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Abstract: To study how varying the parameters of expansion joints and bearing supports (E-B
parameters) affects the dynamic response of a coupled vehicle–bridge system for curved girder
bridges, a dynamic response analysis method for the coupled vehicle–joint (bearing)–bridge system,
which takes into account centrifugal forces, was proposed and verified. Subsequently, taking a
continuous curved box girder bridge as the prototype, the influence of the E-B parameters on the
vehicle-induced dynamic response of the curved girder bridge was explored. The results showed that
the dynamic amplification factor (DAF) of the middle beam of the expansion joint (DAF-EJ) and the
main girder of the curved bridge (DAF-MG) were both significantly influenced by the E-B parameters.
When there were height differences between the middle beam and side beam in the EJ, the DAF-EJ
obviously varied, and the DAF-MG increased. When the EJ was damaged, the impact effect of the
vehicle on the bearing support increased. The DAF-EJ and DAF-MG both increased with the decrease
of the vertical support stiffness of the bearing support. The DAF-EJ was greatly affected by the
single-support void at the near-slit end of the lane. The DAF-MGs at the beam end, the 1/4 point and
1/2 point of the first span, and the 1/2 point of the second span, were significantly affected by the
single-support void near the measuring point. Compared with the single-support void, the DAF-EJ
and DAF-MG more significantly increased under the double-support void. Variation in the height
difference of the EJ had a more significant effect on the DAF-EJ and DAF-MG at the beam end, while
a vertical stiffness reduction in the bearing support had a more significant effect on the DAF-MG.

Keywords: coupled vehicle–bridge system; dynamic response; curved girder bridge; expansion joint;
support; numerical simulation

1. Introduction

Curved girder bridges are important components of three-dimensional urban transport
systems and highway transport hubs [1,2]. Unlike normal girder bridges, the curved girder
bridge is a type of irregular bridge which is usually located on a curved trajectory of a
road. In this case, centrifugal forces result from the outward centrifugal acceleration of
vehicles, which have potential effects on the stability and structure of the bridge. Therefore,
the centrifugal forces of vehicles become critical factors in bridge design, including the
design of static and dynamic bearing capacities [3,4]. Conceivably, the introduction of the
centrifugal force makes the problem of the vehicle-induced dynamic response of curved
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girder bridges more complicated. The expansion joint (EJ) and bearing support (BS) are
important components that affect the vehicle-induced dynamic responses of curved girder
bridges, and how their variable parameters influence the vehicle-induced dynamic response
of curved girder bridges cannot be ignored [5–7].

In recent years, vibration analysis of coupled vehicle–bridge systems that takes into
account the variable parameters of expansion joints and bearings (E-B parameters) has
gradually become a research hot spot. Many researchers have carried out a series of
studies to clarify the influence of E-B parameters on the response of coupled vehicle–bridge
vibration. For EJ, Artmont et al. [8] improved the simulation method of the vehicle–EJ
coupling contact and proposed a trapezoidal impulsive load that can consider the process
of wheels passing through an EJ. Further, a three-dimensional numerical analysis model of
an EJ was established, and the force and deformation characteristics of the EJ were analyzed
under impulsive loads. Deng et al. [9,10] investigated the effects of EJ damage (simplified as
road roughness) on the vehicle-induced dynamic response of the deck slabs of a prestressed
concrete box girder bridge by using a proposed multi-degree-of-freedom vehicle model,
and indicated that the EJ damage can increase the vehicle-induced impact on the deck
slabs and EJ. Di et al. [11] constructed a three-dimensional numerical analysis model of an
EJ system and then investigated the dynamic response and damage state of an EJ under
heavy vehicle loads. Li et al. [12] carried out the field testing of 150 EJs and pointed out
the diseases of EJs commonly experience, which would aggravate the vehicle-induced
impact response of the EJs and the side bridge. Hou et al. [13] indicated that the height
difference between the side beam and middle beam of an EJ may occur when the vertical
stiffness of the main bridge and approach bridge are significantly different, and that the
height difference of the EJ can significantly increase the vehicle-induced impact response of
the beam end and short suspender. Ding et al. [14,15] proposed a simplified uncoupled
mass–spring–damping model for a modular EJ, and analyzed the effect of varying the
parameters of vehicle–bridge coupling vibration, including the gap number and gap size of
the EJs. Hu et al. [16] conducted long-term monitoring of a long-span suspension bridge
and clarified the dynamic response characteristics of the longitudinal movement of EJs
induced by vehicles. Zhang et al. [17] used an expectation maximization algorithm method
to optimize the initial parameters of EJs and applied the method to the design of EJs for a
long-span bridge. Li et al. [18] analyzed the local damage effect on the natural frequencies
of EJs, including the center beam, support beam, and concrete anchorage zone, and found
that the natural frequencies of the center and support beams decreased with the increasing
local damage.

To clarify the effect of varying the parameters of BSs on the dynamic response
of vehicle–bridge coupling vibration, many researchers have conducted active experi-
ments [19–27]. Through field testing and numerical simulation, Roeder et al. [28] pointed
out that the bearing force of a BS near the beam end of a steel box girder was obviously
affected by the vehicle-induced impact effect, and that BSs near the beam end were suscep-
tible to fatigue failure under vehicle impact loads. Wang et al. [29] investigated the fatigue
cracking mechanism of the BS of a half-through steel arch bridge through field testing and
numerical analysis, and indicated that the vehicle-induced longitudinal displacement of the
main girder mainly resulted in the fatigue cracking of the BS. Zhu et al. [30] conducted field
testing of the dynamic response of vehicle-bridge coupling for a concrete girder bridge, and
pointed out that the damage of BS was a susceptible disease of simply supported girder
bridges, and the bearing damage may amplify the vehicle-induced dynamic response of the
bridge and BS. Lu [31] carried out the damage identification of a vehicle–bridge coupling
vibration system, and indicated that the local damage to a BS can significantly amplify the
relevant local dynamic response of the system. Li et al. [32] conducted field testing and
theoretical analysis of the vehicle-induced dynamic response of a steel tube concrete arch
bridge and pointed out that damage to the BS will significantly increase the vehicle-induced
impact response of the main girder, as well as the possibility of damage to the EJ. Ping
et al. [33] analyzed the train-induced dynamic response of a simply supported high-speed
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girder bridge through fielding testing and indicated that the variable parameters of the
BS had a significant effect on the train-induced dynamic response of simply supported
high-speed girder bridges. On this basis, Erduran et al. [34] developed a finite element
analysis method for train–bridge coupling vibration, and then analyzed the effect of the
stiffness loss of BSs on train-induced bridge vibration. The numerical results indicated that
the stiffness loss of BSs can significantly increase the dynamic response of train-induced
bridge vibration.

Based on the above-mentioned, the variable parameters of EJs and BSs have significant
effects on the dynamic response vehicle–bridge coupling systems [35–39]. At the current
stage, an analysis method for vehicle–bridge coupling vibration that considers variation
of the parameters of expansion joints and bearing supports (E-B parameters) is not well
developed. Recent findings mainly consider the influence of a single E-B parameter on
the response of vehicle–bridge coupling vibration. An vehicle–bridge coupling vibration
analysis method for curved girder bridges (considering centrifugal forces) is still lacking,
and the influence of E-B parameters on the vehicle-induced vibration of curved girder
bridges needs to be clarified.

In view of this, this study took a continuous curved box girder bridge as its research
object, and the analysis method for the coupled vehicle–curved bridge vibration taking into
account the influence of E-B parameters was proposed first by introducing a centrifugal
force parameter and then verified through field testing. Subsequently, the influence of
E-B parameters on the vehicle-induced dynamic responses of EJs, BSs, and curved girder
bridges (MB) were investigated.

2. Analysis Method for the Dynamics Response of Vehicle–Bridge Coupling
Considering Centrifugal Forces
2.1. Without Considering E-B Parameters

The vehicle body was equated to a rigid rod which was supported by the front MZ1
and rear MZ2 axle transient centers. The rigid rod was then supported by the vertical
springs of the front and rear suspensions. The effect of centrifugal force on the wheel loads
is shown in Figure 1.
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Figure 1. Effects of centrifugal force on the wheel loads.
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The vehicle model moves in a uniform circle motion with a constant speed V. A
centrifugal force MvrV2/R acts on the center of mass, MC, of the vehicle body with mass
Mvr, where R is the radius of curvature of the vehicle’s path under uniform circular motion.
This centrifugal force produces a moment MvrV2lh/R around the instantaneous axis, where
lh is the distance from MC to the instantaneous center. Since the body rotates around
the instantaneous axis, its MC experiences a lateral displacement lhsinχ that generates an
additional moment Mvrglhsinχ ≈ Mvrglhχ. The total moment is given by Equation (1) as

Tvrm = MvrV2lh/R + Mvrglhχ (1)

where χ is the roll angle of the vehicle body caused by the centrifugal moment. Alternatively,
the moment Tvrm is transmitted to the axle via the suspension spring. Given that Kv1 and
Kv2 represent the roll angle stiffnesses of the front and rear axles, respectively, the moment
Tvrm can also be expressed by Equation (2) as

Tvrm = (Kv1 + Kv2) · χ (2)

By combining Equation (1) with Equation (2), the roll angle of the vehicle body can be
determined as shown in Equation (3).

χ =
MvrV2lh/R

Kv1 + Kv2 − Mvrglh
=

Mvrlh
Kv1 + Kv2 − Mvrglh

V2

R
(3)

Therefore, the spring moments of the front and rear axles can be determined, respec-
tively as:

Tvrm1 = Kv1χ =
Kv1Mvrlh

Kv1 + Kv2 − Mvrglh

V2

R
(4)

Tvrm2 = Kv2χ =
Kv2Mvrlh

Kv1 + Kv2 − Mvrglh

V2

R
(5)

where Tvrm1 and Tvrm2 represent the spring moments of the front and rear axles, respectively.
The centrifugal force is distributed to two instantaneous centers via the position of the
center of mass. In other words, the front and rear axles distribute the centrifugal force as
MvrV2lm2/[R(lm1 + lm2)], MvrV2lm1/[R(lm1 + lm2)], respectively.

The change in wheel load caused by centrifugal force is discussed using the front axle
as an example. The wheel load difference ∆F1

z and the moment generated by the force arm
ls1 (the distance between the left and right wheel centers of the front axle) are balanced
by the sum of the three moments: (a) the spring moment Tvrm1 of the front axle; (b) the
centrifugal force MvrV2lm2/[R(lm1 + lm2)] distributed to the front axle and its corresponding
moment formed by its force arm lp1 (the distance from the instantaneous center of the front
axle MZ1 to the bridge deck); (c) The moment formed by the centrifugal force acting on
the front axle

(
M1

sL + M1
sR
)
V2/R and its corresponding force arm lf1 (the distance from the

center of mass of the front axle MS1 to the bridge deck). Therefore, the aforementioned
moment–balance relationship can be expressed as follows:

∆F1
z ls1 = Tvrm1 + MvrV2lm2lp1/[R(lm1 + lm2)] +

(
M1

sL + M1
sR

)
V2l f 1/R (6)

Similarly, by considering the rear axle as an isolated system and applying the moment–
balance equation, the following relationship can be established:

∆F2
z ls2 = Tvrm2 + MvrV2lm1lp2/[R(lm1 + lm2)] +

(
M2

sL + M2
sR

)
V2l f 2/R (7)
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By combining Equations (4)–(7), the difference between the actual wheel load and the
static wheel load can be expressed as follows:

∆F1
z = Mvr

V2

R

(
Kv1

Kv1 + Kv2 − Mvrglh

lh
ls1

+
lm2

lm1 + lm2

lp1

ls1
+

M1
sL + M1

sR
Mvr

l f 1

ls1

)
(8)

∆F2
z = Mvr

V2

R

(
Kv2

Kv1 + Kv2 − Mvrglh

lh
ls2

+
lm1

lm1 + lm2

lp2

ls2
+

M2
sL + M2

sR
Mvr

l f 2

ls2

)
(9)

F1
y = F1

yL + F1
yR = Mvr

V2

R
lm2

lm1 + lm2
(10)

F2
y = F2

yL + F2
yR = Mvr

V2

R
lm1

lm1 + lm2
(11)

where ∆F1
z and ∆F2

z denote the differences in the vertical wheel loads generated by the front
and rear axles relative to the static load, respectively; ∆F1

y and ∆F2
y represent the differences

in the lateral wheel load generated by the front and rear axles relative to the static load,
respectively; and the subscripts L and R refer to the left and right wheels, respectively.
Additionally, as the vehicle travels along a curved path, the centrifugal forces generated by
the front and rear axles of the vehicle are given as follows:

F1
sy = F1

syL + F1
syR =

(
M1

sL + M1
sR

)V2

R
(12)

F2
sy = F2

syL + F2
syR =

(
M2

sL + M2
sR

)V2

R
(13)

Assuming that the vehicle model is undergoing uniform circular motion on a curved
girder bridge, with a constant traveling speed V and curvature radius R, it follows that the
magnitudes of the vertical and lateral loads induced by centrifugal force do not vary with
the position of the vehicle. Rather, only the direction of the force changes as the position of
the vehicle changes, while remaining constant relative to the fixed coordinate system of the
vehicle model. Consequently, taking into account the effects of centrifugal force, the force
applied by the left wheel to the bridge can be represented as follows:

{
FCi

bL

}
=

{
FCi

byL
FCi

bzL

}
=

{
Fi

yL + Fi
syL

Fi
GL + ∆Fi

z

}
−
{

Fi
wyL

Fi
wzL

}
(14)

where the superscript C indicates that the effect of centrifugal force has been considered.
The nth-order modal force FC

Bn applied by the left wheel to the bridge considering the
influence of centrifugal force can be represented as follows:

FC
Bn =

2

∑
i=1

(ϕn
h (xiL)FCi

byL + ϕn
v (xiL)FCi

bzL + ϕn
h (xiR)FCi

byR + ϕn
v (xiR)FCi

bzR) (15)

The equilibrium equation of vehicle–bridge coupling vibration, taking into account
the effects of centrifugal force, can be presented as:[

Mv 0
0 MB

]{ ..
Xv..
qB

}
+

[
Cv CvB
CBv CB + Cv

B

]{ .
Xv.
qB

}
+

[
Kv KvB
KBv KB + Kv

B

]{
Xv
qB

}
=

{
Fr

v
FCrG

B

}
(16)
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Within this equation, the load vector exerted by the vehicle on a curved bridge can be
represented as follows:

FCrG
bn =

2

∑
i=1


[
ki

vlLr(xLi) + ci
vlLr′(xLi)V + Fi

GL + ∆Fi
z
]
ϕn

v (xLi)
+
[
ki

vlRr(xRi) + ci
vlRr′(xRi)V + Fi

GR − ∆Fi
z
]
ϕn

v (xRi)

+
(

Fi
yL + Fi

syL

)
ϕn

h (xLi) +
(

Fi
yR + Fi

syR

)
ϕn

h (xRi)

 (17)

In summary, the equilibrium equation for vehicle-bridge coupling vibration for a
curved girder bridge and taking into account the effects of centrifugal force has been
obtained. On this basis, further development can be undertaken to derive the equilibrium
equation of vehicle-curved bridge coupling vibration considering E-B parameters.

2.2. With E-B Parameters Taken into Account

Based on Section 2.1 and the methodology for analyzing the vehicle–straight bridge
coupling system whilst taking into account the expansion joint and bearing support pa-
rameters [40], the equilibrium equation for vehicle-joint (bearing-bridge coupling vibration
that takes into account centrifugal force can be obtained. By incorporating the influence of
centrifugal force, the force exerted on the bridge by the vehicle passing over an expansion
joint at the nth-order can be expressed as follows.

FCrG
Bn = [β × ϕn

v (xBL.L1)× (F1
GL + ∆F1

z ) + (1 − β)× ϕn
v (xZL.L1)× (F1

GL + ∆F1
z )]

+ β × ϕn
v (xBL.L1)× k1

vlL × [α × r(xBL.L1) + (1 − α)× r(xZL.L1)]
+ (1 − β)× ϕn

v (xZL.L1)× k1
vlL × [α × r(xBL.L1) + (1 − α)× r(xZL.L1)]

+ [β × ϕn
h (xBL.L1)× (F1

yL + F1
syL) + (1 − β)× ϕn

h (xZL.L1)× (F1
yL + F1

syL)]

+ [β × ϕn
v (xBL.R1)× (F1

GR − ∆F1
z ) + (1 − β)× ϕn

v (xZL.R1)× (F1
GR − ∆F1

z )]
+ β × ϕn

v (xBL.R1)× k1
vlR × [α × r(xBL.R1) + (1 − α)× r(xZL.R1)]

+ (1 − β)× ϕn
v (xZL.R1)× k1

vlR × [α × r(xBL.R1) + (1 − α)× r(xZL.R1)]
+ [β × ϕn

h (xBL.R1)× (F1
yR + F1

syR) + (1 − β)× ϕn
h (xZL.R1)× (F1

yR + F1
syR)]

+ [k2
vlL × r(xL2) + c2

vlL × r′(xL2)× V + F2
GL + ∆F2

z ]× ϕn
v (xL2)

+ [k2
vlR × r(xR2) + c2

vlR × r′(xR2)× V + F2
GR − ∆F2

z ]× ϕn
v (xR2)

+ (F2
yL + F2

syL)× ϕn
h (xL2) + (F2

yR + F2
syR)× ϕn

h (xR2)

(18)

Based on the above mentioned, for a curved bridge with EJs, when the vehicle passes
over the EJs, we can use the equilibrium equation for vehicle–joint–bridge coupling vibra-
tion taking into account centrifugal force to calculate the dynamic response of the coupling
using the Newmark-β method [40]. Conversely, when the vehicle passes over the bridge
deck, we can use the equilibrium equation for vehicle–bridge coupling vibration, taking
into account centrifugal force, to calculate the dynamic response of the coupling.

2.3. Flow Chart of the Analysis Method

The flow chart of the analysis method for vehicle–joint (bearing)–bridge coupling
vibration considering centrifugal force is shown in Figure 2. As shown in Figure 2, the
proposed analysis method for vehicle–joint–bridge coupling vibration that takes into
account centrifugal force mainly involved three steps: Step (a), conducting numerical
modeling of a curved girder bridge with EJs and EBs; Step (b), determining the modal
information of a curved girder bridge with EJs and EBs, as well as vehicle parameters; and
Step (c), calculating the coupled dynamic response of the vehicle–joint (bearing support)–
bridge system. The detailed descriptions of the analysis method are as follows.

For Step (a), a numerical model of a bridge with EJ and EB was constructed in basis
of a finite element analysis platform, and the material parameters (e.g., elastic modulus,
density, and Poisson’s ratio), geometrical dimensions, and the basic design parameters of
EJ, EB, and a main girder were considered in detail. On this basis, the boundary conditions
of the numerical model need to be clarified through testing or design parameters. For Step
(b), the modal information of a curved girder bridge with EJ and EB, as well as vehicles,
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was obtained on the basis of a refined finite element model and simplified vehicle model,
respectively, including the mass, stiffness and the damping matrix of the EJ, EB, main
girder, and vehicle. For Step (c), based on Section 2.1 and 2.2, the equilibrium equation
of vehicle–joint–bridge coupling vibration that takes into account centrifugal force was
used to calculate the dynamic response of the system. This analysis method was of great
significance for investigating vehicle-joint-bridge coupling vibration, taking into account
centrifugal force.
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Figure 2. Flow chart of the analysis method for vehicle–joint (bearing)–bridge coupling vibration
taking into account centrifugal force.

2.4. Method Validation

To validate the proposed method, the basic dynamic characteristics and vehicle-
induced dynamic response of a curved continuous girder bridge were tested. The prototype
bridge was a continuous curved prestressed concrete girder bridge, shown in Figure 3. The
main girder of the bridge was made of four prestressed concrete single-box girders. The
span arrangement of the bridge was 3 × 30 m. The total width of the bridge deck was
12.5 m. The concrete grade of the main girder was C50. The GQF-MZL160 double-joint
modular expansion joint was installed at the beam end of the main girder. The bearing
support (BS) of the bridge was a basin rubber bearing with JPZ series. The materials of the
side beam, middle beam and support beam of the EJ were 16 Mn steel. The longitudinal
displacement measuring points were arranged at the 1/4 point (K1) and 1/2 point (K2) of
the first span, the 1/2 point (K3) of the second span, and the 1/2 point (K4) of the third
span. The transverse position of each measuring point was 1 m from the outside of the deck
slab. The measuring points are shown in Figure 4. Before the field testing, we inspected the
technical condition of the EJ, EB, and main girder. The main detected parameters of the
bridge are shown Table 1.
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Table 1. Technical conditions of the EJ, EB, and main girder of the prototype bridge.

Technical Parameters Technical Conditions

Height difference of the EJ <2 mm, meets the design requirement
Stiffness of the EJ Equivalent to the design parameter

Bearing capacity of the EB Equivalent to the design parameter
Vertical stiffness of the EB Equivalent to the design parameter

Strength of the main girder 53.1 MPa, meets the design requirement
Transverse connection conditions among main girders Effective and without any damage

Road roughness Close to ideal in general
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As shown in Table 1, in general, the technical state of the EJ, EB, and main girder
was equivalent to the design state. Moreover, we can hardly adjust the actual parameters
of EJ, EB, and main girder in a practical testing. In other words, during the field testing,
the parameters of EJ, EB, and main girder were usually considered as constant values.
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Therefore, the parameters of the finite element model were selected as the same as the
design parameters during verification of the analysis model. The ANSYS platform was
used to establish a refined 3D analysis model of the curved girder bridge containing
EJs and BSs. The concrete box girder of the main bridge was simulated by the Solid65
element, and the BSs were established by a Combin14 element with variable stiffnesses. The
middle beam, side beam, and support beam of the EJ were all simulated by the Beam188
element. The elastic support connection between the middle beam and the support beam
was also simulated by the Combin14 element. The support beam was coupled with the
corresponding node of the main girder to simulate the actual boundary of the support
beam. The prototype of the EJ model used in this paper was a double-seam modular
expansion joint (GQF-MZL160), which has been widely used in various types of bridges.
This type of expansion joint included a support box (a), a side beam (b), a central beam (c),
a compression support (d), a support beam (e), waterproof sealing (f), and other auxiliary
components, as shown in Figure 5. The main component parameters of this type of EJ
are shown in Figure 6, including a side beam (a), a central beam (b), and support beams
(c and d). It should be noted that the parameters of the EJ model were strictly determined
according to the actual design parameters of the prototype EJGQF-MZL160, including
Young’s modulus, shear modulus, material density, Poisson’s ratio, and so forth. The detail
parameters of GQF-MZL160 and basin rubber bearing are shown in Table 2. The finite
element model of the system is shown in Figure 7.
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Figure 6. Section size of the main components of the EJ (cm), including a side beam (a), a central
beam (b), and support beams (c and d).
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Table 2. Parameters of the EJ and BS.

EJ (GQF-MZL160)
Parameters Numerical Value Parameters Numerical Value

Elastic modulus E/Pa 2.05 × 1011 Shear Modulus G/Pa 8 × 1010

Material density ρ/(kg·m−3) 7800 Poisson’s ratio v 0.2
Length of support beam L2/m 0.52 Length of middle beam L1/m 40

Width of side beam ls/(m) 0.04 Width of middle beam lc/(m) 0.04
Joint gap s0/(m) 0.08 Width of side beam hs/(m) 0.08

Inertia moment of support beam I2/m4 1.35 × 10−5 Inertia moment of middle beam I1/m4 7.7 × 10−6

Inertia moment of side beam 1 I2/m4 1.82 × 10−6 Inertia moment of side beam 2 I1/m4 1.82 × 10−6

Support stiffness of middle beam 4 × 107 Support stiffness of support beam 2 × 108

Support damping of support beam
C2/(N·s) m−1 5000 Support damping of middle beam

C1/(N·s) m−1 5000

BS (GPZ2.5 DX)
Parameters Numerical value Parameters Numerical value

Design bearing capacity (kN) 2500 Design deformation capacity(mm) ±100
Ultimate bearing capacity (kN) 2750 Sliding friction coefficient <0.02

Vertical stiffness (kN/m) 2.4 × 106 Horizontal stiffness (kN/m) 1.5 × 105
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The modal information of the finite element model was obtained through the subspace
iterative method, given in Table 3. As shown in Table 3, the errors of the first three vibration
frequencies between the calculated and tested results were in the range of 2.26~6.32%, which
indicated that the refined finite element model can well reflect the dynamic characteristics
of the prototype bridge. Meanwhile, the numerical model can be applied to the subsequent
numerical analysis.
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Table 3. Measured and calculated modal parameters.

Modal Order Calculation Results (Hz) Testing Results (Hz) Error

1 3.803 3.891 2.26%
2 4.584 4.893 6.32%
3 6.902 7.194 4.06%

Through the trial calculations, the local vibration frequencies of the EJ were mainly in
the range of 82 Hz~107 Hz. The first 20 vibration modals of the main girder and 50 vibration
modals of the EJ were extracted for the subsequent analysis. A two-axle truck (total weight
of about 283 kN) was selected as the loading vehicle. The truck was loaded at a speed
of 30 km/h along the outer lane (the outside wheel was 0.5 m from the outside of the
deck slab). The specific parameters of the vehicle model are described in the literature [31].
Figure 8 shows the comparison of the numerical and field-testing results of the displacement
responses of the measuring points. The comparison of the peak vertical displacements of
the typical measuring points is shown in Table 4.
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Table 4. Comparison of the measured and calculated peak vertical displacements.

Measuring Points Testing Values (mm) Calculating Values (mm) Error %

1/4 point of the first span 3.12 2.92 6.41
1/2 point of the first span 4.35 4.08 6.21

1/2 point of the second span 3.49 3.35 4.01
1/2 point of the third span 4.25 3.90 8.24

As shown in Figure 8 and Table 4, the calculated values fit well with the measured
values, and the errors between the measured and calculated results were in the range of
4.01~8.24%. Because there were some differences between the actual parameters and the
numerical parameters, including EJ, BS, and vehicle parameters. The numerical analysis
results can be regarded as effective to some extent. Thus, the proposed method can be
applied to analyze the vibration responses of the vehicle–joint (support)–bridge coupling
taking into account the centrifugal force for curved girder bridges. It should be noted that
the vehicle–bridge coupling vibration was characterized as nonlinear, random, and time-
variable, and it was influenced by a variety of factors. The road (bridge deck) roughness
was deemed as an extremely important influencing factor on the dynamic response of
vehicle–bridge coupling vibration. The road (bridge deck) roughness always led to random
variation in vehicle load (excitation of vehicle-induced vibration of the bridge), which in
turn affected the dynamic response of the bridge. Therefore, the fluctuation of vehicle-
induced vibration of the bridge increased with the deterioration of road (bridge deck)
roughness, as shown in Figure 8 [41].

3. Influence of Variable Parameters of the EJ on the Vehicle-Induced Dynamic Response
of the Curved Girder Bridge
3.1. Height Differences

For a double-jointed modular expansion joint, the variable parameters of the EJ mainly
included: (a) height difference between the middle beam and side beam of the EJ (including
the height difference between the middle beam and the two side beams, denoted as HMB,
shown in Figure 9a, and the height difference between one side beam and the other side
beam and the middle beam, denoted as HSB, shown in Figure 9b); (b) a reduction in the
support stiffness of the support beam; and (c) the width of the joint seam—because the
influence of joint width on the vehicle-induced dynamic response of bridges is relatively
small. Therefore, the determined variable parameters of the EJs are shown in Table 5.
It should be pointed out that the vehicle was all loaded along the outer lane for all of
the simulations.
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Table 5. Cases of the variable parameters of the expansion joint.

Parameters

Variable parameters of the EJ BS parameters Vehicle
speed

Road
roughness

vehicle
position

Height difference
(mm) −20~20 Support

stiffness k1
(N/m)

2.40 × 109 30 km/h Ideal OutsideSupport stiffness
(k0, N/m)

initial k0, 0.8 k0,
0.6 k0, 0.4 k0, 0.2 k0

Seam width (mm) 80
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3.1.1. Height Difference of the Middle Beam

The support stiffness and gap size of the EJ, as well as the parameters of the BS, were
set to the design values. The local road roughness (only the road roughness at the EJ was
considered) was set to simulate the height difference of the middle beam (HMB). Figure 10
shows the typical vertical displacement curves over time of the individual measuring
points of the bridge under different HMBs. The dynamic amplification factors (DAFs,
DAF = Rdyn/Rsta = IM + 1) of the individual measuring points under different HMBs are
shown in Figure 11.
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Figure 11. DAFs of individual measuring points under different HMBs (30 km/h).

As shown in Figure 11, the HMB had a significant impact on the DAFs of the EJ
(DAF-EJ) and the beam end of the main girder (near the EJ). The DAF-EJ increased with
increases in the HMBs. When the front and rear axles passed over the EJ, the DAF-EJ varied
by −43.85% to 73.88% and −38.82% to 80.66%, with the HMB increasing from −20 mm
to 20 mm, respectively, and the relevant maximum DAFs were equal to 1.834 and 1.837,
respectively. The DAFs of the beam end of the main girder tended to increase with the
variation in the HMB. In other words, the increase or decrease in HMBs would both increase
the DAF of the beam end, and the decrease in HMB had a more significant influence on the
beam end than the increase in HMB. The max DAF was 1.739 (+64.23%) with a HMB of
−20 mm. The HMB had little effect on the DAF of the measuring point of the main beam
far away from the EJ (<1.0%). Figure 12 gives the peak variation rate of the reaction force
of the 0–1# BS at the beam end (peak variation rate = variation amplitude of the reaction
force with different HMBs/amplitudes of the reaction force with non-HMB) with different
HMBs. The location of 0–1# was denoted as the outermost BS of the first span near the EJ.
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Figure 12. Variations in the reaction force of the BS with different HMBs (0−1#, 30 km/h). (a) Dis-
placement curves over time of the variation rate of the reaction force for the BS. (b) Peak variation
rate of the reaction force of the BS.
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As shown in Figure 12, the peak variation rate of the reaction force of the 0−1# BS
varied from −43.6% to 43.6% when the HMB varied from −20 mm to 20 mm. Thus, the
variation in the HMB can result in the obvious variation in the reaction force of the BS.
Accordingly, the BS can experience fatigue failure much more easily when the HMB of the
EJ occurs.

3.1.2. Height Difference of the Side Beam

EJs are, in fact, more prone to HSB. Figure 13 presents the three-dimensional contours
of the variation laws of the DAFs of individual measuring points.
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Figure 13a illustrates the variations in the DAF-EJ with respect to vehicle speed and
HSB when the front axle crosses the EJ. As depicted in Figure 13a, there were notable
differences in DAFs with different vehicle speeds and HSBs. When the vehicle speed was
low (<40 km/h), the DAF-EJ decreased steadily (from 28.44% to −24.74%) as the HSB
increased from −20 mm to 20 mm. In contrast, at higher vehicle speeds (>40 km/h), the
DAF-EJ increased steadily as the absolute value of the HSB increased, reaching a maximum
increase of up to 31.67%.

Figure 13b illustrates how the DAF-EJ varied with respect to vehicle speed and HSB
when the rear axle passed over the EJ. The observed pattern was similar to that when the
front axle passes over the EJ. At low vehicle speeds, the DAF-EJ decreased as HSB increased.
However, at higher vehicle speeds (>40 km/h), the DAF-EJ increased as the absolute value
of HSB increased, reaching a maximum increase of up to 22.45%. By comparing this to
Figure 13a,b, it can be inferred that there existed a threshold vehicle speed below which the
DAF was sensitive to changes in HSB magnitude and decreased steadily as HSB increased.
Above this threshold speed, however, the DAF became sensitive to changes in absolute
HSB magnitude and increased steadily as the absolute HSB magnitude increased.

As shown in Figure 13c, the HSB also affected the DAF at the end of the main girder
near the EJ. The DAF measured at this location decreased as the HSB increased. When
HSB was −20 mm, the DAF reached its maximum value of 1.355; as HSB increased from
−20 mm to 20 mm, the DAF increased from −24.98% to 28.00%. Furthermore, as shown
in Figure 13d–f, the DAFs corresponding to the 1/4 and 1/2 points of the first span of the
main girder, the 1/2 point of the second span, and the 1/2 point of the third span exhibited
little sensitivity to changes in HSB. Figure 14 presents how the peak variation rate of the
0-1# BS reaction force at the beam end varied with HSB.
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Figure 14. Variations in the BS reaction forces with different HSBs. (a) Displacement curves over time
of the variation rates of the BS reaction force. (b) Peak variation rates of BS reaction force.

As shown in Figure 14, when the absolute value of HSB increased within a range of
−20 mm to 20 mm, the changes in the support reaction force became more pronounced.
This indicates that the possibility of fatigue failure in the support increases as the absolute
value of HSB increases.

3.2. Support Stiffness of the Expansion Joints

To further investigate the effect of support stiffness of the EJs on the DAFs of different
measuring points along the main girder, the height difference and width of the EJ, as well
as the bearing support parameters, were all set to their respective design values. Figure 15
gives the DAFs of the bridge measurement points under different support stiffnesses of
the EJ.
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Figure 15. DAFs of the bridge measurement points under different support stiffnesses of the EJ.

According to Figure 15a, it can be observed that there was a positive correlation
between the decrease in the support stiffness of the EJ and an increase in DAF-EJ. When the
EJ’s vertical support stiffness was reduced to 0.2 k0, both the front and rear axles exhibited
their maximum DAF values of 2.227 and 1.987, respectively, representing increases of
111.1% and 95.4%. Furthermore, Figure 15b illustrates that, as the stiffness decreased, there
was a steady increase in the DAF at the end of the main girder. At 0.2 k0, a maximum DAF
of 1.180 was reached, corresponding to an increase of 11.4%. In addition, it was important
to note that other measurement points on the main girder did not exhibit sensitivity to
changes in the vertical support stiffness of the EJ. The change rule of the variation rate of
the 0−1# BS reaction force with the support stiffness of the EJ is shown in Figure 16.
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Figure 16. Variations in the BS reaction forces with different support stiffnesses of EJ. (a) Displacement
curves over time of the variation rate of the 0-1# BS reaction force. (b) Peak variation rate of BS
reaction force.

According to Figure 16, it can be observed that there was a positive correlation between
the decrease in the EJ’s vertical support stiffness and an increase in the BS reaction force.
The range of the increases was between −15.14% and 57.53%. As the degradation of EJ’s
vertical support stiffness intensified, there was a corresponding increase in impact on the
BS from vehicles, which may lead to fatigue and other forms of damage to the BS.

4. Effects of Support Variable Parameters on the Vehicle-Induced Responses of Curved
Girder Bridges

To clarify the effects of variations in BS parameters on bridge safety, two common
issues of BSs, stiffness reduction and support voiding, were considered in this section.
A reduction in the stiffness of the BS can easily be simulated by altering the equivalent
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spring stiffness of the BS. For the sake of generality in this research, we assumed that
only 0-1# BS experienced a stiffness reduction. In terms of support voids, both single-
and double-support void scenarios were designed. The support void was simulated by
removing the relevant spring at the corresponding BS. The detailed layout of the BSs is
shown in Figure 17. The parameter settings for each working condition analysis model are
presented in Table 6; meanwhile, the working conditions designed to study support voids
are shown in Table 7.

Table 6. Parameter settings for each working condition analysis model.

Parameters

Parameters of EJs Support parameters Vehicle
speed

Unevenness
of the road

surface

Lateral
position of
the vehicle

Height difference
(mm) 0 Vertical

support
stiffness of the

support

Intact k1, 0.8 k1, 0.6 k1,
0.4 k1, 0.2 k1

(0 abutment 1#)

30 km/h Ideal Outside

Support stiffness
(k0, N/m) 8.00 × 107

Seam width (mm) 80 Support void

Void condition
(support stiffness is 0
and the main girder is
not in contact with the

support)

Table 7. Working conditions for support void analysis.

Parameters of Working Conditions of Voids

Single-Support Void 0-1#, 0-2#, 0-3#, 0-4#, 1-1#, 1-2#, 1-3#, 1-4#

Double-Support Void

0-1, 2# 0-1, 3#
0-2, 3# 0-2, 4#
1-1, 2# 1-1, 3#
1-2, 3# 1-2, 4#

0-4#, 1-4# 0-4#, 1-4#
0-4#, 2-4# 1-4#, 1-4#
1-4#, 2-4# 2-4#, 1-4#
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Figure 17. Layout of supports.

4.1. Reduction in BS Stiffness

The curves of the changes in the DAFs at various measurement points under the
working conditions of a bearing support stiffness reduction are shown in Figure 18.
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Figure 18. DAF curves of the bridge measuring points under different bearing support vertical
stiffnesses.

As illustrated in Figure 18a, when the front and rear axles pass over the EJ, there is an
increase in the DAF-EJ corresponding to a reduction in the 0−1# BS vertical stiffness. The
maximum increase rates of DAFs were 1.35% and 2.10% for the front and rear axles passing
over, respectively. This suggests that a reduction in BS stiffness has a relatively small impact
on the DAF-EJ. However, Figure 18b shows that the DAF at each measurement point on
the main girder exhibited a steady increase as the 0−1# BS support stiffness decreased. At
a BS support stiffness value of 0.2 k0, the maximum increase rates in the DAFs at the end of
the first span, the 1/4 point of the first span, the 1/2 point of the first span, the 1/2 point of
the second span, and the 1/2 point of the third span were 24.18%, 7.97%, 6.40%, 7.10%, and
5.51%, respectively. This indicates that changes in BS stiffness have a significant impact on
the DAFs at various measurement points on the main girder, especially the beam end of
the first span.

4.2. Support Voids
4.2.1. Single-Support Void

The changes in the DAFs at various measurement points under single-support void
conditions are shown in Figure 19.
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Figure 19. DAFs at bridge measurement points under different single void conditions.

As illustrated in Figure 19a, there was a relatively large impact on the DAF-EJ when
single supports 0−1# and 0−2# were voided. When the front axle passed over the EJ, the
increases in the DAF-EJ were 1.80% and 0.38%, respectively. Similarly, when the rear axle
passed over EJ, the increase rates in the DAF-EJ were 3.15% and 0.39%, respectively. The
impact of other single-support voids on the DAF-EJ was negligible. This indicates that
DAF-EJ is not sensitive to a single-support void.
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As illustrated in Figure 19b, the DAFs of individual measurement points of the main
girder were significantly affected by the support void within and adjacent to the span. For
instance, when single supports 0−1#, 0−2#, 0−3#, or 0−4# were voided, the increase rates
in DAFs at the end of the main girder were 29.27%, 18.13%, 1.89%, and 7.27%, respectively.
Notably, when 0−1# or 0−2# were voided, the DAF at the end of the main girder exceeded
the design value (1.220) by a considerable margin.

4.2.2. Double-Support Void

The DAFs at various measurement points under double-support void conditions are
summarized in Table 8.

Table 8. DAFs of the bridge measurement points with different double-support voids at 30 km/h.

Working Condition
of Double Support

Void
Category

Measurement Points

Front Axle
Passing over

EJ Middle
Beam

Rear Axle
Passing over

EJ Middle
Beam

End of
the First

Span

1/4 Point of
the First

Span

1/2 Point of
the First

Span

1/2 Point of
the Second

Span

1/2 Point of
the Third

Span

The support is intact

DAF

1.055 1.017 1.059 1.006 1.002 1.003 1.003
0-1, 2# 1.082 1.102 1.548 1.447 1.131 1.003 1.003
0-1, 3# 1.074 1.050 1.403 1.124 1.039 1.003 1.003
0-1, 4# 1.075 1.056 1.431 1.159 1.053 1.003 1.003
0-2, 3# 1.059 1.021 1.239 1.008 1.002 1.003 1.003
0-2, 4# 1.059 1.021 1.229 1.008 1.003 1.003 1.003
0-3, 4# 1.056 1.018 1.132 1.007 1.004 1.003 1.003
1-1, 2# 1.055 1.016 1.024 1.305 1.534 1.417 1.011
1-1, 3# 1.055 1.017 1.065 1.126 1.227 1.129 1.004
1-1, 4# 1.055 1.017 1.066 1.127 1.230 1.138 1.004
1-2, 3# 1.055 1.017 1.067 1.003 1.004 1.014 1.006
1-2, 4# 1.055 1.017 1.064 1.004 1.003 1.013 1.005
1-3, 4# 1.055 1.017 1.051 1.004 1.006 1.007 1.004

0-4, 1-4# 1.074 1.050 1.385 1.264 1.277 1.130 1.004
0-4, 2-4# 1.074 1.049 1.377 1.121 1.040 1.192 1.187
0-4, 1-4# 1.074 1.050 1.382 1.122 1.039 1.003 1.039
1-4, 2-4# 1.055 1.017 1.057 1.129 1.233 1.375 1.189
1-4, 1-4# 1.055 1.017 1.020 1.127 1.228 1.129 1.040
2-4, 1-4# 1.055 1.017 1.021 1.004 1.002 1.193 1.235

As presented in Table 8, three main conclusions can be drawn. (a) A double-support
void had a relatively small (less than 10%) impact on the DAF-EJ. (b) Compared to a
single-support void, a double-support void had a more significant impact on the DAF of
the beam end of the main girder. When double supports 0−1, 2# and 0−4#, 1−4# were
voided, the increase rates in DAFs at the end of the main girder were 46.2% and 30.5%,
respectively, and both maximum DAFs exceeded the design value (1.220). (c) The variation
in the DAF of the middle span point of the main girder due to a double-support void was
much more significant than that due to the single-support void. The maximum DAFs at
the 1/4 and 1/2 points of the first span, the 1/2 point of the second span, and the 1/2 point
of the third span were 1.447, 1.534, 1.417, and 1.235, respectively, and the corresponding
increase rates reached 43.84%, 53.09%, 41.28%, and 23.13%, respectively. In conclusion, a
double-support void can result in significant changes in the DAFs of the main girder, which
can significantly compromise bridge safety.

5. Impact of Coupled Changes in the E-B Parameters on Dynamic Responses of Curved
Girder Bridges to Vehicular Loads
5.1. Orthogonal Experimental Design

To further investigate the impacts of coupled changes in E-B parameters on the dy-
namic responses of curved girder bridges to vehicular loads, a sensitivity analysis was
conducted using the orthogonal experimental design. Four factors were considered for sen-
sitivity analysis: HMB, EJ vertical support stiffness, bearing support stiffness, and support
voiding. Each factor was evaluated at three levels, resulting in the L9(34) orthogonal table,
presented in Table 9.
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Table 9. Scheme of the orthogonal numerical simulation test.

Numbering of
Orthogonal

Tests
Factor 1 Factor 2 Factor 3 Factor 4

1 0 mm k0 k1 No void
2 0 mm 0.6 k0 0.2 k1 0 abutment 1#
3 0 mm 0.2 k0 0.6 k1 1 span 1#
4 −20 mm k0 0.2 k1 1 span 1#
5 −20 mm 0.6 k0 0.6 k1 No void
6 −20 mm 0.2 k0 k1 0 abutment 1#
7 20 mm k0 0.6 k1 0 abutment 1#
8 20 mm 0.6 k0 k1 1 span 1#
9 20 mm 0.2 k0 0.2 k1 No void

Note: k0 is the design support stiffness of EJ; k1 is the design support stiffness of BS.

5.2. Coupled Parameter Influence Analysis

As illustrated in Figure 20, the dynamic responses of the bridge became more complex
when coupled changes in E-B parameters were considered. To provide a more intuitive
understanding of the effects of various factors on the DAFs at different measurement points,
Figure 21 presents a comparison of the sensitivities for DAF at various measurement points
concerning four influencing factors.
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Figure 20. Cont.
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Figure 20. Displacement curves over time of the bridge measuring points.
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As Figures 20 and 21 show, the DAFs-EJ exhibited a significantly higher sensitivity to
the variations in BMS compared to the variations in BS support stiffness, EJ vertical support
stiffness, or support voiding. Additionally, the DAFs-EJ exhibited a significantly higher
sensitivity to variations in these four parameters when the rear axle passed over the EJ.
Also, the sensitivity of the four impact factors to the DAF changed with variations in the
positions of the main girder. For the end of the first span, the order of sensitivities was BMS
> support void > BS support stiffness > EJ vertical support stiffness; for the 1/4 and 1/2
points of the first span, the order of sensitivities was support void > BS support stiffness >
EJ vertical support stiffness > BMS; and for the 1/2 point of the second span, the order of
sensitivities was BS support stiffness > support void > BMS > EJ vertical support stiffness.
It should be noted that, for the 1/2 point of the third span, the sensitivity of four impact
factors to the DAF at this measurement point depended on traffic passing one-way over
the bridge. When considering one-way traffic, the DAF at the 1/2 point of the third span
only showed sensitivity to changes in BS support stiffness at the ends of this span. When
considering two-way traffic, the sensitivity of the four impact factors to the DAF at this
point was the same as that of the first span.

It should be noted that certain EJ and BS parameters were given in the finite element
models in this study, and the loading vehicle was selected as a two-axle truck, which
only travelled along the outside lane of the bridge with ideal road roughness. Therefore,
systematic numerical analyses of the vehicle–joint (bearing support)–bridge coupling
vibration need to be carried out by taking into account the variable parameters of curved
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bridges, vehicles, and so forth. Moreover, rapid technical condition evaluation methods
for the EJ, BS, and main girder based on variation in the dynamic response of vehicle–joint
(bearing support)–bridge coupling vibration are also a hotspot for future study.

6. Conclusions

In this study, an analysis method for the dynamic response of a vehicle–joint (bearing)–
bridge coupling, taking into account the centrifugal force, was proposed and verified based
on field testing data. Subsequently, a continuous curved box girder bridge was taken
as a research object to investigate the influence of variable parameters of the expansion
joints and bearing supports on the vehicle-induced dynamic responses of the curved girder
bridge. The main findings are summarized as follows:

(1) The proposed analysis method can be applied to analyze the vehicle-induced dynamic
response of a curved girder bridge, taking into account the variable parameters of
expansion joints (EJs) and bearing supports (BSs). The errors between the theoretical
analysis results and the field-testing results were in the range of 4.01~8.24%.

(2) The DAF of the middle beam of an expansion joint (DAF-EJ) increased with the
increase of its relevant height difference; the DAF of the beam end of the main girder
increased with increasing or decreasing relevant height difference. There was a speed
limitation which made the DAFs-EJ increase with the increasing height difference of
the side beam, while the DAF of the beam end decreased with the increasing relevant
height difference. The DAFs of the middle beam and the beam end both significantly
increased with the decreasing support stiffness of the EJ. The height difference and
support stiffness reductions to the EJ will both significantly vary the bearing reaction
force of the BS, and may result in the fatigue failure of the BS.

(3) The DAFs of the middle beam of the EJ and the main girder increased with the support
stiffness reduction in the BS near the beam end of the main girder. The reduction in the
support stiffness of the BS had little effect on the DAF-EJ, but had a significant effect on
the DAF of the main girder, especially the beam end. The DAFs of the middle beam of
the EJ, the beam end, the 1/4 and 1/2 points of the first span, as well as the 1/2 point
of the second span, were obviously influenced by the single-support void near the
traffic lane or corresponding measurement points. Moreover, the DAFs of the middle
beam of the EJ and the main girder were more influenced by the double-support void,
especially the beam end of the main girder.

(4) The DAF-EJ was more sensitive to the height difference of the middle beam of the
EJ and thevertical support stiffness variation in the BS and EJ. The DAF of the beam
end of the main girder was most sensitive to the height difference of the middle beam
of the EJ. The influences of the height difference of the middle beam of the EJ on the
DAFs of the beam end, the 1/4 and 1/2 points of the first span, as well as the 1/2
points of the second and third spans, gradually decreased. The DAF of the beam end
of the main girder was most significantly affected by the reduction in support stiffness.
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