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Abstract: The train load is the main factor causing the settlement of the railway 

subgrade. It has always been the object of continuous attention of the design and 

construction personnel in the railway construction in China. China has a vast territory 

and diverse geological conditions. The post-construction settlement caused by train 

loads can easily cause uneven settlement of the railway subgrade, resulting in damage 

to the roadbed structure, which poses great challenges to railway maintenance and 

passenger safety and comfort. The stress path of the soil elements can intuitively 

characterize the dynamic response of the train-foundation structure system. Through 

numerical simulation, the vehicle speed, the position of the soil elements and the 

foundation modulus are explored to study the stress path of the soil elements under 

the railway. The influence of these variables on the stress path of foundation soil is 

discussed. 

 

Keywords: Train load, Post-construction settlement, Stress path, Numerical 

simulation. 

1. Introduction 

With the rapid development of China's rail transit, the long-term foundation settlement 

caused by the moving load of the train has received more and more attention. 

Especially for the wide geographical situation and diverse geological conditions in 

China, this problem needs to be solved more urgently. The measured data at home and 

abroad that the soft clay foundation will produce large additional settlement under the 
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long-term traffic cyclic loading: the long-term settlement monitoring data of a subway 

tunnel shows that [1]: during the construction period of the subway construction, most 

of the total settlement of the measured settlement point is small, but after the trial 

operation of the subway, the settlement rate increases sharply and the settlement 

increases continuously. Therefore, it is of great practical significance to explore the 

settlement of soft soil foundation under the moving load of traffic to prevent residual 

deformation and tunnel deformation. 

Wang et al. [2] simplified the train-foundation interaction into an elastic half-space 

Euler-Bernoulli beam model, introduced the elastic half-space equivalent stiffness 

concept, and gave the beam displacement and the solution of the contact force on the 

foundation surface reaction based on the equivalent stiffness. The structural response 

of the train track and the foundation surface reaction are calculated and analyzed. The 

basic solution of the moving point load of the half-space surface is used to integrate the 

foundation surface reaction to obtain the solution of the dynamic stress of the 

foundation. Dieterman et al. [3] analyzed the ground vibration problem caused by a 

single mobile harmonic load acting on the surface beam. Takemiya et al. [4] used finite 

element method and boundary element for soil, and combined the two methods to 

obtain a two-dimensional model of dynamic response analysis of track foundation, and 

studied the transient and steady-state response caused by the distribution of uniformly 

banded loads under different orbital foundation forms ; Schilleman [5] used field test 

and two-dimensional finite element method to analyze the impact of the construction 

of the Antwerp Belgium North-South high-speed railway line connection and the train 

operation on the surrounding environment. Li Junshi and Li Kezhen [6] simplified the 

train load into an exponential form containing amplitude and frequency and reflected 

the situation of different wheel sets at different times and different positions by Fourier 

series, considering all the wheel loads of the train vehicles, using the finite element 

method to analyze the dynamic response of the foundation under the action of 

high-speed trains. Gong Quanmei et al. [7] used the wheel-rail coupling model to 

calculate the wheel-rail force generated during the operation of a city subway train, 

and analyzed the relationship between variation law, influence range,stress ratio and 

the number of train runs caused by the wheel-rail force by using the finite element 

method. Based on the work done by the predecessors, this paper intends to analyze 

the dynamic response of the foundation soil under train load from the stress path of the 

soil elements in the foundation soil under the moving load of the train and the rotation 

of the principal stress axes. Some problems such as the stress path of soil elements 

under train load are the basis for studying the permanent deformation of road (ground) 

foundation under moving load. 
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This paper only theoretically discusses the dynamic response of the foundation soil 

under the action of two adjacent bogies, so the actual train size is simplified. The 

distance between two adjacent wheels of a bogie is 2m, and the distance between two 

adjacent bogies is 6m. The distance between two adjacent bogies is 4m, and each axis 

load is 140kN. 

Like the two-dimensional plane analysis, the train vibration load is also applied to the 

finite element model in the form of element node load when performing 

three-dimensional finite element analysis. However, for the space problem, the spatial 

position change should be considered when applying the train load. Meanwhile the 

actual train load is continuous and has a certain length in the orbit. Therefore, it is 

necessary to carry out a certain simplified treatment, that is, the movement of the train 

can be simplified as a movement between series of column point source load in the unit 

node along the track line direction. When the model is built, the meshing control can be 

used to divide the moving path n of the load into a total of (n+1) nodes. The length of 

the moving direction of the unit is the train speed v, as shown in Fig. 1. Suppose that 

the train is at section 1 and the train dynamic load ),( 11 txp acts on node 1. Then, after 

vl  seconds, the train reaches section 2, that is, node 2 starts to apply dynamic 

load ),( 22 txp . After vl2  seconds, the train reaches section 3, that is, node 3 starts 

acting dynamic load ),( 33 txp ... After the   vln 1  second, the train reaches the section 

(n-1), that is, the node (n-1) starts to apply the dynamic load ),( 11  nn txp  . If the length 

of the train is L, the train passes through the section 1 completely after the vL second, 

that is, after the vL  second, the node 1 no longer acts on the dynamic load. After the 

 vlvL  second, the train completely passes through the section 2, and the node 2 no 

longer acts on the dynamic load; after the  vlvL 2 second, The train completely 

passes through section 3, node 3 no longer acts on the dynamic load, ..., after 

 vlnvL   seconds, the train completely passes through the section (n+1), and the 

node (n+1) no longer acts on the dynamic load. The realization of the vibration load of 

the marshalling train in the three-dimensional finite element analysis is shown in Fig. 1. 
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Fig.1 Schematic diagram of multi-point input of dynamic load 
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Based on the analysis of soil elements stress state and stress path change caused by 

single load, the same calculation points are selected to analyze the change of stress 

state and stress path of soil elements directly under the track midline during train 

operation. Figure 2 is a simplified illustration of two adjacent bogies for a train. At the 

initial moment, the distance between the right bogie and the calculation point is 26m, 

and two adjacent bogies have a total of four axie loads, each axie load is 140kN, and 

the rest of the calculation parameters are the same load. The dynamic stress caused by 

the train has a cyclical characteristic, and generally (n+1) cycles are caused by n cars. 

 

2 2 2 210 4 10

 

Fig.2 Schematic diagram of the simplified train adjacent bogie 

 

Based on the above analysis, this paper establishes a typical dynamic finite element 

calculation model for railway subgrade structure, and analyzes the influence of vehicle 

size, moving speed and foundation modulus on the stress path of the foundation soil 

elements. 

 

2. Fem Model and Parameters 

The computational domain of 3D finite element analysis is 30m*20m*22.4m. The 

direction along the track line is the Z axis, the vertical direction is the Y axis, and the 

horizontal direction is the X axis. The 3D solid elements are applied in this model and 

the number of elements and node are 40368 and 32358. The graph of this model and 

mesh are shown as fig.3. 

The determination of drag coefficient is significant when calculating the dynamics of 

the structure. The expression of Rayleigh damping applied in this model is shown as 

follows: 

   = +C M K 
 

Where  and   are the coefficient of damping matrix, the value is shown as table.1  
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(a) Subgrade figure (b) Mesh figure
 

Fig.3 The figure of model: (a) Subgrade figure (b) Mesh figure 

 

Table.1 material parameters 

 Rail 
Rail 

plate 

Concrete 

basement 

Embankment 

surface 

Embankment 

floor 
Ground 

Density 

(kg/m3) 
7800 2500 2500 2000 1800 1700 

Elastic 

Modulus 

(MPa) 

200000 35000 27000 180 110 60 

  - - - 0.4 0.4 0.4 

  - - - 0.005 0.005 0.005 

poisson ratio 0.3 0.167 0.167 0.25 0.25 0.25 

Thickness (m) 0.17 0.2 0.3 0.4 1.5 20 

 

It can improve the calculation efficiency to select the appropriate area for targeted 

analysis for the finite element model, and the calculation accuracy is higher under the 

same calculation time. However, the boundary of the model can’t be fixed in the 

traditional form. If the boundary is fixed, there will be reflection of the wave and it 

contraries to the actual situation. It is necessary to absorb wave energy by set damping 

at the boundary. Liu et.al [8] have studied the numerical simulation technique of 3D 

time domain viscoelastic artificial boundary and proved that given 3D artificial 

boundary has higher accuracy by typical dynamic problem example. It can be easily 

applied to the simulation of 3D dynamic problems. Therefore, in the 3D analysis of the 

road model, the artificial boundary of the model side is attempted to adopt their 

proposed viscoelastic artificial boundary, that is, the spring and viscous damping are 

set in the normal and tangential directions of the soil boundary element of the model 

boundary. The spring and damper parameter calculation formula is shown as follows. 
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Tangential: isiib AvC       ibib Ar2G3K   

Normal: ipiib AvC       ibib ArG2K   

Where iG is the equivalent shear modulus of the layer i medium. siv and piv  

respectively represent the equivalent longitudinal and transverse wave velocities of the 

layer i medium. iA  is the area represented by the boundary node of the layer i medium. 

br  is the distance from the source to the boundary node. i  is the mass density of the 

layer i medium. 

The specific implementation method is shown in Fig. 4. The viscoelastic artificial 

boundary parameters are shown in Table 2, and the application effect is shown in Fig. 

5. 

The train load is simplified as a series of moving loads acting on the track structure, and 

the ground surface reaction force and the internal response of the foundation are 

superimposed on the response of a single load. The calculating points are shown as 

fig.6. The train center is 100m away from the calculation point when t=0 and other 

parameters are shown as fig.6. 
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z
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Sl

 

Fig.4 3D viscoelasticity artificial boundary  

Table.2 Parameters of viscoelasticity artificial boundary 

 Direction 1 Direction 2 Direction 3 

 

Stiffness 

coefficient 

N/m 

Damping 

coefficient 

N.s/m 

Stiffness 

coefficient 

N/m 

Damping 

coefficient 

N.s/m 

Stiffness 

coefficient 

N/m 

Damping 

coefficient 

N.s/m 

Rail 325311 2566 325311 2566 650622 1372 

Rail plate 9615300 894480 9615300 894480 19230600 547680 

Concrete 

basement 
1307800 459000 1307800 459000 2615600 244800 

Embankment 

surface 
4270080 766800 4270080 766800 8540160 354000 

Embankment 

floor 
4270080 766800 4270080 766800 8540160 354000 

Ground 5268160 806800 5268160 306970.3 10536320 403000 
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Fig.5 viscoelasticity artificial boundary application 
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Fig.6 Calculation point distribution graph of stress time history curve caused by train 

load 

 

3. Response Analysis of Foundation Soil Under Train Load 

Some elements are selected to observe the stress since the dynamic stress response of 

the soil under the subgrade is perpetual object considering the symmetry of the road 

structure. 

Figure 7, Figure 8, and Figure 9 represent the top view of the subgrade surface, the 

subgrade of the road centerline, and the cross section of the middle section of the road. 

Where fig. a, fig. b and fig. c are stress contour at a certain point in the x, y, and z 

directions, respectively. Fig. d is the shear stress contour on y-z plane.  

The following conclusions can be obtained by analysis these figures:  

1) From the three graphs, the vertical stress is significantly larger than the stress in the 

other directions. Its amplitude can reach above 1300Pa, while the stress amplitude in 

other directions is only about 400Pa. 

2) The magnitude of the stress decreases with increasing depth, and the stress slowly 

decays as the moving load moves away and the damping acts. 
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3) It can be seen from the figure that the stress in the z direction and the peak of the 

shear stress on the y-z plane are not directly below the load, but in two places 

symmetric about the center of the load, and the size is almost the same, but the shear 

stress direction on the y-z plane is opposite. 

(a)S11 (b)S22 (c)S33 (d)S23  

Fig.7 Various stress contours on the surface of the subgrade during the movement of 

adjacent bogies 

(a)S11 (b)S22

(c)S33 (d)S23  

Fig.8 Various stress contours on the Railway center line during the movement of 

adjacent bogies 
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(a)S11 (b)S22

(c)S33 (d)S23  

Fig.9 Various stress contours on the Railway cross section during the movement of 

adjacent bogies 

 

Figure 10 is the curve of the dynamic stress of soil elements with time and movement 

coordinates. Where the v=25m/s, x=0, z=-15m, E=60Mpa. 

Figure 11 is the curve of dynamic stress of soil elements with time and moving 

coordinates. Where the v=25m/s, x=0, z=-15m, E=20Mpa. 

It can be seen from the figures: 

Dynamic stress is symmetrical except that the shear stress yz  is antisymmetric with 

respect to the t=0.82s. 

The magnitude of the dynamic stress in the x and y directions occurs when the moving 

load moves directly above the soil elements and t=0.82s. the magnitude of the 

dynamic stress in the z direction and shear stress on the y-z plane appear before and 

after t=0.82s, and the shear stress on the y-z plane is 0 when t=0.82s. 

The vertical dynamic stress y  is much larger than the dynamic stress in the other two 

directions since the direction of load loading is the y direction. 
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Fig.10 Time-history curve of soil elements stress during the movement of adjacent 

bogies (E=60Mpa) 
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Fig.11 Time-history curve of soil elements stress during the movement of adjacent 

bogies (E=20Mpa) 
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4 Stress Path of Soil Elements Under Different Conditions 

The stress path is the change of the stress of the soil element during the movement of 

the load expressed by the horizontal shear stress and the deviation stress. The 

angle of the large principal stress is defined as the angle of rotation from the z-axis to 

the large principal stress axis, clockwise positive and counterclockwise negative. Figure 

12 is a vector mode  3 1 0r ab P    of the stress path of the soil element in the 

process of load movement indicated by the difference between the horizontal shear 

stress and the stress component under the train load. The vector angle is equal to the 

angle between the maximum principal stress and the z-axis. double. The curve of Fig. 

12 is approximately apple-shaped, indicating that the principal stress difference also 

changes continuously while the principal stress axis rotates. The horizontal shear stress 

and stress component difference curve under wave load is a circle, and the principal 

stress difference remains unchanged. 

Under the moving load of two adjacent bogies, the stress path of the foundation unit 

below the load moving line, v=25m/s, x=0m, y=-1m, z=-15m is shown in Fig. 12. 
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Fig.12 Stress path of soil elements 

 

4.1 Stress Path of Soil Elements Under Different Speed 

The stress path is shown as fig.13 according to observe the dynamic response of 

foundation soil elements at x=0m, y=-1m, z=-15m below the load moving line under 

different speed.  

It can be shown from fig.13 that the stress path of soil elements does not change much 

under two speeds discussed. This is related to the little magnitude of selected speed 

and the large value of elastic modulus of the model. The ratio of vehicle speed to critical 

speed will become smaller since the critical speed is large when the modulus is large. 

It is suggested to discuss the influence of the change of velocity over a large range on 

the stress path of soil elements under small elastic modulus.  
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Fig.13 Stress path of soil elements below the load moving line under different speed  

 

4.2 Stress Path of Soil Elements at Different Locations 

The stress path is shown as fig.14 according to observe the dynamic response of 

foundation soil elements at x=0m, y=-1m, z=-15m and at x=0m, y=-2m, z=-15m 

below the load moving line when v=25m/s.  
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Fig.14 Stress path of soil elements at different locations 

 

It can be shown from fig.14 that the shape of the stress path curve is similar, but it 

becomes significantly smaller as the depth of the soil elements increase. That is to say, 

shear stress and deviation stress are gradually reduced with the depth of the soil 

elements increasing. 

 

4.3 Stress Path of Soil Elements Under Different Elastic Modulus 

The stress path is shown as fig.15 according to observe the dynamic response of 

foundation soil elements at x=0m, y=-2m, z=-15m below the load moving line when 

the elastic modulus of foundation soil is 60Mpa, 40Mpa, 20Mpa respectively.  
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Fig.15 Stress path of soil elements under different elastic modulus 

 

It can be shown from fig.15 that the shape of the stress path curve is similar, but it 

becomes significantly larger as the elastic modulus increasing. That is to say, shear 

stress and deviation stress are gradually increased with the elastic modulus increasing. 

 

5. Conclusion 

In this paper, the railway foundation model is established. The dynamic response of the 

soil under the train traffic load and the stress path of the soil element are taken as the 

research object. The stress path changes under different working conditions of 

different speeds, different positions and different subgrade moduli are analyzed. The 

following conclusions were made: 

(1) It can be seen from the dynamic stress cloud diagram of the foundation soil under 

the moving load of the train that the vertical stress (ie, the y direction) is significantly 

larger than the stress in other directions. Its amplitude can reach above 1300Pa, while 

the stress amplitude in other directions is only about 400Pa. The magnitude of the 

stress decreases with increasing depth, and the stress slowly decays as the moving 

load moves away and the damping acts. At the same time, the stress in the z direction 

and the shear stress on the y-z plane are not directly below the load, but in two places 

symmetric about the center of the load, and the size is almost the same, wherein the 

shear stress on the y-z plane is opposite. 

(2) From the dynamic stress analysis diagram of the foundation soil under the moving 

load of the train, it can be seen that except for the shear stress yz , it is antisymmetric 

about t=0.82s, and the other dynamic stresses are symmetrical, and the dynamic 

stress amplitudes in the x and y directions appear at the moment when the moving load 

moves directly above the soil unit, t=0.82s; the amplitude of the dynamic stress in the 

z direction and the shear stress of the yz plane appear before and after t=0.82s, and 

when t=0.82s, the shear stressin tje y-z plane is zero. 
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(3) It can be seen from the stress path of the foundation soil unit under different train 

speed loads that the stress path of the soil unit does not change much under the two 

vehicle speeds discussed, which is not related to the selected speed itself. Moreover, it 

is related to the large value of the elastic modulus of the model. Because the modulus 

is large and the critical speed is large, the ratio of the vehicle speed to the critical speed 

becomes smaller. It is suggested that future studies can explore the effect of varying 

speeds on the stress path of soil units under a smaller elastic modulus condition. 

(4) It can be seen from the stress path of the foundation soil unit at different depths 

under the train load that as the depth of the soil unit increases, the shape of the stress 

path curve is similar, but becomes significantly smaller, that is, with the depth of the 

soil unit increasing, shear stress and bias stress are gradually reduced. 

(5) Under the condition that the elastic modulus of the foundation soil becomes larger, 

the shape of the stress path curve of the soil element is similar, but it becomes larger, 

that is, as the elastic modulus increases, the shear stress and the deviation stress 

gradually become larger.  
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