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Abstract 
 

In this paper, based on multi-body dynamics, a vehicle-track coupled dynamic model 

considering long ramp is established, and the rail surface friction is set to 0.1 and 0.3 

to simulate the low-adhesion rail surface and normal-adhesion rail surface 

respectively. The variation laws of train running acceleration, wheel-rail contact spot 

adhesion area and creep rate are studied when the high-speed train is running at the 

initial speed of 300km/h on different rail surfaces. The results show that the train 

running acceleration and the creep rate increase with the increase of the traction 

coefficient, and the adhesion area of the wheel-rail contact spot decreases with the 

increase of the traction coefficient; when the traction coefficient is 0.15, the traction 

force provided by the train during the uphill process can just offset the gravity 

component of the train, showing a constant speed running state; under the low 

adhesion rail surface, when the traction coefficient exceeds 0.25, the creep rate 

increases sharply during operation, the wheel-rail contact spot becomes full sliding, 

and the wheels will slip, which may cause the rail surface squat. The research results 

of this paper can provide a theoretical basis for the formation of rail squat in high-

speed railway. 
 

Keywords: high-speed railway, long slope, adhesion characteristics, traction. 
 

1  Introduction 
 

The high-speed wheel-rail adhesion mechanism is the basic theory to study the 

wheel-rail relationship and the formation of rail scratches. The adhesion between the 
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wheel and rail directly impacts the traction and braking performance of high-speed 

trains. During the traction/braking of the train, due to insufficient adhesion between 

the wheel and rail, the wheel will spin or slide, resulting in wheel and rail damage[1], 

seriously affecting the quality of high-speed railway operation.. 
 

Scholars at home and abroad have studied the mechanism of wheel-rail adhesion 

and have achieved a series of research results. In terms of theoretical research, Chang 

Chongyi of China Academy of Railway Sciences [2] established a three-dimensional 

finite element model of wheel-rail rolling contact based on the ALE method. The 

accuracy of the calculation results was verified by the wheel-rail rolling test rig. An 

Boyang [3] established a three-dimensional wheel-rail high-speed rolling contact 

finite element model, and studied the effect of the functional friction coefficient on 

the wheel-rail rolling contact behavior, such as wheel-rail force, contact area stress, 

and stick-slip distribution. In terms of experimental research, LIU X [4] used a wheel-

rail rolling test rig to analyze the influence of rolling speed on the lateral adhesion 

coefficient under dry and wet conditions. Shi [5] used a wheel-rail rolling test rig to 

study the effect of low temperature on the wheel-rail adhesion coefficient under dry 

and low-adhesion conditions. It can be seen that domestic and foreign researchers 

have little research on the wheel-rail adhesion characteristics with slopes. However, 

the traction/braking of trains on the slopes is more frequent in actual operation, and 

the influence of slopes on the wheel-rail adhesion characteristics cannot be ignored.  
 

Based on the vehicle-track coupling analysis theory[6], considering the track 

irregularity and the effect of long slopes, this paper establishes a train-track coupled 

dynamic analysis model for long slopes. The influence of the traction coefficient on 

the running state and adhesion characteristics of the high-speed train during the 

climbing process were studied, and the relationship between the creep rate and the 

traction of the train and the state of the rail surface was analyzed. It can provide a 

basis for the prevention and control strategy of rail squat in high-speed railways, 

which is significant for improving the operation quality of high-speed railways.  
 

2  Methods 
 

Based on the multi-body dynamics theory, a train-track coupling dynamic analysis 

model is established considering the effect of track irregularities and long slopes. The 

models include a vehicle sub-model, a track sub-model, and a wheel-rail contact sub-

model as shown in figure 1. 

 

Figure 1: Train-track coupling dynamic analysis model. 
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 The vehicle sub-model consists of seven structural components, including one 

body, two bogies, and four wheelsets. Each component ignores the vibration and 

deformation of its flexible body and only considers rigid body motion. It has 6 degrees 

of freedom of longitudinal, vertical, lateral, side rolling, nodding and shaking its head. 

[7] The primary suspension connects the wheelset and the bogie, and the secondary 

suspension connects the vehicle body and the frame. According to the traction 

characteristic of the train, the traction force is applied to the mass center of each 

wheelset in the form of torque [8]. The relationship between the traction coefficient 

and the traction torque is determined by the formula (1):.  

=
M

u
Rmg

 

                       

（1） 

 

 In the formula: M is the traction torque, R is the wheel radius, m is the axle load of 

the train, and g is the gravitational acceleration. 
 

The track sub-model adopts the moving mass track model. The rail considers the 

lateral, vertical and torsional degrees of freedom. The track alignment is set to a 30‰ 

inclination, and the measured track irregularity is used as excitation. The measured 

irregularity is shown in figure 2. 
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Figure 2: Measured track irregularity. 

 

The wheel-rail space contact relationship includes calculating the geometric 

relationship between the wheel and the rail and calculating the wheel-rail contact force. 

The wheel-rail contact force is divided into the normal and tangential contact forces. 

Firstly,  the normal contact force is obtained according to the Hertz contact theory. 

Then the creep force is calculated according to Kalker's theory and modified 

according to Shen's method. Thus the normal force and tangential force at the wheel-

rail contact point are finally obtained. 
 

3  Results 
 

The high-speed train runs uphill at a speed of 300km/h. The friction coefficient of 

the rail surface is taken as 0.1 (low adhesion) and 0.3 (normal adhesion), and the 

changing laws of the running acceleration, the adhesion area and the creep rate are 
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analyzed when the train traction coefficient is 0, 0.05, 0.1, 0.15, 0.25, and 0.35, 

respectively. 
 

3.1 driving acceleration 
 

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
-0.4

-0.2

0.0

0.2

0.4

0.6

ac
ce

le
ra

ti
o

n
 (

m
/s

2
)

traction coefficient

 friction coefficient0.1

 friction coefficient0.3

 
Figure 3: Variation characteristics of train acceleration with traction coefficient. 
 

Figure 3 shows the variation laws of the train acceleration with the traction 

coefficient. It can be seen that the train presents a state of deceleration when the 

traction coefficient is 0 due to the influence of the gravitational force along the slope. 

When the friction coefficient is 0.1 and the traction coefficient exceeds 0.15, the train's 

acceleration cannot continue to increase due to insufficient wheel-rail adhesion, which 

may cause the wheels to spin. When the friction coefficient is 0.3, the traction 

coefficient exceeds 0.15, and the train acceleration increases with the increase of the 

traction coefficient. 
 

3.2 Adhesion area 
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Figure 4: The variation characteristics of the adhesion area with the traction 

coefficient. 
 

Figure 4 is the characteristic curve of the adhesion area with the traction coefficient. 

It can be seen that the adhesion area decreases with the increase of the traction 

coefficient. When the friction coefficient is 0.1, the traction coefficient increases from 
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0 to 0.25. The contact patch adhesion area is reduced from 79.83 mm2 to 0 mm2; When 

the friction coefficient is 0.3, the traction coefficient increases from 0 to 0.35, and the 

contact patch adhesion area decreases from 85.06 mm2 to 39.84 mm2. 
 

3.3 Creep rate 
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（a）friction coefficient0.1 
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（b）friction coefficient0.3 

Figure 5: The variation characteristics of the adhesion area with the traction 

coefficient. 
 

Figure 5 is a curve showing the change of creep rate with time. It can be seen from 

figure 5 (a) that when the traction coefficient increases from 0 to 0.15, the creep rate 

increases from 0.09% to 0.17%, and when the traction coefficient is 0.25 and 0.35, it 

increases sharply with the increase of time. When the train runs for the 10th s, the 

traction coefficients are 0.25 and 0.35, respectively, and the creep rate is 81 and 

111.2%. It can be seen from figure 5 (b) that the creep rate increases from 0.13% to 

0.27% when the traction coefficient increases from 0 to 0.35. 
 

4  Conclusions and Contributions 
 

In this paper, by establishing a train-track coupling dynamics analysis model 

considering the effect of long slopes and analyzing the change characteristics of train 
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running acceleration, adhesion area and creep rate under different traction coefficients, 

the following conclusions are drawn: 
 

   (1) When the train runs uphill on a 30‰ slope, the traction coefficient is less than 

0.15, and the running state decelerates. When the traction coefficient equals 0.15, it 

runs at a constant speed. When the traction coefficient is greater than 0.15, it 

accelerates. On the low-adhesion rail surface (friction coefficient 0.1), the traction 

coefficient exceeds 0.15, the train running acceleration cannot be further increased, 

and the maximum adhesion force has been reached. On the normal track surface 

(friction coefficient 0.3), the traction coefficient increases from 0.15 to 0.35, and the 

train running acceleration increases from 0.04 m/s2 to 0.47m/s2. 
 

   (2) When the train runs uphill on a 30‰ slope, the area of the wheel-rail contact 

patch adhesion area decreases with the increase of the traction coefficient. On the low-

adhesion rail surface (friction coefficient of 0.1), when the traction coefficient is 0.25, 

there is no more adhesion area, wheel-rail contact patch becomes full sliding, on 

normal rail surface (friction coefficient 0.3), traction coefficient increases from 0 to 

0.35, wheel-rail contact patch always has an adhesion area. 
 

(3) When the train runs uphill on a 30‰ slope, in general, the creep rate increases 

with the increase of the traction coefficient. On a low-adhesion rail surface (friction 

coefficient of 0.1), when the traction coefficient exceeds 0.15, there is no adhesion 

area between the rails, and the creep rate increases sharply with the increase of time. 

If it is not controlled, the continuous idling of the wheels will easily cause rail squat. 
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