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1. Introduction

With the vigorous development of China’s high-speed railways, 

40 m span girder bridges is continuously extending to wider and 

more complex areas instead of the 32 m span due to the aviod of 

sympathetic vibration, and 400 km/h train speed and full train 

load will be gradually promoted and applied in the next generation 

of high-speed train. The bridge is widely used as a foundation to 

support the railway system result of its high stiffness and strength 

which lead to relatively small differential settlement (Yan et al., 

2015; Montenegro et al., 2021; Zheng et al., 2022). For example, 

around 50% of the 41,000 km long high-speed railway is supported 

by simply-supported box girder bridges with four standard span 

lengths of 20 m, 24 m, 32 m, and 40 m, respectively. The bridge span 

length is related to the structural stiffness, which could significantly 

affect the vibration transmission and dynamic performance of the 

Vehicle-Track-Bridge (VTB) coupling system (Zhai and Cai, 2002; 

Jeon et al., 2016; Gong et al., 2021; Yang et al., 2021; Zhu et al., 

2024). In particular, the vibration transmission among multi-layer 

concrete components is an important indicator of dynamic 

performance for longitudinal slab track-bridge structure. With the 

continuously increase of the passenger carrying capacity and 

comfort requirement, the existing coupled vehicle-ballastless 

track-bridge structure could be subjected to increasing high speed 

and heavy train loading (i.e., up to 400 km/h and 30,000 tons) in the 

near future in China. With the continuously increase of train speed 

and weight, the relationship between the bridge span lengths, 

vibration transmission, and dynamic performance of different 

components in the coupling system is unclear. Therefore, the 

dynamic characteristic analysis of the longitudinal slab track-three 

bridge structures with various bridge spans under the updated 

higher train speed and heavier load should be further investigated.
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A series of theoretical studies have been proposed to explore 

the numerical models of Vehicle-Track-Bridge (VTB) coupling 

system in high-speed railways, respectively. Xiang et al. (2021) 

used the software MIDAS/Civil to simulate the vehicle-track-

continuous bridge model and found that the creep irregularity 

has a negative effect on the comfort of the moving train. As the 

dynamic performance of ballastless tracks under train loads, 

Chen et al. (2013) excited the single-wheel axle to measure the 

dynamic strain of slab tracks and analyzed the influence of the 

dynamic load magnification factor when the train speed increased. 

Gautier (2015) and Matias and Ferreira (2020) summarized the 

development of the dynamic characteristic of slab tracks under 

various train speeds from their first applications until today. It 

identified the potential advantages of the existing slab track systems 

subject to very high train speeds. Zhai et al. (2013a, 2013b, 

2015a, 2015b) established the VTB coupling models with various 

speeds from 250 to 350 km/h to study their dynamic performance. 

However, the ballastless track in these numerical VTB models 

was assumed as a single-layer structure without considering the 

vibration transmission among multi-layer track-bridge structure 

under different train loads. 

In addition, some researchers studied the dynamic performance 

in VTB structures with various bridge span lengths, including the 

24 m, 32 m, and 40 m spans of the simply-supported bridge. 

Particularly, the effect differential in bridge stiffness needs to be 

analyzed under three bridge span lengths (i.e., 24 m, 32 m, and 

40 m) on the vibration transmission of the coupled system. Chen 

(2020) proposed the methodology of evaluating longitudinally

connected track subject to train load and long-term bridge 

deformation of 20 m, 24 m, and 32 m. Xia et al. (2012) used the 

24 m span length of the vehicle-bridge coupled model to analyze 

the dynamic responses of railway bridges during a floating-ice 

collision. By comparing with the bridges of 24 m and 32 m span, 

Chen et al. (2015) and Zhang et al. (2017) proposed the continuous 

beam and pier differential settlements in the various VTB 

coupled models and found that the wheel unloading and dynamic 

response in the 24 m slightly larger than a 32 m span length. 

Zhou et al. (2021) used the various stage fatigue loading test 

enrolling theory of deflection evolution and stiffness degradation 

to analyze the CRTS-II ballastless track-bridge structure with a 

32 m span length. Based on a vehicle-bridge system with a 

bridge span of 40 m in the future, Li et al. (2013) analyzed the 

rayleigh damping parameters in the dynamic system. It shows 

the bridge displacement and vehicle acceleration decrease with 

the damping ratio increasing. Although much work has been 

done in this field, the dynamic performance of the existing vehicle-

track-bridge system with various bridge span lengths under 

higher train speeds and weight has not been fully understood and 

further research is required.

Therefore, the paper targets to comprehensively explore the 

dynamic performance and vibration transmission of the ballastless 

track-bridge structures with three bridge spans under various 

future high-speed train conditions. Based on the commercial 

software package ANSYS and Universal Mechanism (UM) 

software, the train is numerically modeled as a multi-rigid body, 

the CRTS-II slab ballastless track is modeled as a multi-flexible 

body. Subsequently, the coupled VTB system was first validated 

using field measurement data. Parametric studies were then 

carried out to assess the dynamic characteristics of the track 

plate, base plate, and box girder under five train speeds and three 

train loads, respectively. It could precisely explore the dynamic 

performance of existing ballastless track-bridge structures under 

updated high-speed trains.

Fig. 1. The Coupled Vehicle-Ballastless Track-bridge Developed Model in This Study
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2. Methods

2.1 Modeling the Coupled Vehicle-Track-Bridge (VTB) 
System

The developed model of the coupled vehicle-ballastless slab 

track-bridge system in this study is shown in Fig. 1. It shows that 

the coupled system includes a multi-rigid body and a multi-

flexible body. Especially, the simulated multi-rigid body consists 

of a train body, two bogies, four wheelsets, and eight axle boxes 

with 15 rigid components. The primary spring suspension device 

is set to connect wheelsets and bogies, while the secondary 

spring suspension device is used to connect the train body and 

bogies. The multi-flexible body represents the CRTS II ballastless 

track-bridge structure which is modeled as a multi-layer structure 

consisting of rail, fasteners, track slab, Cement Asphalt Mortar 

(CAM) layer, base plate, slipping layer, and box girder in the 

vertical direction. The springs and damping are used to simulate 

layers’ connection among the track slab, CAM layer, and base 

plate. 

2.1.1 Modeling the High-Speed Train Using Multi-Rigid 
Body Dynamics

Assuming the model could ignore the train elastic deformation, 

there are 50 degrees of freedom in the train rigid model. The car 

body, wheelsets, and bogie have 6 degrees of freedom representing 

expansion, side rolling, lateral displacement, vertical displacement, 

head shaking, and nodding. In addition, the axle box is modeled 

as one degree of freedom representing vertical displacement. The 

interaction between different rigid bodies is modeled using 

spring and damping (Zhai, 2020). Thus, the governing equation 

describing the dynamic responses of multi-rigid body train 

system can be defined as,

, (1)

where F is the differential equations of system mechanics, u is 

generalized velocity array, q is the generalized coordinate array, 

 is the constraint force and action force array,G is the algebraic 

equations of generalized velocities,  is the constrained algebraic 

equation array.

2.1.2 Modeling the Ballastless Track-bridge Structure 

Using Multi-Flexible-Body Dynamics
The CRTS-II ballastless track-bridge structure is modeled as a 

multi-layer structure consisting of rail, fasteners, track slab, CAM 

layer, base plate, slipping layer, and box girder in the vertical 

direction. The springs and damping are used to model the 

interaction between the track slab, CAM layer, base plate, and 

box girder. Based on the mode superposition method (Li et al., 

2013), the ballastless track-bridge structure can be described as 

follows dynamic governing equation,

, (2)

where Ct, Cr are coupling matrix of translational and rotational 

deformation, Me and J are modal mass matrix and moment of 

inertia, Gr, Ge are the turning force caused by rotation and 

deformation, Oe is the centrifugal force due to deformation, dCM

is the eastic displacement with respect to the center of gravity, a 

and  are the absolute acceleration and angular acceleration. q is 

the modal coordinate and  represents the vector product, 

.

2.1.3 Modelling the Coupled Rigid-Flexible Body System
Based on D'Alembert and the virtual work principle, all the 

constraint conditions are assumed to be ideal constraints, and the 

connections between the rigid and flexible bodies are modeled 

using the constraint conditions and force elements (Yang et al., 

2021). The dynamic governing equations for the coupled rigid-

flexible body system described as follows,

, (3)

where  represent general mass,  is the system 

of global coordinate vector,  is the Lagrange multiplier

vector,  represents the system of the 

general force vector,  is the Kinematic 

constraint equation,  represents Jacobi 

matrix.

2.2 Numerical Solutions

2.2.1 Rigid Train Model
The CRH380 train is used for analysis in this study, the train mass 

and wheel mass are 40,460 and 1,869 kg, respectively. The axle box 

quality, static axial loading, and bogie structure quality are 

50,11700,3338 kg, respectively (Ren et al., 2023). The primary 

suspension is modeled by a suspension spring and a shock absorber 

with vertical, lateral, and longitudinal stiffness of 1,040 kN/m, 

4,000 kN/m, and 15,000 kN/m, respectively. As for the primary 

suspension, the vertical damping is set to 30 kN·s/m. The secondary 

suspension is composed of a secondary spring, secondary lateral 

damper, and anti-hunting damper with vertical stiffness is 400 kN/m, 

lateral is 240 kN/m, and longitudinal is 240 kN/m, respectively. The 

vertical damping of secondary suspension is 30 kN·s/m, lateral is 50 

kN·s/m and longitudinal is 150 kN.s/m, respectively. Fig. 2 shows 

the force element function of assembling the whole train in UM 

software. Additionally, the secondary suspension of the bogie is 

connected through the use of force elements. 

2.2.2 Flexible Model of bAllastless Track-Bridge Structure
Table 1 presents the parameters of the CRTS-II slab ballastless 
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track, which were determined using the ANSYS commercial 

Finite Element (FE) package. Fig. 2 depict the CRTS-II track, 

which has been modeled as a multi-layer structure with the CAM 

layer and base plate being represented using solid elements. The 

friction unit is introduced to model the layer that allows sliding 

between the base plate and the box girder incorporates geotextiles 

and the friction coefficient is assumed to be 0.3 (Zhou et al., 

2022).

As shown in Fig. 2, two lines of CRTS-II tracks are supported 

by a prestressed C55 concrete box girder with simply-supported 

conditions in three different span lengths (i.e., 24 m, 32 m, and 

40 m). For the box girder with a span of 24 m and 32 m, the 

width and height of the cross-section of the box girder are 12 m 

and 3.059 m, respectively. For the girder with a span of 40 m, the 

width and height of the cross-section are 12.6 m and 3.235m, 

respectively. The solid elements are used in the FE analysis with 

a total of 35880, 47840, and 67000 elements for the bridge with 

span lengths of 24 m, 32 m, and 40 m, respectively. 

2.2.3 Rigid-Flexible Model of VTB System
The combination of finite element software and multi-body 

dynamics software is used to refine simulate the vehicle-rail-

bridge system to realize the data exchange between the bridge-

rail model and the vehicle model by the wheel-rail contact 

relationship, and the conduct the dynamic analysis of the whole 

system. Finite element analysis mainly characterizes the motion 

of each part of the bridge-track system by mean of the node 

motion, while vehicle multi-body dynamics analysis describes 

the motion of each part of the vehicle in the form of modal 

superposition. Combined with the software of ANSYS and UM, 

the refined rigid-flexible coupling dynamic models of three VTB 

coupling systems are established and the coupling dynamic 

equations of (1 − 3) are solved, in which Fig. 2 shows the 

coupling dynamic model with a 40 m span length bridge. All the 

degrees of freedom at both ends of the ballastless track are 

constrained, all the degrees of freedom at one bottom end of the 

box girder are constrained while only the vertical degree of freedom 

at the other bottom end is constrained. The straight-line length of the 

route is assumed to be 100 m and the initial position of the bridge 

distance is 30 m, as well as the simulation step is 0.0005 s. The 

governing equations of the VTB structures were solved by the 

Newmark-β method to obtain their dynamic responses. 

2.3 Model Validation

2.3.1 Irregularity Spectrum Inputs
According to the China specification of TB/T 3352-2014, the 

track irregularity excitation is obtained from the inversion of the 

ballastless track irregularity in China's high-speed railway, in 

which the uneven length is set to 550 m, the wavelength is set to 

2 − 200 m, as shown in Fig. 3. Besides, the PARK Parallel algorithm 

was used to sovle the dynamic equations of the coupling VTB 

system. To simulate the wheel-rail contact geometry relationship, 

the LMA tread and RAIL60 rail are used for the wheel profile and 

steel rail, respectively. The normal force of wheel-rail is solved by 

Hertzian nonlinear elastic contact theory, and the creep force 

between wheel and rail was calculated by FASTSIM algorithm. 

2.3.2 Dynamic Indicators of the Scoupled VTB System
According to the Chinese technical standards of the high-speed 

railway (i.e., TB 10621-2014 and TB 10761-2013 [25-27]), the 

dynamic indicators of the coupled VTB system are as follows 

when the influence of structural deformation and track deformation 

Table 1. The Parameters of CRTS II Slab Ballastless Track Used in This 
Study

Parameter Value Unit

Elastic Modulus of rail 2.06 × 1011 Pa

moment of inertia of the cross

 section of the rail 

3.217 × 10−5 M4

Mass per unit length of rail 60.64 Kg/m

Dimension of track slab 6450 × 2550 × 200 mm

Elastic Modulus of track slab 3.3 × 1010 N/m2

Density of track slab 2500 kg/m3

Dimension of CAM layer 6450 × 2,550 × 30 mm

Elastic Modulus of CAM layer 8.5  × 109 Pa

Density of CAM layer 2400 kg

Dimension of base plate 6450 × 2950 × 200 mm

Elastic Modulus of base plate 3 × 1010 Pa

Density of base plate 2500 kg/m3

Fig. 2. Modeling the Vehicle-Track-Bridge Structure Using ANSYS and 
UM: (a) A Single Locomotive of the CRH380, (b) The Vehicle-
Track-Bridge Coupled Dynamic Model
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is considered at the same time, such as, Derailment coefficient 

(DC), Wheel load reduction rate (WLRR), Wheel-rail contact 

transversehorizontal force (H), Acceleration of train body vibration, 

Displacement and acceleration indicators of the ballastlesstrack, the 

allowable range of lateral displacement for the bridge.

2.3.3 Rigid-Flexible Model of the Coupled VTB System
To validate the refined rigid-flexible coupling model for the 

VTB system, the predicted dynamic responses from the coupled 

VTB model were compared with the field measurement results of 

Zhai et al. (2013a, 2013b) which focused on investigating the 

dynamic responses of the 32 m long Yangcun Bridge in 

Beijing-Tianjin high-speed railway. CHR3 train with a speed 

ranging from 200 km/h to 380 km/h was used in the experimental 

testing, and the measured results of the 575th span of the 

bridge were used in this study. 

2.4 Model Validation
According to the comparison of the DC, WLRR, Vertical 

Acceleration (VA), and Lateral Wheel-rail Contact Force (LWCF) 

from the 200 to 400 km/h, Fig. 4 shows that our refined coupling 

model results agree well with the measured results of Zhai et al. 

(2013a, 2013b) with the difference below 10%. Hence, the rigid-

flexible coupling model could simulate the dynamic performance of 

the VTB system. 

3. Results and Discussions

3.1 Parametric Studies
The validated vehicle-track-bridge dynamic model was used to 

apply various parametric studies for evaluating the coupled system 

under different train conditions (i.e., speed from 200 to 400 m/s 

with the interval of 50 m/s, and the train load from 0%, 50%, and 

100% with the interval of 50%) and lengths of bridge span (i.e., 

24 m, 32 m, and 40 m). The weight of bogies, wheel pair, tumbler 

axle-box, and full capacity for three train loading weights are 

3,338, 1,869, 50, and 66,020 kg.

3.2 Results of Parametric Studies

3.2.1 Effect of Train Speeds 

3.2.1.1 Dynamic Responses of the Train Model
Figure 5 illustrates that the derailment coefficient for three bridge 

spans initially remains unchanged when the train speed is 

smaller than 350 km/h, and then rapidly increases as train speed 

increase to 400 km/h. The increase is more obvious for a longer 

bridge span (i.e., 40 m). Fig. 5 shows the WLRR, acceleration 

and contract force (i.e., lateral and vertical) of three bridge spans 

gradually increase as the train speed increases, and the values of 

these parameters are generally large under a longer bridge span. 

Specifically, the value of WLRR of the 40 m span increases 

nonlinearly from about 0.35 to 0.82 when the speed reaches 200 

to 400 km/h, and the highest increase rate of WLRR is about 

75% in 250 to 350 km/h. Importantly, it should be mentioned 

that the WLRR of the 32 m is smaller than those of 24 m, and the 

value is over the limitation of 0.6 when the speed is faster than 

350 km/h. Most of the lateral acceleration peak values under 

three bridge spans are larger than 0.6 m/s2, which indicates their 

lateral accelerations fail to meet the requirements of high-speed 

train design specifications. The peak values of all acceleration 

(i.e., lateral and vertical) under 400 km/h are still smaller than 0.9 

m/s2, which indicates that their vertical accelerations can fulfill the 

specification requirements in three bridge spans. As the speed 

reaches 200 to 400 km/h, the vertical acceleration growth rates of 

24 m, 32 m, and 40 m are about 55%, 42% and 30%, respectively. 

Also, the LWCF under five train speeds are much smaller than 

those corresponding to vertical contact forces, since the largest 

values of the LWCF and VWCF of the 40 m under 400 km/h are 

about 21 kN and 280 kN, respectively. The growth rate LWCF 

from 250 to 300 km/h is the largest with a growth rate of about 

40% for the 24 m and 32 m spans, whereas the growth rate of 

vertical contact force from 350 to 400 km/h are largest with the 

growth rate of about 20% for the 40 m span. In summary, the 

dynamic performance of the train model becomes larger as the 

train speed increases, and the growth rate of the acceleration and 

Fig. 3. The Track Irregularity Excitation: (a) Vertical, (b) Horizontal
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contact force from 350 to 400 km/h is the largest. 

3.2.1.2 Dynamic Response of the Track Structure
Figure 6 presents that the lateral displacement in track slab 

initially decreases from 200 km/h to 300 km/h, and then increases 

from 300 km/h to 400 km/h, which is opposite to the vertical 

displacement due to the longitudinal constraint in adjacent slab 

tracks and the buffer function of CAM between the track slab 

and base plate. The lateral displacement responses with the 32 m 

span are the largest with a displacement of 0.4 mm under the 

train speed of 400 km/h, whereas the vertical displacement responses 

are the largest with a displacement of 1.1 mm under the train 

speed of 300 km/h in the 40 m span bridge. Meanwhile, the 

accelerations (i.e., lateral and vertical) steadily increase as the 

train speed increases. The lateral accelerations of the track slab 

with the 24 m span are the largest and reach the peak value of about 

0.87 m/s2 under 400 km/h. Meanwhile, the vertical accelerations of 

the track slab with the 24 m span are the largest over 300 km/h 

and reach the peak value of about 1.6 m/s2 under 400 km/h. 

Therefore, the largest vertical displacement appear at 300 km/h 

for all three bridge spans. At the 400 km/h, the highest and 

lowest accelerationresponses of the track slab occur on the 24 m 

and 40 m span bridge, respectively. 

Figure 7 indicates that the lateral displacement of the base 

plate initially decreases with the train speed increase, reaches its 

lowest value under 300 km/h, and then increases as the train 

speed increase. In contrast, vertical displacement response in the 

base plate increases to the peak at 300 km/h and then gradually 

decreases as the train speed increase due to the the buffer 

function of CAM between the track slab and base plate. When 

the speed is 300 km/h, the Lateral Displacement of the base plate 

under the 40 m span is the largest (i.e., 0.98 mm), and the vertical 

displacement under the 24 m span is the largest (i.e., 0.91 mm). 

The acceleration (i.e., vertical and lateral) responses of the base 

plate generally increase with the increment of train speed and a 

significant increase can be seen when the speed is faster than 

300 km/h. Different from the acceleration responses of the track 

slab, the lateral acceleration in the base plate for the 24 m span 

under the 400 km/h train speed is the largest (i.e., 0.9 m/s2) and the 

vertical acceleration for the 40 m span is the largest (i.e., 1.5 m/s2). 

3.2.1.3 Dynamic Performances Comparison of the 

Bridge Structure
Figure 8. shows that the growth rate in the amplitude of the 

displacement (lateral and vertical) performances is relatively 

larger than those of the accelerations. For instance, the displacement 

value of the 40 m span is 0.8 mm and 1.2 mm, respectively. The 

displacement values decrease with the bridge span shorter. Both 

lateral and vertical acceleration increases with train speed and 

the vertical direction of the 24 m span is the maximum value 

(i.e., 0.66 m/s2). It demonstrates that the dynamic performance of 

these three spans bridge meets the specification requirements 

and the 40 m span has the largerst displacement. 

3.2.1.4 Vibration Transmission in the Track-Bridge 

Structure
Figure 9 shows that the train speed leads the vertical acceleration 

transmission between the track slab structure and base plate 

structure gradually increases, and the acceleration transmission 

for the 24 m span is the largest, especially before 300 km/h. The 

vertical acceleration transmissions for the 32 m and 40 m spans 

are close to 1.0 under the train speed of 400 km/h. In contrast, the 

train speed improvement leads to the vertical acceleration 

transmission within the base plate structure and the box girder 

structure slightly decreases. Below the speed of 200 km/h, the 

transmission is the largest among five train speeds and the 

transmission of the 24 m span is larger than that of two other 

spans. The vertical acceleration transmission under the 400 km/h 

of the span of 24 m, 32 m, and 40 m is 0.47. 0.41, and 0.39, 

respectively. In addition, the transmission of lateral acceleration 

between the track slab and base plate steadily rises as the train 

speed increases, except for the 24 m span. For instance, as shown 

Fig. 4. The Comparison of Model Predictions and Measured Results: 
(a) Rate of Wheel Load Reduction, (b) Wheel-Rail Lateral Contact 
Force



KSCE Journal of Civil Engineering 3919
in Fig. 9, the lateral acceleration transmission of the 24 m, 32 m, and 

40 m span in the track structure are about 0.988, 0.983, and 0.978 

under the 400 km/h, respectively. The lateral acceleration 

transmission between the base plate structure and box girder 

structure of the 24 m and 32 m spans gradually decreases as the 

train speed increases. Importantly, the train speed improvement 

leads to lateral acceleration transmission of the 40 m span 

initially increasing and then decreasing after the 300 km/h. The 

largest and smallest lateral acceleration transmission of the 40 m 

span is about 0.88 under the 300 km/h and about 0.53 under the 

400 km/h, respectively. In conclusion, the train speed improvement 

leads to the increase of acceleration transmission between the 

track slab and base plate, while the acceleration transmission 

between the base plate structure and box girder structure becomes 

smaller. In addition, the vertical acceleration transmission in the 

track structure under 400 km/h is close to 1 and all the lateral 

acceleration transmissions in the track structure for the 24 m 

span are relatively large.

Fig. 5. Dynamic Indicators of the Train for 24 m, 32 m, 40 m Bridge Spans under Various Train Speeds: (a) DC, (b) WLRR, (c) Lateral Acceleration, 
(d) Vertical Acceleration, (e) Lateral Wheel-Rail Contact Force, (f) Vertical Wheel-Rail Contact Force 
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Fig. 6. Track Slab Dynamic Performance under the Combination of Different Bridge Spans and Train Speeds, (a) Lateral Displacement Response,  

(b) Lateral Acceleration Response, (c) Vertical Displacement Response, (d) Vertical Acceleration Response

Fig. 7. Dynamic Responses of the Base Plate under the Combination of Different Bridge Spans and Train Speeds: (a) Lateral Displacement 
Response, (b) Lateral Acceleration Response, (c) Vertical Displacement Response, (d) Vertical Acceleration Response
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Fig. 8. Dynamic Responses of the Bridge under the Combination of Different Bridge Spans and Train Speeds, (a) Lateral Displacement 
Response, (b) Vertical Displacement Response

Fig. 9. Acceleration Transmission between the Components of the Track-Bridge Structure, (a-b) Vertical Transmission between Track Slab-Base
Plate and Base Plate-Box Girder, (c-d) Lateral Transmission between Track Slab-Base plate and Base Plate-Box Girder



3922 R. Zhou et al.
3.2.2 Effect of bridge spans

3.2.2.1 Dynamic Responses Comparison of Train Model
Figure 10 shows the dynamic indicators of the train for 24 m, 32 m, 

and 40 m bridge spans under various train loads (100% capacity 

= 66,020 kg). It shows that the DC, WLRR, and Acceleration 

decrease with the increase of the train load, whereas the WRCF 

increases. The derailment coefficients under three levels of train 

load maintain about 0.2 for all three spans. It should be noted that 

the WLRR of the 40 m span is larger than those of the other two 

spans, and the WLRR of the 40 m span with the 100% train load 

capacity is 0.74. Under 100% capacity, the lateral acceleration of 

the 24 m span and vertical acceleration of the 40 m span is the 

largest (i.e., about 0.68 m/s2 and 0.75 m/s2). Furthermore, both 

the lateral and vertical wheel-rail contact forces of the 40 m span 

are also larger than those of the other two spans with their 

maximum values of 23 kN and 250 kN, under 100% capacity. 

The contact forces of the train become larger with the increase of 

bridge span, which is different from the effects of the train’s 

acceleration due to the significant increase in the weight of the 

train itself. Notably, the vertical wheel-rail contact forces of the 

40 m span are close to the allowable limit values. 

Fig. 10. Dynamic Indicators of the Train for Three Bridge Spans under Various Levels of Train Loads: (a) DC, (b) WLRR, (c) LA, (d) VA, (e) LWCF,
(f) VWCF
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3.2.2.2 Dynamic Responses of Track Structure
Figure 11 shows that both the lateral displacement and acceleration 

in the track slab increase with the increase of train load. In 

particular, the lateral displacement of the 32 m span are much 

larger than those of two other spans, while the lateral accelerations

of the 24 m span are the largest among the three spans. The 

growth rate of the lateral displacement and acceleration for the 

32 m span under the full capacity of the train load is 23.3%. In 

the track slab, the vertical displacement also increases as the train 

load increases. The vertical displacement responses of the 40 m span 

are significantly larger than those of the other two spans, and their 

maximum value is 1.0 mm, 1.4 mm, and 1.6 mm under the 0%, 

50%, and 100% train load, respectively. Vertical acceleration's 

maximum value in the track slab of the 24 m span is also the largest. 

In the track slab, the displacement and acceleration response meets 

the specification requirements under different levels of train load.

Figure 12 shows that both the displacement and acceleration 

performances of the base plate increase as the level of train load 

increases. The lateral displacement of the 32 m span is much 

larger than that of the other two spans with maximum values of 

0.275 mm, 0.3 mm, and 0.33 mm under the 0%, 50%, and 100% 

train load, respectively. The maximum values of the vertical 

displacement for the 40 m span are 1.0 mm, 1.4 mm, and 1.55 mm

under the 0%, 50%, and 100% train load, respectively. The 

vertical direction (i.e., displacement and acceleration) of the 40 m

span in the base plate is significantly greater than those of the 

two other spans. Moreover, the maximum values of vertical 

acceleration for the 40 m span are 0.9 m/s2, 1.1 m/s2, and 1.2 m/s2 

under the 0%, 50% and 100% train load, respectively. Among 

these three spans, the maximum vertical acceleration in the base 

plate of the 40m span is the largest, with an increase rate of 

10.5% and 18.6%, respectively. As a result, the lateral and 

vertical acceleration in the base plate meets the specification 

requirements under different train loads. 

3.2.2.3 Dynamic Responses of Three Bridge Structures
The displacement and acceleration responses of the three box 

girders increase in lateral and vertical directions as the train load 

increases, as compared in Fig. 13. Both the lateral and vertical 

displacement responses of the 40 m span are much larger than 

that of the two other spans. For example, the maximum lateral 

displacement and vertical displacement under a 100% train load 

measure approximately 1 mm and 1.7 mm, respectively. The 

increase rate of the lateral and vertical displacement of the 40 m 

span is 32.8% and 30.8%, respectively. Besides, the lateral 

acceleration of the 24 m span is the largest with a maximum 

value of 0.55 m/s2 under the 100% train load, whereas the vertical 

acceleration of the 40 m span is the largest with the 0.65 m/s2

Fig. 11. Dynamic Performances for Three Bridge Spans under Various Levels of Train Loads: (a) Lateral Displacement Response, (b) Lateral 
Acceleration Response, (c) Vertical Displacement Response, (d) Vertical Acceleration Response 



3924 R. Zhou et al.

Fig. 12. Dynamic Responses of the Base Plate for Three Bridge Spans under Various Levels of Train Loads: (a) Lateral Displacement Response, (b) Lateral
Acceleration Response, (c) Vertical Displacement Response, (d) Vertical Acceleration Response

Fig. 13. Dynamic Responses of Three Bridge Span Structures under Various Levels of Train Loads: (a) Lateral Displacement Response, (b) Lateral 
Acceleration Response, (c) Vertical Displacement Response, (d) Vertical Acceleration Response
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under the 100% train load. The vertical acceleration increases by 

approximately 26%, 20%, and 16% for the 24 m, 32 m, and 40 m 

spans, respectively, as the train load rises from 0% to 100%. The 

effect of the train load on the vertical direction (i.e., displacement 

and acceleration) of the bridges is particularly pronounced, 

especially for the 40 m span.

3.2.2.4 Vibration Transmission between Track-Bridges 
Structure

Figure 14 shows that the vertical acceleration transmission between 

the track slab and base plate gradually increases with the train 

load increases, which is opposite to the vertical acceleration 

transmission between the base plate and box girder due to the 

buffer function of CAM between the track slab and base plate. 

Vertical acceleration transmission in the track structure of the 

40 m and 24 m span is the largest and smallest among the three 

spans, respectively. However, the vertical acceleration transmission 

between the base plate and box girder of the 32 m and 24 m span 

is the largest and smallest among the three spans, respectively. It 

should be noted that the vertical acceleration transmission in the 

track structure under the 100% train load is close to 0.9, which 

indicates that the heavier train load is unfavorable to the vertical 

acceleration transmission in the track structure. As the train load 

increases, the lateral acceleration transmission between the track 

slab and base plate gradually increases. Notably, the increment is 

the smallest for the 32 m span. In the case of both the 32 m and 

24 m spans, the acceleration transmission between the base plate 

and box girder increases with the growing train load. More 

specifically, the lateral acceleration transmissions of the 32 m 

and 24 m in the track structure are 0.92 and 0.875, respectively, 

and their lateral acceleration transmission in the track-bridge 

structure is close to 0.83. The transmission of both lateral and 

vertical acceleration in the 40 m section of the track-bridge 

structure is notably substantial. As a result, the acceleration 

transmission within the multi-layer components of the track-

bridge structure exhibits a strong sensitivity to the train load, 

particularly for a full 100% tran load.

4. Discussion

Based on the combination of ANSYS and Universal Mechanism 

software, the refined rigid-flexible coupling models of vehicle-

CRTS Ⅱ track-bridge with three span lengths was developed and 

verified in this study. The comprehensive dynamic performance 

of the train, track slab, base plage and box girder with three 

typical spans (24 m, 32 m, and 40 m) are analyzed under various 

train speeds and weights, respectively. The refined rigid-flexible 

coupled model could effectively simulate the dynamic performance 

of the vehicle- ballastless track-bridge with three bridge span 

lengths by compared with the measured results of 32 m span. As 

Fig. 14. Acceleration Transmission between the Components of Three Bridge Spans under Various Levels of Train Loads: (a) Lateral Displacement 
Response, (b) Lateral Acceleration Response, (c) Vertical Displacement Response, (d) Vertical Acceleration Response
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the train speed increases from 200 km/h to 400 km/h, the 

dynamic indicators of the train, and the accelerations of track 

slab, base plate and box girder gradually increase, as well as the 

growth rates of these dynamic responses after the 300 km/h 

obviously become larger. As the train loads increase from 0% to 

100% loading rate, the displacement and acceleration of the track 

and bridge structure gradually increase, while the wheel-rail 

contact force and contact force of the train in later and vertical 

direction gradually decrease. Most of the dynamic responses of 

the track-bridge structure with 40 m span are larger than those of 

the 24 m and 32 m. With the increase of the train speed and 

weight, the vertical acceleration transmission between the track 

slab and base plate gradually becomes larger, while the vertical 

acceleration transmission in the track-bridge structure becomes 

smaller. The displacement and acceleration responses of the 

current track-bridge structure meet the specification requirements 

under updated 400 km/h train speed and 100% train.

5. Conclusions

This study investigated the vibration transmission of three track-

bridge structures under different train loads and bridge spans 

through the validated rigid-flexible model for the coupling 

vehicle-longitudinal slab track-bridge system. The following are 

some major conclusions:

1. The derailment coefficient initially remains unchanged, and

then significantly increases when the train speed is over 

350 km/h. Their growth rate is more obvious with the increase

in the bridge span. In addition, the WLRR, acceleration, and 

contract force gradually rise with increasing train speed, 

and the magnitude of these parameters increases as the 

bridge span increases.

2. Track slab lateral displacement initially decreases from 

200 km/h to 300 km/h, and then increases when the train 

speed is over 300 km/h. The largest vertical displacement 

of the rack slab happens when the train speed is 300 km/h.

3. Base plate lateral displacement initially decreases with 

increasing train speed, reaching its lowest value at speeds 

up to 300 km/h, after which it increases with further speed 

increments. Conversely, the vertical displacement response of 

the base plate initially increases, reaching its peak at 300 km/h,

and then gradually decreases as the train speed continues to 

increase.

4. Vertical acceleration transmission between the track slab 

and base plate gradually increases with increasing train 

speed. Among the five train speeds, the transmission at 

200 km/h is the largest, and the transmission for the 24 m 

span is greater than that for the other two spans.

It should be pointed out that the vibration transmission and 

dyanmic responses of the coupling vehicle- longitudinal slab 

track-bridge system are analyzed based on the Code for Design 

of China High Speed Railway. Nevertheless, the influence of 

different types of ballastless tracks and track irregularity excitations

on the dynamic characteristics of the coupling vehicle-track-

bridge system. The thermo-mechanical effect of the coupling 

vehicle-longitudinal slab track-bridge system under the coupling 

temperature and train loads is the next work in future (Zhou et 

al., 2023).
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