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A modified moving loads’ model is proposed for the vehicle-bridge coupling vibration simulation. Taking the vehicle-bridge
interaction model (VBI) as the reference, the accuracy and applicability of the three calculation models, namely, moving loads’
model, moving mass model, and spring-damper-mass model, are compared using the frequently-used railway simply-supported
beam with a span of 32 meters as the research object. Influencing factors such as vehicle speed, mass ratio of vehicle and beam, and
primary spring stiffness on the dynamic response of the vehicle-bridge system are discussed in detail. 'e results show that the
moving load model has the best performance on the stability of the deviation rate, but its calculation results are smaller than the
other two methods as well as the VBI. 'e values of the deviation rate for the moving mass model and the spring-damper-mass
model are large, and the stability of those are insufficient in the range of 80%∼120% of the first resonance velocity. Except for that,
the results of the two models are in good agreement with the VBI model. According to above analysis, a modified moving loads’
model with two amplification coefficients, namely, 1.10 for the range of 90%∼105% of the first resonance velocity and 1.05 for
other velocities, are proposed, which has higher calculation efficiency and accuracy.

1. Introduction

Since 1997, China’s trains have increased their speeds six
times [1], from the “Green Railway Carriage” era 20 years
ago, to the “Red Railway Carriage” 15 years ago, and then to
the “China Railway High-Speed (CRH)” in 2007, and even
the “China Rejuvenation (CR)” in recent years; the operating
speed has increased from the top speed of 140 km/h to the
current 350 km/h, and the speed will develop to 400 km/h in
the future [2], and it is constantly being refreshed. With the
continuous improvement of train speed, the dynamic
problem between the high-speed train and railway bridge is
becoming increasingly prominent, and the coupling vibra-
tion between the train and bridge is becoming more and
more serious [3–5].

'e vehicle-bridge coupled vibration analysis model has
undergone the following stages of development.

In the initial stage, Willis ignored the mass of the bridge
in a report on bridge vibration and simplified the train load

to moving concentration; Timoshenko [6] considered the
bridge quality, simplified the train load to moving con-
centrated force, and established the bridge vibration equa-
tion that only considered the vertical direction; Inglis [7] and
Kolousek [8] regarded the train load as a single-moving
periodic force and considered the mass of the bridge and the
vehicle to analyze the problem of single wheel crossing the
bridge. Li and Zhang [9] obtained the moving load velocities
which led to the extreme responses of bridge free vibration
under single-moving constant force or harmonic force and
put forward the corresponding formula by analyzing the
moving load spectrum in detail. Nowadays, a large number
of scholars use this method to analyze the dynamics of
bridges [10–17], and Europe [18] wrote this model into
specifications to guide the bridge design.

In order to consider the influence of the train mass on
the vibration of the vehicle bridge, Yang and Yau [19, 20]
simplified the vehicle into a suspended mass, distributed the
mass to the car body and the bogie, established a bridge
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model using the finite element method, and analyzed the
dynamic response of the bridge; Chen et al. [21, 22] studied
the dynamic response of the beam under the action of the
moving mass and deduced its vibration equation.

Because there are springs and damping in the vehicle
system, scholars [23–25] presented a semianalytical solution
to the problem of a simple supported beam subjected to a
moving sprung mass with initial velocity and constant ac-
celeration or deceleration.

In order to make the model closer to the actual vehicle,
Dhar established the vehicle as a multirigid body system
composed of spring connecting parts between the car body,
bogie, and wheelset. 'e wheel-rail interaction was con-
sidered as the excitation source of the vehicle-bridge system,
and the vertical vibration of the vehicle-bridge system was
analyzed. Chinese scholars Gao et al. [26, 27] considered the
31 DOF vehicle model; Zhang et al. [28–32] established the
27 DOF space vehicle model, and all of them conducted a lot
of research on vehicle-bridge interaction.

In the above literature, the relevant analysis of each
model has been carried out, but the detailed comparative
analysis of three simplified calculation methods such as
moving load model, moving mass model, and spring-
damping-mass model has not been carried out, and the
applicability of different models has not been pointed out.
Because the dynamic coefficient is an important indicator of
the bridge design, this paper discusses the advantages and
disadvantages of the three simplified calculation methods in
detail based on the deviation rate of the dynamic coefficient
under consideration of different vehicle-bridge mass ratios.
A simple and practical simplified calculation model of ve-
hicle-bridge coupling is obtained, which provides a basis for
rational selection of the vehicle-bridge coupling calculation
model in future engineering applications. Compared with
UIC776-2 [18] specification, “in dynamic calculation, the
train is represented by axle load and spacing and passes
through the bridge at a constant speed. 'is model is suf-
ficient for dynamic calculation.” It is recommended that
similar regulations be added to the Chinese code.

2. Simplification Method of the Vehicle-Bridge
Coupling Model

In the research process of the interaction of the vehicle and
bridge problem, the vibration theory of vehicle-bridge
coupling is constantly improving, and its analysis model and
calculation method have also undergone changes from
simple to complex.'e explanation of these four models is as
follows.

2.1. 'e Moving Load Model. 'e common 32m simple
supported box girder has a mass of more than 1,100 tons,
while the mass loaded on the single-span simple supported
beam when the train passes through the bridge is about 60
tons. It can be seen that the loading mass of the train is far
less than that of the simple supported beam. 'e common
32m simple-supported box girder has a mass of more than
1,100 tons, while the mass of the single-span simple sup-
ported girder loaded by the train passing through the bridge
is about 60 tons. 'erefore, this simplified model does not
consider the inertial force generated by the mass when the
train passes through the bridge, and with reference to UIC
776-2 specification, the vehicle is simplified as the moving
load model [18], as shown in Figure 1.

Assuming that the mass of the simply supported beam is
uniformly distributed and has a constant cross section, the
span is L, the mass per unit beam length is m, the stiffness is
EI, and viscous damping whose damping force is propor-
tional to the structural vibration speed is adopted. 'e
parameters are the full length of single vehicle LV, distance
between bogie centres LC, and the fixed wheelbase of the
wheelset LW.

'e number is Pkj (k� 1, 2, 3, . . .,Nv and j� 1, 2, 3, and 4)
according to the forward direction of the train.'e subscript
k represents the number of cars in which the wheelset is
located, and j represents the location of the wheelset in the
car. 'ere is a time difference between the groups of con-
centrated forces. 'e time tkj for the kth moving concen-
trated load of the jth group to enter the bridge is still
tk � k − 1LV/V.

Applying the above model, the differential motion
equation of a simply supported beam bridge is expressed as
follows [16–23]:
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Correspondingly, the analytical solution of the vertical
vibration displacement of a simply supported bridge con-
sidering only the first mode of vibration is
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where ω � (π/L)2
�����
EI/m

√
is the natural circular frequency of

the simply supported beam, the frequency ratio is β � (ω/ω),
the loading frequency of the moving load crossing the bridge

is ω � (πV/L), ξ is the damping ratio, ωD � ω
�����

1 − ξ2


is the
damped vibration frequency, and 1/((1 − β2)2 + (2ξβ)2) is
the dynamic amplification factor of the simple supported
beam. 'e first term is the transient response of the simple
supported beam, and the second term is the steady-state
response of the simple supported beam. 'e acceleration
response formula can be derived from the displacement
response formula and will not be listed here.

2.2.'eMovingMassModel. In actual engineering, the mass
of the train is real, and as the mass ratio of the vehicle to the
bridge increases, the inertial force generated by the dynamic
action of the vehicle at the same speed is greater, so the

vehicle is simplified to the moving mass model. As shown in
Figure 2, it is assumed that the moving mass is not separated
from the simple supported beam during the movement.

If the mass Mij passes through the bridge at a uniform
speed V, the load acting on the beam is the sum of the mass’s
gravity PGij � Mijg, and the mass’s inertial force
Pij � Mijd

2y(x, t)/dt2, and
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In the above formula, the first term is the vertical ac-
celeration of the bridge; the second and third terms are,
respectively, related to the vertical velocity change rate of the
bridge and the curvature generated by the bridge. 'e values
of these two items are small and negligible. 'en, the bridge
dynamic balance equation is
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Figure 1: 'e moving load model.
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Use the mode decomposition method to solve, and take
into account the orthogonal characteristics of the mode, and
suppose ϕn(x) � sin(nπx/L), and x� Vt, and get
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'en, the equation of motion matrix expression of the
simply supported beam is

M €q  + C _q  + K q  � F. (7)

'e specific content of each matrix in the formula can be
found in literature [28]. 'e analytical solution of a simple
supported beam under moving mass, although the modal
decomposition method cannot be used to completely de-
couple the equations, but the original structural equation set
with the order of N reduction can be selected, and the
stepwise integration method can be used to solve it.

2.3. 'e Spring-Damping-Mass Model. In order to further
consider the springs and damping devices between the trains
and further establish a vehicle-bridge model closer to the
actual, the model is shown in Figure 3.

'e moving load on the simple supported beam consists
of the moving wheel massM1, the mass on the springM2, the
damper c1, and the spring k1, and it is assumed that the mass
M1 does not separate from the simply supported beam body
during the movement [28].

'e force acting on the sprung mass M2 includes the
inertial force P12 � M2

€Z(t), the elastic force generated by
the spring PS � k1[y(x, t) − Z(t)]|x�Vt, and the damping
force generated by the damper PD � c1
[dy(x, t)/dt − _Z(t)]|x�Vt.

From the force balance on M2 in the figure, the balance
equation of M2 can be obtained as

M2
€Z (t) + k1 Z(t) − y(x, t)|x�Vt 

+c1
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zy(x, t)

dt
|x�Vt  � 0.

(8)

'en, the force on the simple supported beam is the
gravity PG � (M1 + M2)g generated by the mass M1 and
M2, and the inertial force of the mass M1 is
PI � M1 · d2y(x, t)/dt2|x�Vt, the elastic force generated by
the spring Ps

′ � k1[Z(t) − y(x, t)]|x�Vt, and the damping
force generated by the damper is
PD
′ � c1[

_Z(t) − dy(x, t)/dt]|x�Vt.
'e dynamic balance equation of a simply supported

beam is
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Figure 2: 'e moving mass model.
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When solving by the mode decomposition method, in
the case of a simple supported beam of equal cross section,
set ϕn(x) � sin(nπx/L), and x � Vt, then
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According to the mass M2 motion equation, the above
equation can be sorted into
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Combine equation (10) with equation (11) to obtain the
dynamic balance equations of the simple supported beam.
'erefore, in order to simplify the calculation, take N terms
for analysis; then, the expression of theN+ 1 order matrix of
the dynamic motion equation of the simply supported beam
is

M €X  + C _X  + K X{ } � F{ }. (12)

For eachmatrix parameter in the formula, see [28]. It can
be seen that, in the analytical solution of a simply supported
beam under the action of a moving wheel and a sprung mass
model, the dynamic equation cannot be completely
decoupled by the mode superposition method, and the
equation can be calculated simply by reducing the order.
And, the mass, stiffness, and damping matrix are also
changing, so this time-varying differential equation system
can be solved by stepwise integration.

2.4.'eVBIModel. In this model, the vehicle considers 1 car
body, 2 bogies, and 4 wheelsets. 'e degrees of freedom for
each car body and each bogie are Z and Ry directions, and the
degree of freedom of each wheelset of analysis is the Z
direction. 'erefore, each vehicle unit needs to calculate 10
degrees of freedom. 'e car is connected to the front and
rear bogies through springs and damper bodies, and the
bogies are connected to each corresponding wheelset
through springs and dampers.'e vehicle structure is shown
in Figure 4 [28].

'e wheel-rail relationship satisfies the close adhesion
assumption, that is, the contact point between the upper
wheelset of the train and the track is always close vertically.
Considering the vehicle and the bridge separately, the vi-
bration equation is as follows.

Dynamic motion equation of the vehicle subsystem:

MV
€XV + CV

_XV + KVXV � FV. (13)

'e dynamic equation of the bridge subsystem is

MB
€XB + CB

_XB + KBXB � FB. (14)

Vehicles are programmed by means of programming.
'e bridge is modeled by the finite element based on the
section characteristics in the previous section, and the whole
process iteration method is used to calculate the dynamic
response between vehicles and bridges.
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Figure 3: 'e spring-damping-mass model.
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2.5. Model Comparison Analysis. Among the above four
models, due to different degrees of simplification, there are
different vibration systems. 'e main differences between
the four models are shown in Table 1.

3. Comparison and Analysis of Simplified
Calculation Methods for Vehicle-
Bridge Coupling

'e four different methods in Section 2 are applied to an-
alyze the vehicle-bridge coupling problem, and the vertical
dynamic response of the simple supported beams acting on
the above four calculation models is analyzed and compared
by changing the vehicle-bridge coupling model parameters
such as train speed and vehicle-bridge mass ratio. And,
through the analysis and comparison of four vehicle-bridge
coupling models, a calculation method with high efficiency
and good accuracy is selected.

3.1. Model Parameter Selection. Taking the 32m simple
supported beam commonly used in railway bridges in China
as the research object, the cross section is a typical single-box
single-cell equal-height box girder. 'e top width of the
beam box girder is 12m, the height is 3.05m, the bottom
width of the box girder is 5.5m, the concrete is C55, the
elastic modulus 3.55×1010 Pa, bending moment of inertia
I� 11.092m4, vertical first-order frequency is 4.89Hz,
Poisson’s ratio is 0.2, and damping ratio is 2%.

'e vehicle uses CRH3, and its main parameters are
shown in Table 2

3.2. Simplified Model Comparison Analysis. In order to
analyze the effect of different size of bridge elements on the
calculation results, the bridge elements are divided into six
analytical cases: 0.1m, 0.5m, 1m, 2m, 4m, and 8m. Based
on the parameters in the previous section, the maximum
displacement of the bridge midspan under the moving load
model is calculated, as shown in Figure 5.

'e calculation result shows that the smaller the size of
the bridge element is, the more accurate the result is. When
the size is too large, the result is wrong. As shown in Figure 5,
when the size of the bridge element is 4m, the result is a
larger error in some speeds. When it reaches 8m, the error is
even greater. Considering the calculation efficiency and the
accuracy of the calculation results, in the following calcu-
lations, the size of the bridge element is 1m.

For the moving load model, comparing theoretical
formula equation (3) with the results of the finite element
method, the bridge midspan displacement at speeds from
50 km/h to 350 km/h and the bridge midspan displacement
time history curves at speeds of 200 km/h and 300 km/h are
calculated, respectively, as shown in Figures 6 and 7. It can
be seen that they meet well. 'erefore, it can also be proved
that it is reasonable to use the same method to calculate the
moving mass and the result of the moving vehicle model.

Based on the abovementioned vehicle-bridge coupling
model, the dynamic response of the four models when the
train passes through the bridge at a speed of 50 km/h to
500 km/h is calculated, respectively, as shown in Figures 8
and 9.

It can be seen from Figures 8 and 9 that the response
trend of the bridge midspan displacement and acceleration
of the four models at different speed levels are roughly the
same. When the speed is less than 500 km/h, the dynamic
response of the bridge basically satisfies the intensive moving
mass model> spring-damping-mass model>VBI mod-
el>moving load model among the four models.'e analysis
shows that, in the moving load model, the train is simplified
into moving loads, and the inertial force generated by the
mass of the train during the running process is ignored, so its
value is the smallest. And, because the moving mass model
does not consider the energy dissipation effect of the train’s
own stiffness and damping compared with the other two
models, its value is the largest. Compared with the spring-
damping-mass model, a more complete stiffness and
damping system is considered in the VBI model, and its
energy consumption is more obvious, which makes the
bridge response slightly smaller than that of the spring-
damping-mass model.

And, when the speed is 460 km/h, there is a peak value,
and a small peak value also appears at the speed of 150 km/h.
'e dynamic response of the four models at a speed of
460 km/h is shown in Figures 10 and 11. It can be observed
from the figure that the dynamic response of the bridge at
this speed gradually increases with the continuous loading of
the train, and there is an obvious resonance phenomenon,
and it conforms to the resonance critical speed calculated by
formula (15) in the literature [28]. 'e calculation result is
shown in Table 3:

Vres �
fn × LV

i
. (15)

Taking the VBI model as a reference, we named the
difference between the bridge response obtained by the other
three models and the space multi-degree-of-freedom

Zc

Zt

ZW ZW ZW ZW

φc

φt
Zt

φt

Figure 4: 'e vehicle structure.
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complex model divided by the bridge response obtained by
the complex model as the deviation rate.

Taking the VBI model as a reference, we named the
difference between the bridge response obtained by the other
three models and VBI model divided by the bridge response
obtained by the VBI model as the deviation rate of the
dynamic coefficient, such as formula (16). 'e maximum
deviation rates of the three models at different speeds are
shown in Figures 12 and 13:

D �
Di − DVBI

DVBI
, (16)

where D represents the deviation rate of the dynamic co-
efficient, Di represents the bridge dynamic coefficient under
the model of moving load, moving mass, and spring-
damping mass, and DVBI represents the bridge dynamic
coefficient under the VBI model.

'e full text uses 5% deviation rate as the evaluation
index. When the deviation rate is less than 5%, it means that
the model meets the calculation accuracy requirements, and
when the deviation rate is greater than 5%, it means that the
model cannot meet the calculation accuracy requirements of
vehicle-bridge dynamics.

'e analysis shows that when the deviation rate value is
greater than 0, it means that the calculation result of the
model is larger than the calculation result of the VBI model,
that is, this model can better contain the response of the real
vehicle-bridge system, and the calculation is more reliable.
Conversely, when the difference is less than 0, the model
calculation result is smaller than the real result. When used
as a bridge response model, it is too conservative and cannot
be used to evaluate the dynamic performance of the bridge.
It can be seen from Figure 12 that, in the calculation results
of the moving load model, the deviation rate is less than 0,
and the absolute value of the deviation rate near the reso-
nance speed exceeds 5%. 'erefore, this model needs to be
processed before it can be used in the vehicle-bridge cou-
pling calculation. In the calculation results of the moving
mass model and the spring-damping-mass model, the de-
viation rate is between 5% and 15% only near the resonance
speed, and the deviation rate at the other speeds meets the

limit of less than 5% as a whole. It shows that, in addition to
the resonance speed, these two models can well reflect the
displacement of the bridge in the real vehicle-bridge coupled

Table 1: Simplified comparison of different models.

Model Mass Gravity Inertial force Stiffness Damping
'e moving load model — PG � M1g — — —
'e moving mass model M1 PG � M1g P1 � M1d

2y(x, t)/dt2 — —
'e spring-damping-mass
model M1 +M2 PG � (M1 + M2)g

P12 � M2
€Z(t) and

PI � M1 · d2y(x, t)/dt2|x�Vt

K1 C1

'e VBI model

Complete
wheelset,
bogie, and
body mass

Gravity generated by the
complete wheelset,

bogie, and car body mass

Inertial force generated by
wheelsets, bogies, and car

bodies

Primary
spring and
secondary
spring

Primary
damping and
secondary
damping

Table 2: Vehicle parameters.

Main parameters Value
Distance of wheel sets (m) 2.5
Distance of bogies (m) 18
Length of each car (m) 26.3
Wheel set mass (kg) 2200
Bogie mass (kg) 3400
Bogie Z-inertia (kg·m2) 6800
Car body mass (kg) 42400
Car body Z-inertia (kg·m2) 2740000
Primary suspension z-damp/side (kN-s/m) 40
Secondary suspension z-damp/side (kN-s/m) 45
Primary suspension z-spring/side (MN/m) 1.04
Secondary suspension z-spring/side (MN/m) 0.4
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Figure 5: 'e maximum midspan displacement of the bridge
under different sizes of the bridge element.
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vibration, which can be used to guide the design of the
bridge.

It can be seen from Figure 13 that the acceleration
deviation rates of the three models are relatively large, so
none of the three calculation models can reflect the more
accurate bridge vibration acceleration.

3.3. Analysis of Results under Different Vehicle-Bridge Mass
Ratios. Based on the parameters of the vehicle and simple
supported beam in the above section, the mass ratio of the
single carriage to the one-span simple supported beam is
about 1/21. 'erefore, the working conditions shown in

Table 4 are set to study the applicability of several models
under different vehicles to bridge mass ratios. 'e vehicle
mass is about 26.7 t∼267 t.

Under different mass ratio conditions, the midspan
deviation rate of the dynamic coefficient of the three models
in the speed range of 50 km/h∼500 km/h is shown in Figures
14–16. Figure 17 is the calculation result of the midspan
displacement of the spatial VBI model.

It can be seen from Figure 17 that, with the increase of
the vehicle bridge mass ratio, the load acting on the bridge
increases, and the midspan displacement of the bridge in-
creases. According to Figure 14, the moving load model has
the same rule as Section 3.2 under different mass ratios, and
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Figure 6: 'e maximum displacement of the bridge midspan under the two models at different speeds.
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Figure 7: 'e displacement of the bridge midspan under the two models at a speed of 200 km/h and 300 km/h.
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the absolute deviation rate is more than 5% within the speed
range of 410 km/h∼470 km/h (that is, 90%∼105% of reso-
nance speed). In Figure 16, in the calculation results of the
moving mass model, the increase of the mass ratio makes the
deviation rate increase, and the deviation rate is more than
5% in the speed range of 390 km/h∼500 km/h (that is,
84.7%∼108.6% of the resonance speed). In other speeds, the
moving mass model is in good agreement with the VBI
model. In Figure 16, in the spring-damping-mass model, in

the speed range of 430 km/h∼500 km/h (that is, 93%∼108.6%
of the resonance speed), the deviation rate is more than 5%.
In other speeds, the spring-damping-mass model is in good
agreement with the VBI model.
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Figure 8:'e maximum displacement of the bridge under the four
models at different speeds.
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Figure 9: 'e maximum acceleration of the bridge under the four
models at different speeds.
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Figure 10: 'e maximum displacement of the bridge midspan
under the four models at a speed of 460 km/h.

�e moving
load model
�e moving
mass model

�e spring-damping-
mass model
�e VBI model

A
cc

el
er

at
io

n 
(m

/s
2 )

0 2 4 6 8
–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

Time (s)

Figure 11: 'e maximum acceleration of the bridge midspan
under the four models at a speed of 460 km/h.

Table 3: 'e results of resonance critical speed.

Number 1 2 3 4 5
Speed (km/h) 463.74 231.87 154.58 115.94 92.75
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Observing Figures 14–16, we can see that, under different
vehicle-bridge mass ratios, the deviation rate between the
results of the moving load model and the results of the VBI
model is small, and it has good stability. However, the
deviation rate of the moving mass model and the spring-
damping-mass model varies to different degrees with

different working conditions, and the deviation rate is rel-
atively poor under stable conditions.

Figure 18 shows the maximum deviation rate of the
bridge midspan dynamic coefficient under the action of the
moving load model after coefficient correction. Multiply the
coefficient of 1.1 within the range of 90%∼105% of resonance
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Figure 12: Deviation rate of the dynamic coefficient of the bridge midspan under different models.
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Figure 13: Deviation rate of acceleration of the bridge midspan under different models.

Table 4: Analysis working conditions of different vehicles and bridge mass ratios.
Working condition 1 2 3 4 5 6 7 8 9 10
Mass ratio of vehicle to bridge 1/5 1/10 1/15 1/20 1/25 1/30 1/35 1/40 1/45 1/50
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speed, and multiply the coefficient of 1.05 under other
speeds so that the deviation rates are all positive, that is, the
bridge dynamic coefficient results of the moving load model
can envelope the results of VBI, and the deviation rate is less
than 5%.

3.4. Analysis of the Result of the Stiffness Change of a Series of
Springs. In the calculation of the vehicle-bridge system, in
order to study the influence of the primary spring stiffness

on the coupled vibration of the vehicle bridge, the current
primary spring stiffness of the vehicle is set to k1, and the
force of the unit displacement generated by the concentrated
force in the bridge midspan is k2; then, the stiffness ratio of
the vehicle to bridge is k1/k2, and k0 � k1/k2. Now calculate
the displacement deviation rate of the bridge midspan under
the action of the spring-damping-mass model and the VBI
model within the stiffness variation range of Table 5, as
shown in Figure 19. 'e value range of k1 is
0.104∼10.4MN/m.
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Figure 14: Dynamic coefficient deviation rate of the bridge under
the moving load model.
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Figure 15: Dynamic coefficient deviation rate of the bridge under
the moving mass model.
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Figure 16: Dynamic coefficient deviation rate of the bridge under
the spring-damping-mass model.
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Figure 17: 'e maximum displacement of the bridge span of the
VBI model.
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It can be seen from the analysis in Figure 19 that when
the stiffness of the primary spring changes within a certain
range, the deviation rate is greater than 5% within the speed
range of 370 km/h∼500 km/h (that is, 80.4%∼119.6% of the
resonance speed). At other speeds, the spring-damping-
mass model is in good agreement with the VBI model.

4. Conclusions

Four different vehicle-bridge coupling calculation models
are calculated. 'e speed range covers the range of 50 km/
h∼500 km/h, and the change of the vehicle-bridge mass ratio
and various primary spring stiffness also covers many types
of vehicles.

(1) In the applicability analysis of the calculation model,
the first three models can better reflect the dynamic
coefficients of the bridge in the coupled vibration of
the vehicle bridge and are used to guide the design of
the bridge. However, the acceleration deviation rates
of the three models are relatively large, so they
cannot reflect the more accurate bridge vibration
acceleration.

(2) 'e moving load model ignores the train mass.
Compared with the other three models, the moving
load model lacks the inertial force generated by the
mass under the dynamic action, which makes the
calculation results of the bridge midspan dynamic
coefficient smaller and cannot cover all the calcu-
lation results of the VBI model, which makes the
calculation results dangerous.'erefore, multiplying
the range of 90%∼105% of its resonance speed by a
coefficient of 1.1 and multiplying the remaining
speeds by a coefficient of 1.05 to obtain a result
consistent with the degree of freedom of space.

(3) In the model of the moving mass and spring-
damping-mass, except for the range of 80%∼120% of
the first resonance speed, the deviation rate of bridge
midspan displacement in the other speed ranges is
less than 5%, which is in good agreement with the
model of VBI. However, in the case of different axle
mass ratios, the deviation rate from the result of the
VBI model has a relatively large change, and it
cannot be solved by simply multiplying the
coefficient.

(4) Considering that the moving load train model is
relatively simple and efficient and has good stability
with the results of the multi-degree-of-freedom
spatial model under different working conditions,
the moving load train model with coefficient cor-
rection is recommended as a simplified model of
vehicle-bridge coupling vibration.
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Figure 18: 'e maximum dynamic coefficient deviation rate of the
bridge under the moving load model after the coefficient
correction.

Table 5: Working conditions of the primary spring stiffness of the
vehicle.

Conditions 1 2 3 4 5 6
Stiffness 1/10k0 1/8k0 1/6k0 1/4k0 1/2k0 1k0
Conditions 7 8 9 10 11 —
Stiffness 2k0 4k0 6k0 8k0 10k0 —
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Figure 19: Dynamic coefficient deviation rate of the bridge under
the spring-damping-mass model.
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