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Dynamic responses of saturated soft soil foundation under high-speed train load 
 
HU Jing,  TANG Yue,  ZHANG Jia-kang,  DENG Tao 
College of Civil Engineering, Fuzhou University, Fuzhou, Fujian 350108, China 

 

Abstract: Based on Biot's theory of porous media, this paper proposes a coupled vehicle-track-saturated foundation model to study 
the dynamic responses of saturated soft soil foundation under high-speed train load via two-and-half dimensional finite element 
method (2.5D FEM). It is found that the ratio of train speed c and soil Darcy permeability Dk ( D/c k ) determines the extent to which 
maximum excess pore pressures build up in saturated soft soil under the train load when the load speed is lower than the critical speed. 
For a saturated soil of a particular stiffness, if D/c k  is less than or equal to 3×104, the soil can be regarded as highly permeable 
relating to the load velocity. In this case, almost no excess pore pressure is developed, and the saturated soil can be modeled using a 
single-phase medium. There is a critical value of D/c k  for the development of excess pore pressure, corresponding to which the 
maximum excess pore pressure increases with increasing D/c k . Above this critical value of D/c k , the maximum excess pore 
pressure remains independent of D/c k . The amplitude and influencing zone of effective stress are mainly controlled by the train 
speed and soil permeability for saturated soft soil foundation. The response of displacement is mainly controlled by the train speed. 
Significant Mach effects have been induced in the saturated soil foundation by the moving train when the train speed reaches or 
exceeds the critical velocity of the track-foundation system. 
Keywords: saturated soft soil foundation; high-speed train; 2.5D FEM; excess pore pressure; critical velocity 
 

1  Introduction 

High-speed train loads are characterized by short 
duration, high frequency, and periodicity. For saturated 
soft ground with low permeability, the high-speed train 
loads can cause excess pore pressure in the ground and 
may not be completely dissipated before the next train 
arrives, resulting in the accumulation of excess pore 
pressure. The generation and accumulation of excess 
pore pressure will reduce the effective stress in the 
saturated soil and increase the ratio of shear force to 
effective stress, probably causing significant soil strain 
and displacement, and even worse, affecting traffic 
safety. A large amount of saturated soft soil exists 
along the southeast coast of China. Thus, with the 
density of the high-speed railway network in coastal 
areas increasing and the speed of trains rising, studying 
the dynamic response of saturated soft ground under 
the high-speed train loads is crucial to ensure traffic 
safety. 

To study the dynamic response of saturated soil under 
load, Biot[1–2] established a wave propagation theory and 
control equations for saturated porous media based on 
the theory of elastic wave propagation, considering the 
coupled motion of elastic soil skeleton and pore fluid. 
Zienkiewicz and Shiomi[3], Siddharthan et al.[4], and others 
derived semi-analytic solutions in two-dimensional space 
based on Biot's equations. Lu et al.[5–6] solved the semi- 
analytic solution in the 3D saturated half-space body 
under moving point loads, which became a benchmark 
for verifying the accuracy of the numerical model. In 
recent years, the 2.5-dimensional finite element method 
(2.5D FEM) has also been applied to solve the dynamic 

response of saturated two-phase media under moving 
loads to improve the computational efficiency of the 
3D FEM model[7–14]. It has been shown that the response 
of saturated two-phase media differs from that of single- 
phase elastic media under moving loads. Under low- 
speed loading, the vertical displacement of saturated 
two-phase media is smaller than that of single-phase 
elastic media. However, under high-speed loading, 
saturated two-phase media have larger vertical 
displacement[7] and smaller stress response compared 
to single-phase elastic media[15]. Cai et al.[16–17] found 
in their study of the dynamic response in saturated 
foundations under train loading that the larger the train 
speed, the higher the excess pore pressure in the saturated 
foundation. Theodorakopoulos et al.[18–19] found that 
porosity and permeability significantly affected the 
excess pore pressure response in saturated soft soil. Li 
et al.[20] analyzed the effect of trains' high speed on the 
ground vibration of saturated roadbeds. Qian et al.[21] 
carried out a theoretical study on the dynamic response 
of saturated foundations under high-speed moving loads 
and found that the amplification effect of dynamic stress 
increased with the depth of the foundation. With the 
application of Biot theory to the study of the dynamic 
response of saturated soils around tunnels, Yuan et al.[22–23] 
studied the dynamic response of saturated soil around 
tunnels induced by moving loads through a 2D model, 
and a subsequent study found that the excess pore 
pressure increased with decreasing soil permeability 
and increasing load velocity. Di et al.[24–25] studied the 
spatial distribution of stresses and excess pore pressure 
in saturated soil around tunnels. He et al.[26] established 
a coupled FEM-BEM model to study the dynamic 
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response of saturated soil around a special tunnel. 
Considering the anisotropy and stratification of natural 
soil, studies on the dynamic response of transverse 
isotropic saturated foundations[27–31] and stratified 
saturated soil[32–33] have also appeared in recent years. 

The above studies focused on the important effects 
of load movement velocity and soil permeability coe- 
fficient on the dynamic response, such as excess pore 
pressure. However, by far, the research on the dynamic 
response of the foundation under high-speed train 
loads, especially when the train speed approaches or 
even exceeds the critical velocity, has been mainly 
based on the single-phase elastic foundation model[34–41], 
and there are few studies on the basis of saturated 
foundation model. 

Therefore, a 2.5D FEM model of the coupled 
vehicle-track-saturated foundation system based on 
the Biot wave theory of porous media is established in 
this study to investigate the dynamic response of the 
saturated soft ground foundation under high-speed 
train loads. The dynamic response of the saturated soft 
foundation under train loads is analyzed when the train 
speed is less than, equal to, and more than the critical 
velocity, respectively. And the effect of the ratio of  
train speed to the permeability coefficient ( D/c k ) of 

the saturated soft soil on the excess pore pressure, 
effective stress, and displacement response is evaluated 
in the present study. 

2  Solution of dynamic governing equations 
for saturated porous media 

2.1 Basic theory of saturated porous media 
Biot dynamic control equations for homogeneous 

saturated porous media are[42] 
(1) Equilibrium equation 

, b fij j i iu w                               （1） 

(2) Seepage equation 

fi i i ip bw u mw                            （2） 

(3) Continuity equation 

, ,i i i ip Mu Mw                             （3） 

(4) Constitutive equation 

, ,( )ij i j j i ij iju u p                      （4） 

where σij and p are the stress on the soil skeleton and 
the pore pressure in the soil unit, respectively; ui and 
ωi are the displacement of the soil skeleton and the 
average displacement of the pore fluid relative to the 
soil skeleton, respectively; the density of the saturated 
soil is b f s(1 )n n p    , and f  and s  are the 
densities of the pore fluid and soil particles, 
respectively, and n is the porosity; m is the effective 

dens i ty,  f /m a n ,  where  1 /a n   i s  a 

parameter to measure the pore curvature of the soil; 

f D/b g k  represents the viscous coupling effect 

between the pore fluid and the soil particles, where kD 

is the Darcy permeability coefficient of saturated soil  

(m/s), g is the acceleration of gravity; α (
s

1
K

K
   ) 

and M ( M 
f s

n n

K K

 
 ) are the Biot constants, and 

K, Ks and Kf are the bulk modulus of the soil skeleton, 
soil particles, and pore fluid, respectively; subscripts i, 
j=x, y, z are tensor signs and follow the summation 
convention; λ and μ are the Lame constants of the soil 
skeleton, respectively; superscripts '.' and '..' denote 
the first-order and second-order derivatives with 
respect to time, repectively; and δij is Kronecker delta 
function. 

After integrating Eq.(3) over time t and substituting 
the equation and Eq. (4) into Eqs. (1) and (2), the 
complete Biot dynamic control equation can be obtained 
as 

2
, , , b f( )i jj j ji j ji i iu M u Mw u w              

（5） 

, , fj ji j ji i i iMu Mw u mw bw                   （6） 

2.2 2.5D finite element solution 
Define the Fourier transform on time and space, 

i i( , , , ) ( , , , )e e d dx x t
xu y z u x y z t x t  

 


 
         （7） 

where x represents the direction along the orbit; t is the 
time; ζx is the wavenumbers along the x-direction; ω is 
the angular frequency. The superscripts '-' and '~' are 
the quantities in the frequency and wavenumber (f-k) 
domains, respectively. 

The corresponding Fourier inverse transform is 

i i
2

1
( , , , ) ( , , , )e e d d

4
x x t

x xu x y z t u y z     
 

 


      （8） 

Substituting Eq.(7) into Eqs.(5) and (6), the 
expression of Biot's dynamical equation in the f–k 
domain is obtained: 

2
, , , ,

2 2
b f

( )

0

i jj j ji j ji j ji

i i

u u Mu Mw

u w

    

   

    

 

   

 
      （9） 

2 2 f
, , f

D

i 0j ji j ji i i i

g
Mu Mw u m w w

k

              

（10） 
Yuan[22–23], Gao et al.[7], and Bian et al.[43] have 

derived the solution process of the equations in the f–k 
domain, which will not be detailed here. The final 
matrix equation obtained for the 2.5D FEM solution 
is, 

s
1 2 1 1 2( ) ( )    K K M U L M W F            （11） 

f
3 3 2 4( ) ( )   K M U L M W F                （12） 

where M is the mass matrix; K and L are the stiffness 
matrices; U and W are the displacement matrix of soil 
skeleton and the relative displacement matrix of pore 
fluid, respectively; and Fs and Ff are the external load 
vectors. The expressions of each matrix are shown in 
appendix A. 
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2.3 Coupled vehicle-track-subgrade system 
The track is simplified as an Euler beam laid on 

the subgrade. According to the Euler beam dynamic 
equation, the vibration of the track when the wheel 
load pM is applied can be described as 

4 2
r r

r r IT M4 2
( , ) ( , )

u u
EI m f x t p x t

x t

 
  

 
        （13） 

where ur is the deformation of the track; EIr is the 
bending stiffness of the rail; mr is the mass of the track; 
and fIT and pM are the reaction force of the contact 
point of the subgrade and the force of the whole vehicle 
load applied on the surface of the rail, respectively. 
The Fourier transform pair is defined by Eqs. (7) and 
(8) can be obtained: 

4 2
r r r IT M( ) ( , ) ( , )x x xEI m u f p              （14） 

Expressed as a matrix, 

Τ Τ Τ IT Μ( )     2Κ ω Μ U F P                （15） 

where UT is the 3D displacement response of the track 
nodes, containing the vertical displacement ru and 
two horizontal displacements of the track; KT, MT, and 
-FIT are the stiffness matrix of the track, mass matrix 
of the track, and the reaction force vector of subgrade 
surface, respectively; PM is the force vector of the 
whole train load applied on the rail surface, according 
to the quarter vehicle body model theory[44], and its  

expression is M ( , )p x t  4
1 1 ( )M

k h khp x ct     (k is  

the carriage number and h is the h-th set of wheel pair). 
The wheel–rail force of the front and rear bogies of the 
k-th carriage is expressed as 

4 1
1 01 0

1
02 0

1
03 0

1
04 0

( ) ( )

( )

( )

( 2 )

k
i hkh k h

k
hk k h

k
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k
hk k k h

p x ct p x ct L x

p x ct a L x

p x ct a b L x

p x ct a b L x










 










     

    

     

    

 







  

（16）

 

where 1kp , 2kp , 3kp , and 4kp  are the axle weights 
of each wheel pair of the carriage k respectively; Lk is 
the length of the k-th carriage; x0 is the distance from  

 

the observation point to the 1st wheel pair; ak is the 
length of the bogie; bk is the distance between the 
center of two bogies; c is the speed of the train. 

According to the displacement consistency and 
force equilibrium condition of the interaction points 
on the contact surface of the track and the subgrade, 
the finite element expressions of the integrated track 
and the subgrade are obtained by eliminating Fs, and 
the dynamic equations of the whole coupled vehicle– 
track–subgrade system are as follows: 

2
1 2 T 1 T 1 2 M

f
3 3 2 4

( ) 2

2 2

 
 

        
              

 
 

K K K M M L M U P
  

K M L M W F
 

（17） 
Bian et al.[43] used the multilayer damping boundary 

approach[45] in solving the dynamic response of a 
saturated foundation, which simulated the dynamic 
response of a saturated semi-infinite space well. Therefore, 
this paper uses the multilayer damping boundary to 
absorb the wave at the model boundary. 
2.4 Model validation 

Lu et al.[6] used a semi-analytic approach to obtain 
a semi-analytic solution for a 3D saturated half- space 
(Fig. 1) under moving point loads, which became a 
benchmark for validating subsequent numerical methods. 
In this section, based on the foundation soil parameters 
provided in Lu et al.[6] (Table 1), a saturated half-space 
model is developed using the 2.5D FEM, and the 
computational results in this study are verified against 
the semi-analytical solution proposed by Lu et al.[6]. 

 

 

Fig. 1  Half-space saturated medium subjected  
to a moving point load[6] 

 

Table 1  Parameters used for saturated soil[6] 

Biot constant  
 

Biot constant  
M 

/MPa 

Elastic modulus 
E 

/MPa 

Shear modulus 
G 

/MPa 

Poisson's 
ratio v 

Soil grain density 
s  

/(kg·m–3) 

Fluid density f 

/(kg·m–3) 
Porosity n 

Permeability 
coefficient kD 

/(m·s–1) 

Effective 
density m 
/(kg·m–3) 

0.95 5 000 6 744.6 2 997.6 0.125 2 500 1 000 0.3 1×10–6 6 670 

 

The displacement and excess pore pressure response 
of the observation point (x, 1, 1) when the unit load 
moves at a unit load of 121 m/s are given in Fig. 2. In 
the figure, the displacement is normalized by multiplying  

by 2
R /Ga F , where F=1 N, aR =1.0 m. And the excess 

pore pressure is multiplied by 2
R /a F , where F is the unit  

load, and aR is the reference length. From Fig. 2, it can 
be found that the displacement response uz and the excess 
pore pressure response p obtained from the 2.5D FEM 
calculation agree with the semi-analytical solution. 

F

v 

x

z

y

o 
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      (a) Vertical displacement 

 

 
    (b) Excess pore pressure 

Fig. 2  Verification of 2.5D FEM for saturated medium 

3  Numerical analysis 

3.1 Overview of numerical simulation 
3.1.1 Model introduction 

In this section, a 2.5D FEM model of the coupled 
track–subgrade–saturated foundation system is 
established, as shown in Fig. 3. The width of the 
model is 100 m, and the depth is 50 m. The size of the 
core area is 40 m 30 m, and the maximum grid size 
in the core area is 0.5 m 0.5 m; the maximum grid 
size in the peripheral non-core area is 2 m 2 m. The 
multilayer damping boundary of 20 m is established at 
the left and right sides and the bottom of the model. In 
the model, the elastic subgrade thickness is 0.3 m. 
From top to bottom in order, the saturated foundation 
consists of a 0.3 m-thick upper permeable layer, 20 m- 
thick saturated soft soil layer, 9.3 m-thick lower 
permeable layer, and damping layer. The water table 
line is located at the bottom of the upper permeable 
layer, 0.6 m from the top of the subgrade. 

In our simulations, the track is simplified as an 
Euler beam; the elastic subgrade, permeable layer, 
saturated soil layer, and damping layer in the model 
 

are simulated by using 2.5D saturated linear elastic 
units with 6 degrees of freedom. The material parameters 
of each layer are listed in Table 2, where the values of 
the saturated soil soft layer are taken with reference to 
the test results of the saturated soft clay soil in 
Xiaoshan, Hangzhou[46]. The material parameters of 
the horizontal damping layer are the same as those of 
the soil layer where they are located, and the material 
parameters of the vertical damping layer are the same 
as those of the permeable layer. The vehicle model is 
simulated using CRH2 body parameters (Table 3). The 
track material parameters are listed in Table 4. 

 

 

Fig. 3  Schematic view of half of the finite element model  
of the track–subgrade–saturated ground 

 
3.1.2 Calculation conditions 

The shear wave velocity of the saturated soil layer 
in the model is 83 m/s, and the Rayleigh wave velocity 
is 80 m/s. The train speeds calculated in this section 
for the numerical analysis are 3, 10, 30, 60, 64, 75, 80, 
83, and 100 m/s. The Darcy permeability coefficients 
( Dk ) considered for saturated soils are in seven groups  
from high to low: 10–3, 10–4, 10–5, 10–6, 10–7, 10–8, and 
10–9 m/s. Two observation points are set along the axis 
of the model, namely A (0.7 m from the top surface of 
the subgrade and 0.1 m below the water table line) and 
B (1.2 m from the top surface of the subgrade and 0.6 m 
below the water table line). 
3.2 Response analysis of excess pore pressure 
3.2.1 Time-history curve of excess pore pressure 

Figure 4 shows the evolution of the time-history 
curve of excess pore pressure at point A in saturated 
soft soil foundation with different train speeds and 
permeability coefficients. 

Table 2  Parameters used for subgrade and foundation 

Soil layer 
Biot constant 

 

Biot constant 
M 

/MPa 

Elastic 
modulus E 

/MPa 

Shear 
modulus G

/MPa 

Poisson's 
ratio v

Soil grain 
density s   
/(kg·m–3) 

Liquid 
density f  
/(kg·m–3) 

Soil  
damping 

D0 
Porosity n 

Permeability 
coefficient kD

/(m·s–1) 
Subgrade 0.001 0.000 1 390.0 156.00 0.25 2 500 0.001 0.05 0.001 1×10–20 

Saturated soil 1.000 3 370.000 0 33.5  11.23 0.49 2 734 1 000.000 0.05 0.635 1×10–3～1–9

Permeable layer 1.000 3 370.000 0 33.5  11.23 0.49 2 734 1 000.000 0.05 0.635 1 

 
Table 3  Parameters used for CRH2 train 

Carriage mass 
/kg 

Bogie mass 
/kg 

Wheelset mass  
/kg 

Carriage length L 
/m 

Center distance between adjacent bogies b 
/m 

Bogie length a  
/m 

45 000 3 600 1 700 24.8 14.9 2.5 

–2 –1 0 1 2
0.00

0.02

0.04

0.06

0.08

0.10

0.12

Semi-analytical solution  
proposed by Lu et al.[6] 
2.5D finite element solution

X /m 

u z
 

–2 –1 0 1 2
0.00

0.01

0.02

0.03

0.04

Semi-analytical solution 
proposed by Lu et al.[6] 
2.5D finite element solution 

X /m 

p 

0

z

y

Core area

Damping unit 

Damping unit

Elastic subgrade 
A
B

50 m 

50
 m

 

H
=

20
 m

 

Permeable layer

20 m×30 m 

Permeable layer
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 Table 4  Parameters used to model the track (for two rails) 

Mass per unit length 
of the rail mr  
/(kg·m–1) 

Rail bending stiffnessEIr  
/(MN·m2) 

Mass per unit length of 
sleeper ms 
/(kg·m–1) 

Fastener stiffness kp

/(MN·m–1·m–1)
Fastener dampingcp 
/(kN·s·m–1·m–1) 

Contact area between track 
and foundation B 

/m2 
120 13.24 490 270 83.5 2.4 

 

 
    (a) c = 3 m/s 

 

 
      (b) c = 30 m/s 

Fig. 4  Evolution of time-history curve of excess pore 
pressure 

 

From Fig. 4(a), it can be seen that the response 
amplitude of the excess pore pressure increases as the 
soil permeability coefficient decreases at the same 
vehicle speed. The time-history curve amplitude of the 
excess pore pressure at point A is very small when the 
soil permeability coefficient is 10–3 m/s and 10–4 m/s, 
which is due to the large permeability coefficient of 
the soil, and the excess pore pressure caused by the 
train load is rapidly dissipated before it can be 
accumulated. As the permeability coefficient decreases, 
the dissipation rate of the excess pore pressure gets 
smaller gradually, thus increasing the amplitude of the 
excess pore pressure. Compared with Figs. 4(a) and 
4(b), it can be observed that the higher the train speed, 
the larger the amplitude of excess pore pressure 
corresponding to the same permeability coefficient. 
This is because the higher the train speed, the shorter 
the interval between adjacent loads, and the excess 
pore pressure does not have enough time to dissipate, 
leading to the larger amplitude of excess pore pressure 
response in the end. 

Figure 5 shows the maximum vertical displacement 
development at observation point A versus the train 
speed. 

It can be seen from Fig. 5 that the soil permeability 
coefficient has almost no effect on the displacement 
response, and the amplitude of the displacement 

response is mainly controlled by the speed. For track- 
saturated soft soil foundation, there exists a critical 
velocity. When the train speed is lower than the 
critical velocity, the displacement response amplitude 
increases with the increase of the train speed. Other- 
wise, the displacement response amplitude decreases 
against the increase of the train speed. From Fig. 5, the 
critical velocity of the model could be determined as 
80 m/s, consistent with the Rayleigh wave velocity of 
the saturated soil layer. 

 

 
Fig. 5  Development of the maximum vertical displacement 

at point A versus train speed 

 

Figure 6 shows the time-history curves of the 
excess pore pressure at observation point A when the 
permeability coefficient of the soil is 10–5 m/s and the 
train speed is below, equal to, and above the critical 
velocity of the system, respectively. 

 

 
Fig. 6  Evolution of excess pore pressure at point A under 
different train speeds when soil permeability at 10–5 m/s 

 

As can be seen in Fig. 6, regardless of the train 
speed, observation point A has a significant excess 
pore pressure response when the load is applied, and 
its response amplitude gradually increases with speed. 
3.2.2 Variation of excess pore pressure along with the 
depth 

Figure 7 shows the distribution of the maximum 
excess pore pressure along with the depth of the soil at 
different permeability coefficients for a train speed of 
30 m/s.  
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Fig. 7  Maximum excess pore pressures versus depth  

at different soil permeabilities 

 

As shown in Fig. 7, there is almost no excess pore 
pressure in the depth range of elastic subgrade and 
upper permeable layer. In the saturated soil layer, the 
amplitude of excess pore pressure first increases with 
increasing depth and then decreases. This is because 
the shallow area near the upper permeable layer is 
easier to dissipate the excess pore pressure caused by 
the train load due to the short drainage distance. As the 
drainage distance increases with the depth, the excess 
pore pressure is more difficult to dissipate, so the 
excess pore pressure response amplitude gradually 
increases. However, with the further increase of depth, 
the load transferred to the soil gradually decreases due 
to the stress diffusion effect, resulting in the gradual 
decrease of the super-static pore pressure amplitude 
with depth. Further analysis reveals that the depth 
corresponding to the maximum excess pore pressure 
increases with the increase of permeability coefficient. 
When the permeability coefficient is 10–8 m/s, the 
depth corresponding to the maximum value is 0.7 m; 
when the permeability coefficient is 10–6 m/s, the 
corresponding depth is 0.8 m; when the permeability 
coefficient is 10–4 m/s, the corresponding depth is 1.6 m. 
The maximum excess pore pressure increases when 
the permeability coefficient declines for the same depth. 
The excess pore pressure at any permeability coefficient 
dissipates to lower than 0.8 kPa at a depth of 10 m. 

 

 
Fig. 8  Maximum excess pore pressures versus depth for 
different train speeds at the soil permeability of 10–5 m/s 

 

Figure 8 shows the distribution of the maximum 
excess pore pressure along with the depth when the 

soil permeability coefficient is 10–5 m/s, and the train 
passes directly above the observation point at speeds 
below, equal to, and above the critical velocity, 
respectively. 

As shown in Fig. 8, when the soil permeability 
coefficient is 10–5 m/s, the depth corresponding to the 
maximum excess pore pressure in the foundation 
decreases when train speed rises. When the train speed 
is 30 m/s, the depth corresponding to the maximum 
value is 1.6 m; when the train speed is 80 m/s, the 
depth corresponding to the maximum value is 0.9 m; 
when the train speed is 100 m/s, the depth corresponding 
to the maximum value is 0.8 m. The maximum excess 
pore pressure increases with train speed for the same 
depth. When the train speed does not exceed the 
critical velocity, the excess pore pressure dissipates to 
below 0.8 kPa at a depth of 10 m. Otherwise, there is 
still a significant excess pore pressure response below 
a depth of 10 m. 
3.2.3 Effect of D/c k  on excess pore pressure 

The evolution of excess pore pressure with time 
indicates that the larger the permeability coefficient, 
the smaller the excess pore pressure response for the 
same train speed; the larger the train speed, the larger 
the excess pore pressure response for the same 
permeability coefficient. To this end, the ratio of train 
speed to soil permeability coefficient is defined as  

D/c k  t investigate the variations of the excess pore 

pressure. 
Figure 9 shows the variations of the maximum 

excess pore pressure when values of 
D/c k  change at 

observation point A and B. 
It could be observed from Fig. 9(a) that the 

maximum excess pore pressure at point A is 
independent of the train speed and controlled only by 

D/c k  when the train speed is lower than the critical 

velocity. When D/c k <3 104, the maximum excess 

pore pressure is close to 0; when 3×104≤
D/c k ≤ 

109, the excess pore pressure increases gradually with 
the 

D/c k  value; when 
D/c k >109, the maximum 

excess pore pressure remains unchanged. This 
phenomenon indicates that the variations of excess 
pore pressure based on the parameters 

D/c k  are 

monotonic, and there is a critical 
D/c k  value, which 

is 109 for point A. When the train speed exceeds the 
critical velocity, the trend of the maximum excess pore 
pressure variations with 

D/c k  is similar to the cases 

at other speeds. Still, the corresponding maximum 
excess pore pressure is larger than that of the other 
speeds, indicating that the maximum excess pore 
pressure at a speed higher than the critical velocity is 
determined by both the parameter 

D/c k  and the train 

speed. 
Figure 9(b) shows that the variation curve of the 

maximum excess pore pressure at observation point B  
is similar to that at point A. When D/c k < 104, the 
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maximum excess pore pressure is close to 0; when 
3  104≤ D/c k ≤3  107, the excess pore pressure 

increases gradually with the D/c k  value; when 

D/c k >3  107, the maximum excess pore pressure 

remains unchanged. When the train speed exceeds the 
critical velocity, the trend of the maximum excess pore 
pressure variations with D/c k  is similar to the cases 

at other speeds. However, the corresponding maximum 
excess pore pressure is larger than that of the other 
speeds. For point B, the critical D/c k  value is 3 107. 

Compared with Figs. 9(a) and 9(b), it can be 
concluded that the critical D/c k  value decreases 

when depth increases. 
 

 
   (a) Point A(z = 0.7 m) 

 

 

    (b) Point B(z = 1.2 m) 

Fig. 9  Dependence of maximum excess pore pressure  
on c/kD 

 
3.2.4 Contours of excess pore pressure 

Figure 10 shows the excess pore pressure distribu- 
tion in the YZ plane when the train is applied directly 
above the observation section. 

Figures 10(a), 10(c), and 10(e) correspond with 

D/c k  values are 3 104, 8 104, and 105, respectively. 

The distribution contours show that only the excess 
pore pressure response is negligible in the whole YZ 
plane. When the D/c k  value reaches or exceeds 

3 109 (Figs. 10(b), 10(d), and 10(f)), a significant 
excess pore pressure response appears inside the 
saturated foundation with a parabolic distribution in 
the YZ plane. In terms of the distribution range, it can 
be found that the distribution width and depth of the 
excess pore pressure increase with D/c k  values, 

especially in the area where excess pore pressure is 
above 10 kPa. 

 

  
(a) c = 30 m/s，kD = 10–3 m/s（c/kD = 3×104） 

 

 
 

(b) c = 30 m/s，kD =10–8 m/s（c/kD = 3×109） 
 

 
 

(c) c = 80 m/s，kD = 10–3 m/s（c/kD = 8×104） 
 

 
 

(d) c = 80 m/s，kD = 10–8 m/s（c/kD = 8×109） 
 

 
 

(e) c = 100 m/s，kD = 10–3 m/s（c/kD = 105） 
 

 

 
(f) c = 100 m/s，kD = 10–8 m/s（c/kD = 1010） 

Fig. 10  Excess pore pressure contours under different train 
speeds and soil permeabilities in YZ plane 
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3.3 Effective stress response analysis 
3.3.1 Effect of the ratio of train speed to soil permeability 
coefficient ( D/c k ) on effective stress 

Figure 11 shows the maximum effective stress at 
observation points A and B as a function of D/c k . 

  

 
(a) Point A(z = 0.7 m) 

 

 

(b) Point B(z = 1.2 m) 
Fig. 11  Dependence of the maximum effective stress  

on c/kD 

 
From Fig. 11(a), it can be seen that the maximum 

effective stress at point A is independent of the load 
speed and only influenced by D/c k  when the train 

speed is low (≤30 m/s). When D/c k  is less than 3  

104, the maximum effective stress is close to 30 kPa; 
when it is greater than 3 104 and less than the critical 
value, the effective stress gradually decreases as 

D/c k  increases; when it is higher than the critical 

value, the maximum effective stress almost remains 
constant. With the increase of the train speed, the 
maximum effective stress changing with D/c k  is 

similar to that at the low speed, but the maximum 
effective stress corresponding with the same D/c k  

increases significantly. The maximum effective stress 
variation trend at observation point B is similar to that 
at point A. At low velocity, the maximum effective 
stress is close to 20 kPa when D/c k  is less than 

3 104 and then decreases gradually as D/c k  rises, 

finally remaining unchanged after D/c k  reaching the 

critical value. Comparing Figs. 11(a) and 11(b), it can 
be concluded that the critical value of D/c k  

corresponding with effective stress and the critical 
value of D/c k  in excess pore pressure is consistent. 

And the critical D/c k  value decreases with increasing 

depth. However, the effective stress is more sensitive 
to the change in velocity compared with the excess 

pore pressure. 
3.2.3 Contours of effective stress 

Figure 12 shows the effective stress distribution in 
the YZ plane when the train load is directly above the 
observed section. 

 

  
(a) c = 30 m/s，kD = 10–3 m/s 

 

  
(b) c = 30 m/s，kD=10–8 m/s 

 

 

 
(c) c = 80 m/s，kD = 10–3 m/s 

 

  
(d) c = 80 m/s，kD = 10–8 m/s 

 

 

 
(e) c = 100 m/s，kD = 10–3 m/s 

 

 

 
(f) c = 100 m/s，kD = 10–8 m/s 

Fig. 12  Effective stress contours under different train 
speeds and soil permeabilities in YZ plane 

 

As shown in Fig. 12, when the soil permeability 
coefficient is 10–3 m/s, and the train load is directly 
applied above the observed section, the effective stress 
response inside the foundation is mainly concentrated 
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at the position of the train axle and distributed in a 
smooth parabolic pattern in the YZ plane. The 
maximum effective stress increases slowly with the 
vehicle speed, and the effect depth by the stress higher 
than 10 kPa gradually increases from 2 m to 5 m 
below the subgrade surface. When the permeability 
coefficient is below 10–8 m/s, the high stress area is 
mainly distributed in the subgrade and permeable layer, 
and the effective stress inside the saturated foundation 
is small and decays to below 5 kPa about 5 m below 
the top surface of the subgrade. Thus, it can be 
concluded that the effective stress response inside the 
foundation is influenced by the permeability coefficient 
of the soil and the train speed. At the same speed, the 
influencing zone of the effective stress decreases when 
the permeability coefficient decreases, and the zone is 
greatest when the train speed reaches the critical 
velocity. 
3.4 Displacement response analysis 
3.4.1 Analysis of displacement variation with D/c k   

Figure 13 shows the dependence of the maximum 
vertical displacement on D/c k  at observation points 

A and B under the train loads. 
 

 
     (a) Point A, z = 0.7 m 

 

 
    (b) Point B, z = 1.2 m 

Fig. 13  Dependence of displacement on c/kD 

 
From Fig. 13(a), the displacement response at 

point A is independent of D/c k . When the train speed 

is greater than 60 m/s, the response of vertical 
displacement increases significantly with speed. The 
trend of vertical displacement at point B in Fig. 13(b) 
is consistent with that at point A. Compared with the 
two figures in Figs. 13(a) and 13(b), it is found that 
the maximum vertical displacement decreases as the 
depth increase at the same train speed. 
3.4.2 Mach effect 

Figure 14 shows the displacement distribution in 

the XY plane (z=0.3 m from foundation surface) when 
a certain train axle is directly above the observation 
section. 

 

 
(a) c = 30 m/s，kD = 10–3 m/s 

 

 
(b) c = 30 m/s，kD = 10–8 m/s 

 

 
(c) c = 80 m/s，kD = 10–3 m/s 

 

 
(d) c = 80 m/s，kD = 10–8 m/s 

 

 

(e) c = 100 m/s，kD = 10–3 m/s 
 

 

(f) c = 100 m/s，kD = 10–8 m/s 

Fig. 14  Mach effect under train load with different speeds 
and soil permeabilities 

 

The permeability coefficient of the saturated soil 
in Fig. 14(a) is 10–3 m/s, and the train speed is 30 m/s. 
In this case, the displacement response of the foundation 
is distributed in a circular shape, and the distribution 
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range is concentrated at the position of the axle. There 
is almost no wave propagation in the foundation, and 
the maximum displacement response is 2.08 mm. When 
the permeability coefficient is reduced to 10–8 m/s  
(Fig. 14(b)), the displacement response distribution is 
similar to Fig. 14(a), and the maximum displacement 
response is 2.04 mm. 

Figure 14(c) corresponds to a train speed of 80 m/s 
and a permeability coefficient of 10–3 m/s, and Fig. 
14(d) corresponds to a train speed of 80 m/s and a 
permeability coefficient of 10–8 m/s. The train speed 
reaches the critical velocity, and the deformation in the 
foundation is significant. There are small-scale regional 
vibrations in both the front and rear areas of the axle 
position, and deformation of the surface is in the form 
of a fluctuating line extending backward from the 
location of the train load. Obvious two narrow wings 
in the distribution of the displacement response appear 
behind the train load, forming Mach cone, and the 
displacement response shows the Mach effect pheno- 
menon. Figures 14(e) and 14(f) correspond to the train 
speed of 100 m/s with a permeability coefficient of 
10–3 m/s and the train speed of 100 m/s with a 
permeability coefficient of 10–8 m/s, respectively, where 
the train speed exceeds the critical velocity and the 
Mach effect is further enhanced, leading to a more 
narrow Mach cone with smaller angle and wider 
propagation area of vibration. It can be concluded that 
when the train speed is no less than the critical 
velocity, there will be significant wave propagation in 
the saturated foundation, and the Mach effect of 
displacement response will also be notable, and the 
Mach effect will be strengthened with the increase of 
train speed. 

4  Conclusions 

(1) When the train speed is less than the critical 
velocity, the maximum excess pore pressure caused by 
the train load in the saturated soil is determined by the 
ratio of the train speed to the soil permeability 
coefficient (

D/c k ), which exists a critical value. 

When 
D/c k  is lower than the critical value, the 

excess pore pressure increases with D/c k ; otherwise, 

the excess pore pressure remains constant. The critical 

D/c k  depends on the depth, and increasing depth 

reduces the critical 
D/c k  value. 

(2) When the train speed is no less than the critical 
velocity, the variation trend of excess pore pressure 
with 

D/c k  is similar to that at low speed, but the 

maximum excess pore pressure corresponding to the 
same 

D/c k  value is larger than that at low speed, 

indicating that the maximum excess pore pressure is 
determined by both the parameter 

D/c k  and the train 

speed. 
(3) In terms of the effective stress response, there 

also exists a critical D/c k  value, and the value is the 

same as the critical value in the excess pore pressure 
response. When the train speed is low, the maximum 
effective stress is independent of the train speed and is 
only controlled by 

D/c k . 

(4) The displacement response is mainly influenced 
by the train speed and is almost independent of the soil 
permeability coefficient. Similar to elastic foundations, 
a significant Mach effect occurs inside saturated 
foundations when the train speed reaches or exceeds 
the critical velocity. 

(5) For the typical saturated soft clay with low 
permeability in the southeast coast, even when the 
train runs at a low speed (108 km/h), the excess pore 
pressure in the saturated foundation will be nearly  
10 kPa, and the single-phase elastic foundation model 
is no longer applicable. And when the train passes at 
high speed (360 km/h), the maximum excess pore 
pressure in the saturated soft ground can reach about 
23 kPa. 
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where e represents element; N represents shape 
function; J  is the determinant of Jacobi matrix; 
 and  are variables of local coordinate; f is an 
external force acting on the element; and q is flux at 
element. 
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