Transverse stress analysis of bridge deck pavement
The varied curve of the transverse stress of each pavement
layer of bridge deck is shown in Figs. 14 to 17.

The transverse stress variation of each pavement layer of
bridge deck is very complex, and most of the transverse
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stress of the pavement layer is compressive stress, as shown
in Fig. 14. The transverse stress curve of the upper layer
presents symmetrical distribution characteristics, and the
maximum compressive stress is 0.287 MPa. The transverse
stress of the lower layer fluctuates greatly, bearing both
compressive stress and tensile stress, and the maximum
compressive stress is 0.302 MPa and the maximum tensile
stress is 0.132 MPa. The main transverse stress of the
cement concrete layer is compressive stress, and the
maximum value of which is 0.265 MPa. The transverse
stress curve of the cement concrete layer is distributed
symmetrically.

1.20x10°

- 0.00

<

&

@

%

=

@ <

o -1.20x10°

2

o)

>

2

g

= s L
-2.40x10 — Upper layer

Lower layer
Cement layer
-3.60x10° T T T T 1
0 1 2 3 4 5
Time (s)

Fig. 14. Comparison of transverse stress of bridge pavement.

As can be seen from Fig. 15, the transverse stress of the
steel plate layer is mainly tensile stress, and the maximum
value is 3.02 MPa. The transverse stress curve of the steel
plate is symmetrically distributed. As can be seen from Fig.
16, the transverse stress of the short beam is mainly
compressive stress, with a maximum value of 0.374 MPa.
The transverse stress curve is symmetrically distributed and
has a certain fluctuation. As can be seen from Fig. 17, the
transverse stress of the main longitudinal beam at the bottom
of the continuous beam bridge is complex, and the main
longitudinal beam bears both compressive and tensile
stresses. In addition, the transverse stress varies with time,
and the maximum compressive stress is 67.5 kPa and the

maximum tensile stress is 67.5 kPa.
3.0x10°

2.4x10°
1.8x10° 1

1.2x10°

6.0x10° -

Transverse stress (Pa)

0.0

-6.0x10° L L L L !
0 2 3
Time (s)
Fig. 15. Comparison of transverse stress of steel plate layer.
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5 -1x10° |

Transverse stress (Pa)
©
el
<
<
T

23x10°

_4x10° 1 1 1 1 1
0 1 2 3
Time (s)
Fig. 16. Comparison of transverse stresses of transverse beams.
8.0x10"

4.0x10* F

e
=3

Transverse stress (Pa)

-4.0x10* |

—8 Oxl 04 1 1 1 1 1
0 1 2 3 4 5
Time (s)

Fig. 17. Comparison of transverse stress of main longitudinal beam

4.2.3 The longitudinal stress analysis of each pavement
layer of the bridge deck

The varied curves of longitudinal stress of each pavement
layer of the bridge deck are shown in Figs. 18 to 21.

As can be seen from Fig. 18, the longitudinal stress of the
pavement layer is relatively complex. The upper layer is
mainly subjected to compressive stress, and its maximum
value is 0.183 MPa. The longitudinal stress curves of the
upper layers are symmetrically distributed. The lower layer
is subjected to both compressive and tensile stresses. The
maximum compressive stress is 0.072 MPa and the
maximum tensile stress is 0.192 MPa. Cement concrete layer
is mainly subjected to compressive stress, and the maximum
value is 0.241 MPa. The longitudinal stress curve of the

cement concrete layer is symmetrically distributed.
2x10°

1x10°

-1x10°

Longitudinal stress (Pa)

-2x10° ——— Upper layer
Lower layer
Cement layer
-3x10° L 1 1 1 1
0 1 2 3 4 5
Time (s)

Fig. 18. Comparison of longitudinal stress of pavement layer.
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2.5x10° - compressive stress. The maximum compressive stress of the
main longitudinal beam is 0.498 MPa, and the maximum
2.0x10° tensile stress is 2.24 MPa. The longitudinal stress curve of

the main longitudinal beam is symmetrically distributed.
1.5x10° |-
4.2.4 Stress nephogram

The stress nephogram of the bottom layer of the steel plate is
shown in Figs. 22 to 24. The stress on the steel plate layer is
more complex as shown in the Figs. 22 to 24. In the
direction of S11 and S33, the stress nephogram is elliptical,

1.0x10° |

5.0x10° |-

Longitudinal stress (Pa)

0.0 wa\wwwwww\v and the stress at the center of the ellipse is maximum. In the

direction of S13, the stress has both negative and positive

5010 - 5 - - : Valu.es, which indiCZ.itCS. that tl}e st_eel plate layer is both
Time (s) tensile and compressive in the direction of S13.

Fig. 19. Comparison of longitudinal stress of steel plate layer. .

(Avg: 75%)
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In Fig. 19, the steel plate layer at the bottom of the
continuous beam bridge mainly bears tensile stress, with a
maximum value of 2.24 MPa. The longitudinal stress curve
of steel plate is symmetrically distributed.

8.0x10" -4.1460 405
«7.976e40%
-1.181e406
LL -1.563e406
6.0x10* [
=
&
2
8 a0x10*
2
=
=
T 20x10'
)
g
=}
= o0
2.0x10* . . . . ) Fig. 22. S11 stress nephogram of the steel plate layer.
0 1 2 3 4 5
Time (s)

Fig. 20. Comparison of longitudinal stress of transverse beams.
S, 833

(Avg: 759%)

The longitudinal stress of the short beam includes
compressive stress and tensile stress, as shown in Fig. 20.
The short beam is in the state of compression during the time
period (0-1.5 s), in the state of tension during the time period
(1.5 s-3 s), and in the state of compression during the time
period (3 s-4.5 s). The maximum compressive stress of the
short beam is 15.82 kPa and the maximum tensile stress is
64.75 kPa. The longitudinal stress curve of the short beam is
symmetrically distributed. The tensile stress of the short

beam is much greater than the compressive stress on it.
2.4x10°

1.8x10° |
1.2x10°

6.0x10°

Longitudinal stress (Pa)

g
S}

-6.0x10° L L L L
0 1 2 3 4 5
Time (s)
Fig. 21. Comparison of longitudinal stress of main longitudinal beam.

The longitudinal stress of the main longitudinal beam
includes compressive stress and tensile stress, as shown in
Fig. 21. The main longitudinal beam is in the state of
compression during the time period (0-1.5 s), in the state of
tension during the time period (1.5 s-3 s), and in the state of
compression during the time period (3 s-4.5 s). The tensile
stress of the main longitudinal beam is much greater than the
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Fig. 23. S33 stress nephogram of the steel plate layer.

Fig. 24. S13 stress nephogram of the steel plate layer.




Guofang Zhao, Jiaxin Hu, Qizhi Wang, Yongkang Yan and Baoxing Gong/
Journal of Engineering Science and Technology Review 15 (6) (2022) 132 - 141

4.3 Influence of vehicle axle load on response of steel
deck pavement

To analyze the influence of vehicle axle load on the bridge
deck pavement, taking the speed of 20 m/s as an example,
the vertical deflection of the bridge deck pavement layer
under different axle loads, as shown in Fig. 25. As can be
seen from Fig. 25, the vehicle load has a great influence on
the vertical deflection of the three-span continuous beam
bridge. When the vehicle axle load is 25 kN, the vertical
deflection of the second span of the continuous beam bridge
is 0.545 mm. When the vehicle axle load is 30 kN, the
vertical deflection of the second span of the continuous
beam bridge is 0.644 mm, which increases by 18.2%. When
the vehicle load is 40 kN, the vertical deflection of the
second span of the continuous beam is 0.824 mm, which
increases by 28%. These data show that the greater the axle
load of the vehicle, the greater the vertical deflection.

3.0x10%
2 00
g
31
=2
5 -3.0x10*
<
=
]
b5}
> 6.0x10*
Load 30 kN
Load 40 kN
-().OXIOA 1 1 1 1 1
0 1 2 3 4 5
Time (s)

Fig. 25. Vertical deflection of the bridge deck pavementt under different
axle loads.

As can be seen from Fig. 26, when the vehicle axle load is
25 kN, the transverse stress of the second span of the
continuous beam is 0.247 MPa. When the vehicle axle load
is 30 kN, the transverse stress of the second span of the
continuous beam is 0.294 MPa, which increases by 19%.
When the axle load of the vehicle is 40 kN, the transverse
stress of the second span of the continuous beam is 0.365
MPa, which increases by 24.1%. These data show that the
larger the axle load of the vehicle, the larger the transverse
stress.

1x10°
0
P
<
=9
S
2 -1x10°
=
2
2
2 2x10°
a
g
H
ax10° Load 25 kN
Load 30 kN
Load 40 kN
_4x10° 1 1 1 1 1
L5 1.8 2.7 3.0

21 . 24
Time (s)
Fig. 26. Transverse stress of the bridge deck pavement under different

axle loads.

As can be seen from Fig. 27, when the vehicle axle load is
25 kN, the longitudinal stress of the second span of the
continuous beam is 0.224 MPa; when the vehicle axle load is
30 kN, the longitudinal stress of the second span of the
continuous beam is 0.264 MPa, which increases by 17.9%.
When the vehicle axle load is 40 kN, the longitudinal stress
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of the second span of the continuous beam is 0.335 MPa,
which increases by 26.9%. The above data indicate that the
larger the axle load of the wvehicle, the greater the
longitudinal stress.

1x10°

-1x10°

-2x10°

Longitudinal stress (Pa)

-3x10°

Load 40 kN
_4x10° 1 1 1 1 I

1.0 1.5 2.0 25
Time (s)
Fig. 27. Longitudinal stress of the bridge deck pavement under different

axle loads.

3.0 35

5. Conclusions

The finite element model of a three-span steel-concrete
composite continuous beam bridge was established and the
viscoelasticity of bitumen material was considered in bridge
deck paving material. The dynamic response of the
pavement system of the continuous beam bridge under
moving load was calculated using the central difference
method. The main conclusions are obtained as following:

(1) Under the action of moving load, the vertical
deflections of the three-span steel-concrete composite
continuous beams are quite different. The vertical deflection
of the third span is the largest, followed by the first span, the
second span is the smallest. With the increasing axle load of
the wvehicle, the wvertical deflection, lateral stress and
longitudinal stress all increase by more than 20%.

(2) Under the action of moving load, the vertical
deflection of the main longitudinal beam of the three-span
steel-concrete composite continuous beam bridge is the
smallest, followed by the short beam, the vertical deflection
of the deck pavement layer (including the upper layer, the
lower layer, the cement concrete layer and the steel plate
layer) is the largest. In addition, the vertical deflection of the
three-span steel-concrete composite continuous beam does
not decrease with the increase of the moving speed, but
increases to a certain extent when the moving speed is 30
m/s.

(3) The vertical stress of the bridge deck pavement is
compressive stress, and the vertical stresses on the main
longitudinal beam and short beam are compressive stress
and tensile stress. The transverse stress of the upper and
lower layers is mostly compressive stress. The transverse
stress of the steel plate is mainly tensile stress, but that of
short beam is mainly compressive stress. The main
longitudinal beam bears both compressive and tensile stress.
The longitudinal stress of the upper layer and the cement
concrete layer is mainly compressive stress. The lower layer
bears both compressive stress and tensile stress, while the
steel plate layer, short beam and main longitudinal beam
mainly bear tensile stress. The tensile stress of the main
longitudinal beam is much greater than that of the short
beam.
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Although this study has made some progress, due to the

complexity of the actual engineering, considering the actual
engineering conditions, the related work still needs to be
analyzed in further.
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