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Loess tunnels are widely used in transportation engineering and are irreplaceable parts of transportation infrastructure. In this
paper, a dynamic finite element method is used to analyze the coupled effects of a train vibration load and rainfall seepage. By
calculating the variation in the safety factor of a loess tunnel because of the effects of various factors, such as different rainfall
intensities and soil thicknesses, the dynamic stability of the loess tunnel is studied under the condition of a near-field pulse-like
earthquake. The results show that the security and stability of the tunnel decrease gradually with decreasing burial depth. In
addition, the plastic strain of the tunnel is mainly distributed on both sides of the vault and the feet, and the maximum value of the
critical strain occurs on both sides of the arch feet. Because of the effects of the train vibration load and rainfall seepage, the
safety factor of the loess tunnel structure decreases to a certain degree. Moreover, the range and maximum value of the plastic
strain increase to various degrees.
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1 Introduction

Economic development has led to the construction of in-
creasing numbers of loess tunnels, providing an indis-
pensable portion of traffic networks. However, macrovoid
ratios, vertical joint development and high sensitivity to
water make loess tunnels liable to accidents because of the
infiltration of underground water and rain water. According
to incomplete statistics, during loess tunnel construction,
more than 90% of engineering accidents are caused by water
seepage [1]. Additionally, the effects of train loads and
earthquakes can lead to intense stresses; ultimately, the loess
surrounding the tunnel structure can loosen. Low stability

under these conditions can cause serious damage to traffic
facilities or interrupt transportation. As disasters occur,
economic losses and personnel injuries can increase rapidly.
Therefore, it is necessary to study the stability of the loess
mass surrounding a loess tunnel under the effects of rain
water seepage and a train load.
In a railway tunnel, the track structure is subjected to the

repeated impact of train loads. Notably, train loads pose a
major problem to tunnel operation safety. Over the past
century, this issue has attracted increasing attention. Pan and
Pande [2] studied the dynamic response of a loess tunnel and
presented a similar vibration mode to express the vertical
load of a train. Xie et al. [3] discussed the deformation for-
mula of foundation soil caused by different forms of moving
loads and compared the effects of different factors on the
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deformation of the soil, such as the moving speed of the train
load, the vibration frequency of the load and the track. Bian
[4] analyzed the displacement of an observation point in the
foundation caused by the impact load generated by a train’s
response. The authors also examined the dynamic coupling
effect of the rail and road pavement. Li et al. [5] analyzed the
dynamic response of a train load to a large section tunnel.
The stabilities of different section tunnels were also com-
pared under different train speeds and damping ratio coef-
ficients. Zhai et al. [6] obtained displacement, velocity and
acceleration time-history curves of a tunnel under a vehicle
load. Ye et al. [7] used a layered method to study the dynamic
effects of a tunnel under a train load and to analyze the
stability of a railway tunnel. Zhang [8] used a simulation
model to analyze the vibration response and settlement
changes under a metro load in loess strata for the Xi’an
Metro system. Wang et al. [9] used the Xi’an subway as an
example and employed a numerical analysis method to study
the response under a moving subway load. Zheng and Yu
[10] analyzed the dynamic response of a subway tunnel to
train movement and train vibration. Farhadian et al. [11] used
a subregion algorithm to perform three-dimensional coupling
calculations for a soil tunnel and analyzed the vibration of
the tunnel under a vehicle load. During the construction and
operation of a tunnel, it is critical to determine how to im-
plement a seepage prevention system. In engineering, studies
of seepage begin with the soil medium. Soil seepage analysis
uses seepage theory involving a porous continuous medium.
The seepage analysis of a fractured medium begins with
single fracture seepage and gradually approaches a complex
network system model. Based on closed deformation theory,
Liu [12] examined the seepage in a deformable fractured
medium under a load in 1987. Anagnostou and Kovári [13]
deduced the initial conditions of a tunnel with groundwater
in a steady state when the tunnel was excavated. Broere [14]
summarized the limiting value of the pore water pressure of a
tunnel subjected to underground water effects under condi-
tions in which the stability of the excavation was maintained.
Li et al. [15] studied the effects of groundwater on the de-
formation of a multidimensional tunnel using finite element
software. Zhang et al. [16] analyzed the effects of seepage on
the stability of a soil slope with a fluctuating water level. Lee
et al. [17] used limit equilibrium theory to consider the sta-
bility of a soil body under the action of water. Li et al. [18]
studied the mathematical formula of the stress and dis-
placement of the mass surrounding a hydraulic tunnel during
excavation and seepage. Considering the coupling effect of
water and soil in tunnel excavation, Ji et al. [19,20] calcu-
lated the displacement and maximum shear stress of the
surrounding mass while accounting for seepage. Lee and
Nam [21,22] studied the distribution of the surrounding mass
of a shallow-buried circular tunnel with underground water
during excavation. Li et al. [23] studied the effects of the

surrounding mass on the safety of an arch tunnel based on
internal and external factors. Li and Zhang [24] applied
unsaturated soil flow theory to establish a model of soil and
rainfall and used limit equilibrium theory to calculate the
slope safety factor. Cheng et al. [25] studied the stability and
dynamic response of a submarine tunnel under the effects of
temperature and seepage. Liu et al. [26] used a pseudo-static
method to analyze the long-term settlement of a saturated
soft soil foundation under a subway vibration load. Cheng et
al. [27] studied the effect of seepage on the seismic response
of a loess tunnel and found that the degree of damage sus-
tained by the loess tunnel because of the combined effects of
rainwater seepage and earthquakes was greater than that
caused by a single action.
In summary, because of the complexity of the surrounding

mass, most scholars have performed static analyses, dynamic
analyses and fluid-solid coupled analyses. Based on these
studies, this paper considers both a train load and ground-
water seepage in using the dynamic finite element static
strength reduction method. The safety factor and plastic
strain nephogram are obtained, and the dynamic stability of
the tunnel structure is analyzed. A comparative study and
analysis are performed to demonstrate the importance of
considering train load and water seepage, and theoretical
support for the analysis of tunnel structure stability is pro-
vided.

2 Boundary conditions

An artificial boundary is used to eliminate the effect of the
infinite domain [27]. The normal and tangential spring
stiffnesses and damping coefficients of the viscoelastic
boundary can be determined according to the following
formulas:

K G
R C c= ,  = , (1)BN N BN p

K G
R C c= ,  = , (2)BT T BT s

c E c E= (1 )
(1 + )(1 2 ) , = 2 (1 + ) , (3)p s

where KBN is the normal spring stiffness, KBT is the tangential
spring stiffness, CBN is the damping coefficient for normal
dampers, CBT is the damping coefficient for tangential
dampers, R is the distance between the source and the arti-
ficial boundary point, cp is the P wave velocity of the med-
ium, cs is the S wave velocity of the medium, αN is the normal
viscoelastic boundary correction coefficient, and αT is the
tangential viscoelastic boundary correction coefficient.
Generally, αN ranges from 0.8 to 1.2 and αT ranges from 0.35
to 0.65. In this paper, αN is 1.0 and αT is 0.5; is Poisson’s
ratio, is the medium density, E is Young’s modulus, and G
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is shear modulus.

3 Theory of stability analysis

3.1 Theory of soil strength

In general, the linear strength criterion of soil can be ex-
pressed by the Mohr-Coulomb yield criterion. The equation
can be expressed as follows:
f c( , ) = = + tan , (4)

where is the normal stress on the shear sliding surface, is
the shear strength of the soil, c is the cohesion of soil, and is
the internal friction angle of soil.

3.2 Strength reduction method

3.2.1 Modal analysis
In dynamic finite element analyses, the isolated body ana-
lysis model typically adopted is the Rayleigh damping ma-
trix model, which assumes that the damping model is related
to the mass and stiffness matrix of the structure:

C M K= + , (5)

where C is the damping matrix,M is the mass matrix, and K
is the stiffness matrix.
According to the orthogonality of the matrix, the coeffi-

cients and are related to the existence of the viscous
damping ratio .

f
f

i n= 2 + 2   ( = 1, 2, ), (6)i
i

i

where fi
is the i-th-order frequency.

When is certain, and are only related to the natural
frequency of the structure. If the one-order and two-order
frequencies of the structure can be obtained by the modal
analysis, then

f f
f f

f f

=
2

+ ,

= 2
+ .

(7)

1 2

1 2

1 2

3.2.2 Dynamic equation and its solution
In an earthquake, the differential equation of an isolated body
is given as follows:

t t t tMu Cu Ku Mu p( ) + ( ) + ( ) = ( ) + , (8)¨ ¨
g f

where tu( )¨ is the acceleration of the model node, tu( ) is the
velocity of the model node, tu( ) is the displacement of the
model node, üg is the earthquake acceleration, and pf is the
vector of the surface load.
The Newmark-β method is used to solve the differential

equation matrix:

t t tu u u u= + + 1
2 + u , (9)t t t t t t t+

2 ¨ 2 ¨ +

t tu u u u= + (1 ) + , (10)t t t t t t¨ ¨
+ +

where and are constants.
The differential equation of motion at time t+Δt is as fol-

lows:
Mu Cu Ku Mu P+ + = + , (11)t t t t t t t t¨ + + + ¨ g( + ) f

Regarding the basic parameters of the Newmark-β method,
it is reasonable to choose =0.5, =0.25 and Δt≤Tmax/100 (Tmax
is the maximum natural vibration period of the model), and
the result yields the required accuracy.
Substituting eqs. (9) and (10) into eq. (11) results in the

following expression:

t tM C u C u u Ku

Mu p

+ 2 + + 2 +

= + . (12)

t t t t t t

t t

¨ ¨

¨

+ +

g( + ) f

From eq. (11), the following equation can be obtained:

t tu u u u u= 4 ( ) 4 , (13)t t t t t t t¨ + 2 + ¨

Finally, substituting eq. (13) into eq. (12) produces eq.
(14):

t t

t t t

K C M u

C u u M u u u

Mu p

+ 2 + 4

= 2 + + 4 + 4 +

+ . (14)

t t

t t t t t

t t

2 +

2

g( + ) f

After eq. (14) is obtained, the displacement vectors in the
horizontal and vertical directions can be obtained.

3.2.3 Strength reduction method
The basic concept underlying the strength reduction method
is that the shear strength indexes of soil (cohesion c and
internal friction angle φ) are divided by a reduction factor η
at a certain time, as indicated in eq. (15). After strength
reduction, the new shear strength indexes (cohesion c and
internal friction angle ) are input into the model as the
material parameters. The model calculations are performed
with the new parameters, and the results are analyzed itera-
tively until the shear strength parameters are so small that the
tunnel reaches the critical failure state. The reduction factor
corresponding to the limit equilibrium state is the maximum
safety factor of the tunnel.

c c= ,  = arctan tan . (15)

Namely,
c= + tan , (16)

where c is the cohesion of the soil after the reduction and
is the internal friction angle after the reduction.
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3.2.4 Yield criterion
The yield criterion is the point at which a material transitions
from an elastic state to a plastic state. In defining the yield
condition of rock and soil, the yield of the soil material is
related to the hydrostatic pressure. The Mohr-Coulomb yield
criterion, which is commonly used for soil, can be expressed
as follows:

J IF = + = 0, (17)2 1

[ ]J = 1
6 ( ) + ( ) + ( ) ,2 1 2 2 3 3 1

( )
= sin

3 3 + sin
,

2

( )
c= 3 cos

3 3 + sin
,

2

where I1 is the first invariant of the stress tensor,
I = + +1 1 2 3, J2 is the second invariant of the stress tensor.

3.2.5 Failure criterion

The non-convergence criterion is a criterion to judge whether
the results are convergent [28] in the process of numerical
calculation. Namely, if the result is convergent, the structure
is in a stable state; if the results are not convergent, the
structure will be an irreversible damage state, at the moment,
the factor corresponding to the shear strength reduction is the
safety factor of the soil.

3.2.6 Calculation progress

In this paper, a dynamic finite element static strength re-
duction analysis of the stability of a tunnel structure is per-
formed [29]. This approach is a dynamic structural analysis
based on a model, in which the analysis results are input into
the static model. The cohesion and angle of internal friction
of the loess mass surrounding the tunnel are then decreased.
By reducing the shear strength parameters of the loess mass
until the model does not converge, the safety factors of the
loess mass can be obtained. This process is implemented as
follows. First, the structural analysis model is established.
Then, a modal analysis is carried out to investigate the nat-
ural frequency of the structure. Next, a dynamic analysis is
performed, and the Rayleigh damping coefficients are used
to obtain the boundary horizontal displacement, the max-
imum horizontal displacement of the model top [30]. Then,
static strength reduction is performed. In the static analysis
model, the horizontal displacement values are the initial
displacements applied to corresponding nodes on the
boundaries. Finally, by using the shear strength parameters to
continuously reduce the internal friction angle and cohesion
of the loess mass, the safety factor of the loess mass asso-
ciated with the tunnel is obtained.

4 Seepage theory of a loess mass under train
vibrations

4.1 Summary

Assuming that the vibration due to train load is vertical, and
that the ultimate equilibrium condition of the soil under static
state is the same as that under dynamic state, and that the
damage envelope line about Mohr-Coulomb under the static
load is the same as that under the dynamic load, the dynamic
and static effective internal friction angles of the soil are the
same [31].
Figure 1 shows the stress circle before the train vibration

and the stress circle of the dynamic stress amplitude do
during train operation. Expansion or contraction of the soil
occurs under the drainage condition, which causes the de-
velopment of excess pore water pressure [32]. Because of the
repeated vibration of the train load, the tunnel foundation soil
is subjected to repeated shearing actions, which alter the
configuration state of the soil mass and the physical and
mechanical properties of the soil. In addition, the high-speed
and short-duration train vibrations caused by poor drainage
condition in a high pore water pressure. After many repeti-
tions, the residual pore water pressure will gradually in-
crease, the effective stress will decrease, and the stress circle
will move to the failure surface until damage occurs in the
medium.
As shown in Figure 1, when the accumulated pore water

pressure reaches the critical value of 0, the corresponding
vibration load will lead to the loss of soil mass. Before the
train occurs to vibration, the surrounding pressure force
does not generate shear stress. When increases, the soil
becomes denser, and the pore water pressure decreases.
Under the action of dynamic load, the accumulated pore
water pressure increases as the cycle number and stress
amplitude increase. In isotropic consolidation, the pore water
pressure formula of SETRA-Fenn is as follows:

u N
N= 2 sin , (18)

3

1

f

1

where u is the pore water pressure accumulated over N cy-
cles, Nf is the number of vibrations based on the dynamic
stress amplitude-driven strength curve, and is a parameter
based on the soil properties, species and density.
Kc is the consolidation stress ratio of the soil, where

K =c
1

3
indicates the consolidation degree of the soil in a

natural state.
When Kc>1, the formula can be expressed as follows:

u N
N= 1

2 + 2 sin 1 , (19)
3

1

50

1

where N50, as illustrated by the pore water pressure devel-
opment curve, indicates the corresponding cycle of u = 0.5 3.
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is a soil parameter with a general value of 1.0, is related to
the consolidation stress ratio of Kc soil parameters and can be
expressed as K= +1 c 2. Among these parameters, 1 and

2 are experimentally measured.

4.2 Mathematical model of porous media seepage field

4.2.1 Seepage rate
According to Darcy’s law [33]:

v k p
x g

K k

= + sin ,

= ,
(20)

1

where v1 is the flow velocity of the liquid, is viscosity, p is
the Cauchy pore pressure, ψ is the angle between the velocity
direction and the horizontal plane, k is permeability, γ is bulk
density, and K is the permeability coefficient.

4.2.2 Equilibrium equation
According to the literature [34], the equilibrium equations
with displacement and pore water pressure as the basic un-
known quantities are

µ
x µ W n p

x
µ

y µ W n p
y

µ
z µ W n p

z

n n g

(1 2 ) + + = 0,

(1 2 ) + + = 0,

(1 2 ) + + +

(1 ) + = 0,

(21)

x

y

z

z

2

2

2

s w

where Wx, Wy and Wz are the displacements of the solid
skeleton in the x-, y- and z-directions respectively, n is por-

osity, is volume strain, W
x

W
y

W
z= + +v

x y z , and µ is the

Lame constant.

4.2.3 Seepage control equation
According to the literature [35]:

V K p= ( ), (22)
where V is relative velocity.
Assuming that a saturated porous medium is in single-

phase flow, the control equation of the porous medium
skeleton is [34]

[ ]
n V

n
t(1 ) +

(1 )
= 0, (23)s s

s

where Vs is the absolute velocity of skeleton particles.
According to the literature [36], the fluid in the pores

should satisfy the following formula:

K p t
n

E
p
t( ) = + , (24)iiT

w

and

t E
p
t

t E
p
t

1 = 1 ,

1 = 1 ,
(25)w

w

w

s

s

s

where ii is the Cauchy strain, Ew is the compression modulus
of the water, Es is the compression modulus of the soil ske-
leton.
According to eqs. (22)–(25), the mass equilibrium equa-

tion of saturated porous media, which is the fluid-solid
coupling seepage equation of porous media, can be obtained
[37].

n
E

n
E

p
t t K p+ 1 + + ( ) = 0. (26)ii

w s

T

The mathematical model of fluid-solid coupling seepage is
composed of eq. (21) and eqs. (23), (24) or (26).

4.3 Seepage equation of a loess mass under train vi-
brations

Assuming that the soil is an isotropic porous medium com-
posed of solids and fluids, soil seepage obeys Darcy’s law,
the soil is incompressible, rigid displacement and deforma-
tion will occur, and the viscous coupling force due to the soil
motion is given as follows.
Solid phase:

R n u + = (1 ) , (27)ij j i i, s
¨

Liquid phase:
R n U+ = , (28)j i iw

¨

where ij j, is the solid-phase pressure per unit area, j is the
pore fluid pressure per unit area, Ri is the viscous force of the
liquid relative to the solid phase, üi and Üi are the displace-
ment components of the solid phase and liquid phase, re-
spectively, ρs is the mass density of the solid phase, and ρw is
the mass density of the liquid phase.
Darcy’s law can be expressed in the x-direction as follows:

Q K A h h
L= ( ) , (29)x 1 2

Figure 1 Mohr-Coulomb failure curve under dynamic loading.
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where Q is the volumetric flow through the porous medium
per unit time, A is the cross-sectional area, h1 and h2 are the
initial water height and end water height respectively, L is the
length of the sample, and Kx is the permeability coefficient.
The gravitational potential energy of water head is sub-
stituted into eq. (29) as follows:

( )Q
A

K p p
gL= , (30)

x 1 2

w

where p 1
and p 2

are the water pressures at the initial water
height and end water height, respectively.

When L tends to zero and Q
A n U u= ( )x x , the formula can

be expressed as

( )p
x

n g
K U u= , (31)

x
x x

w

where p is water pressure.
The left part of the formula is the resistance of the fluid to

the skeleton, and the pressure is positive. The average per
unit area is given as follows:

( )R n p
x n

g
K U u= = . (32)x

x
x x

2 w

If kx is taken as the permeability in the x-direction,
g

K k= 1
x x

w , eq. (32) can be rewritten as follows:

( )R n
k U u= . (33)x

x
x x

2

Similarly, the viscous force in the y-direction is given as
follows:

( )R n
k U u= . (34)y

y
y y

2

If b n
k=x

x

2
and b n

k=y
y

2
, eqs. (33) and (34) can be substituted

into eqs. (27) and (28). Based on the result and the principles
of effective stress, namely, n= + (1 )ij ij w and n= w

( ij and ij are the total stress and effective stress respec-
tively), the following equations can be established.
The differential equation of solid-phase motion is as fol-

lows:

x y n x b v
t

u
t

n u
t

y x n y b
v
t

u
t

n
u
t

+ + (1 ) +

= (1 ) ,

+ + (1 ) +

= (1 ) .

(35)

x
x

x x

x

y
y

y y

y

w

s

2

2

w

s

2

2

Additionally, the differential equation of liquid-phase
motion is as follows:

n x b v
t

u
t n u

t

n y b
v
t

u
t n

u
t

+ = ,

+ = (1 ) .
(36)

x
x x x

y
y y y

w
w

2

2

w
w

2

2

In eqs. (35) and (36), ux is the displacement of the soil
skeleton in the x-direction, uy is the displacement of the soil
skeleton in the y-direction, vx is the displacement of water in
the x-direction, vy is the displacement of water in the y-di-
rection, s is the density of the soil, w is the density of water,
bx is the permeability coefficient of damping in the x-direc-
tion, by is the permeability coefficient of damping in the y-
direction, x is the effective stress in the x-direction, y is the
effective stress in the y-direction, w is the pore water pres-
sure, and is the shear stress.
In addition, based on the compressibility of the two phases

in the saturated porous medium, the volumetric compression
modulus of the liquid phase is as follows:

E = d
d . (37)w w

w

w

Additionally, the bulk compressive modulus of solid par-
ticles is given as follows:

E
n

=
d 1

d . (38)s s

s

s

Moreover,
n n n n1 = 3(1 ) = 3(1 ) + = 1 + ,ii iis s

w w

= 3
ii is the average solid effective stress. The following

formula can be obtained by consolidating the solid phase and
liquid phase in the equation of state.

E n

E

d
= d

(1 ) ,

d
= d .

(39)

s

s s

w

w

w

w

In a two-phase medium, if the mutual transformation be-
tween two phases is not considered, the law of mass con-
servation yields the following equations.
Solid phase:

t n di n u(1 ) + (1 ) = 0; (40)s s

Liquid phase:

( )t n div n( ) + = 0. (41)w w

According to these formulas, expanding eqs. (40) and (41)
and ignoring negligible variables yields the following ex-
pressions.

n div n
t

n
tu(1 ) + 1 = , (42)

s

s
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ndiv n
t

n
t+ = . (43)

w

w

Adding these two formulas yields eq. (44):

n div div n
t

n
tu(1 ) + + 1 + = 0. (44)

s

s

w

w

In addition, inserting eq. (43) into eq. (44) yields the fol-
lowing formula.

n div ndiv E
n

t
n

E tu(1 ) + 1 ((1 ) + )

= 0.

(45)
s

w

w

w

Under typical conditions, the soil medium is in-
compressible; thus, the compatibility equation of the two
phases is as follows:

n div ndiv n
E tu(1 ) + = 0, (46)

w

w

or
n

n E div E divu= 1 + . (47)w w w

Based on the relationship between strain and displacement
and assuming that the pore fluid is a theoretical fluid, the
relationship between displacement and strain is as follows:

e u
x

u
x

e div
div

u

= 1
2 + ,

= = ,
= .

(48)
ij

i

j

j

i

ii ij

v

Eq. (46) can be written in the following form, namely, the
continuity equation:

n t n t
n

E t+ (1 ) = , (49)v u

w

w

where v is the compressive strain of the water, and u is the
strain of the soil skeleton.

5 Seismic stability of a loess tunnel under the
effects of rain water seepage and a train load

5.1 Calculation parameters

In this paper, when the structural analysis model is estab-
lished, the loess mass grade of the tunnel is grade IV, and the

lining structure of the tunnel is established as a composite
concrete lining. The loess mass of the tunnel is defined as a
Mohr-Coulomb material, and the concrete lining around the
tunnel is defined as an elastic-plastic material. The damping
ratio of the lining of the tunnel is 0.05, and the damping ratio
of the loess mass of the tunnel is 0.35 [38]. Concrete para-
meters are shown in Table 1. Loess parameters before and
after rainfall are shown in Table 2.
Because of the impact of vertical and horizontal rail forces,

the bottom of the loess railway tunnel is directly under a train
load; therefore, the track structure must be sufficiently strong
and stable. The structure and material parameters of the
ballast bed are directly related to the stability and safety of
the train. A single ballastless track bed is used in the concrete
of the tunnel, and the track width is 1.045 m. The end of the
track is filled with concrete whose strength is 25 MPa. The
foundation and the track plate use 300 mm- and 150 mm-
thick concrete elastic-plastic material, respectively; the
physical parameters of the concrete materials are shown in
Table 3.

5.2 Seismic wave

Velocity pulses are most common in near-field earthquakes,
which exhibit a waveform similar to that of pulses and fea-
ture long duration. Moreover, middle-period and long-period
components are abundant, and the pulse peak is large. Ac-
cording to the characteristics of seismic waves, the selection
principle, the hypocenter type and the hypocentral distance, a
near-field seismic wave with pulses is selected from the
Pacific Earthquake Engineering Research Center, and the
acceleration magnitude of the seismic wave is adjusted to
satisfy the requirements of seismic fortification under the
rare earthquake. According to the duration characteristic and
period of seismic waves, the duration of the seismic wave is
selected to be 15 s, and the seismic acceleration time-history
curve is shown in Figure 2. The seismic load is input in the
form of acceleration at the model boundary.

5.3 Train load

For the train load [39], the vertical force is reduced to a

Table 1 Concrete parameters

Material type Elastic modulus (GPa) Poisson’s ratio Unit weight (kN/m3) Cohesion (MPa)

Initial lining 30 0.2 25 −

Secondary lining 30 0.2 25 −

Table 2 Loess parameters

Type Elastic modulus (MPa) Poisson’s ratio Unit weight (kN/m3) Cohesion (MPa) Internal friction angle (°)

Before the rain 85 0.35 18.5 0.1 25

After the rain 30 0.35 15.58 0.075 19.8
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moving point load P(t), which is varies time, that is

P t k k
p p t p t
p t

( ) =
+ sin( ) + sin( )

+ sin( )
, (50)1 2

0 1 1 2 2

3 3

where p0 is the train static load, p1, p2 and p3 are typical
values of the vibration load under control conditions invol-
ving ride stability, dynamic additional load on the lines and
wave abrasion respectively, k1 is the superposition coeffi-
cient of the adjacent wheel-rail force, which is typically 1.2–
1.7, and k2 is the wheel-rail dispersion coefficient, which is
typically 0.6–0.9.
Assuming that the unsprung mass of the train is M0, the

corresponding vibration load amplitude is
P M a i=   ( = 1, 2, 3), (51)i i i0

2

where ai represents typical values of the vibration load under
control conditions involving ride stability, dynamic addi-
tional load on the lines and wave abrasion, respectively; and

i is the vibration circle frequency of the irregularity control

condition, v
L= 2i

i

2 (v2 is train speed, Li is the typical wa-

velength of the geometric irregularity curve).
The axle load of a train is directly related to the railway

design grade, and different countries have different standards
and codes. The most commonly used reference range for the
train axle load is 15–17 t, except in China. In China, the first
ten-thousand-ton train with a 30 t axle load is already in use,
but for the practicability of the research results, in this paper,
the train axle load is taken as 22 t, which is commonly used
in China. Unsprung mass M0 is 750 kg. Based on China’s
high-speed railway operation standards and the irregular
vibration wavelength and arch rise [40], v2=300 km/h, L1=
10 m, L2=2 m, L3=0.5 m, a1=3.5 mm, a2=0.4 mm, and
a3=0.08 mm. Thus, the low-frequency, medium-frequency
and high-frequency ranges of the train load at speeds of
180–324 km/h are 5–9, 25–45 and 100–200 Hz, respectively,
consistent with the test data obtained from the UK Railway
Research Center. The train load time-history curve at a speed
v2=300 km/h is shown in Figure 3.

5.4 Analysis model

Through preliminary analysis, the maximum response of the
tunnel due to earthquake generally occurs about the moment
8–10 s, therefore, the train load is applied after the moment
7 s. As shown in Figure 3, the duration time of the train load

is 4 s (namely, from the moment of 7 s to 11 s). The force of
gravity on the train is applied to the model in the form of a
dead load, and the train load is applied to the model by
defining the load time history. Based on the train load, two
points are selected as the action positions of the load, and the
time-history curve of the simulation is applied at the two
points. The thickness of the soil overlying the loess tunnel is
30 m.
The seepage field has a direct effect on the stress field

through the seepage volume force, while the stress field acts
indirectly on the seepage field by changing the volume
strain. Through the interaction between the seepage field and
the stress field, double-field coupling can reach a relatively
balanced and stable state. The seepage field and stress field
are then gradually stabilized under the effects of one another.
In the finite element program, the direct coupling method is
adopted to solve the control equations of the coupling field.
Loess is defined as a porous continuous medium to account
for the elastoplastic deformation of the soil skeleton, and the
seepage flow is analyzed by defining the fluid control

Figure 2 Acceleration time-history curve of 8 degree rare earthquake
(near-field earthquake with pulses).

Table 3 The material parameters of track bed

Material types Elastic modulus (MPa) Poisson′s ratio Unit weight (kN/m3)

Filling material at the bottom of the tunnel 17.5 0.2 18

Concrete foundation 30 0.2 25

Track slab 30 0.2 25

Figure 3 Train load time-history curve.
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equation in the medium by mean velocity and seepage rate;
the seepage can then be simulated. During seepage in a
porous continuous medium, the pore pressure is altered by
structural deformation. The stress field of the fluid affects the
physical and mechanical parameters of the porous con-
tinuous medium. Herein, the permeability is 3×10−10, the
porosity is 0.0005, and the viscosity is 0.001. The analysis
model is shown in Figure 4.
Based on the seepage theory outlined in Section 4, the

seepage control equations and boundary conditions are
transformed into an extreme value problem of the universal
function, and the region studied is divided into finite ele-
ments. The local equations of the elements are established by
a continuous piecewise interpolating function, and all the
elements are assembled through the relations among nodes.
Therefore, the system of linear algebraic equations is
solved.

5.5 Seismic stability under the effects of moderate rain
and a train load

Considering earthquake effects, the near-field pulse seismic
wave that has the strongest influence on structural safety is
used in the analysis. The acceleration time-history curve in
the horizontal direction of the model is shown in Figure 2.
The thicknesses of the soil layer overlying the tunnel are 30,
60 and 80 m; the rainfall intensity is 30 mm/d; and the rain
water penetrates 1 m below the Earth’s surface [41]. Using
the dynamic finite element static strength reduction method,
the horizontal displacement time-history curves at node 818
(the right vertex of the model) are shown in Figure 5.
The maximum horizontal displacements at node 818 are

obtained from the model at 10.67, 11.91 and 12.10 s. The
corresponding horizontal displacement values of each node
are then derived at the same moments in the dynamic model
on the left and right boundaries. Then, the derived dis-
placement values are applied to each node on the left and
right boundaries of the static analysis model. The shear
strength parameters of the loess mass are continuously re-
duced, and the plastic strain nephograms of the loess mass of
the tunnel under different overlying loess thicknesses are
shown in Figure 6.
Figure 6 shows the effects of both the train vibration load

and rainwater seepage, and the safety factor of the loess
tunnel can be determined from these figures based on dif-
ferent overlying loess thicknesses. The safety factor of a
deep buried tunnel is greater than that of a shallow buried
tunnel. Additionally, the stability of a deep buried tunnel is
higher than that of a shallow buried tunnel. The plastic strain
of the tunnel is mainly distributed on both sides of the vault
and the arch feet. The maximum value is located at the arch
feet, which indicates that the safety and stability of the tunnel
decline as the tunnel depth decreases.

5.6 Seismic stability under the effects of heavy rain and
a train load

In the case of heavy rain, the rainfall intensity is set to
65 mm/d, the rain infiltration depth is 1.5 m, and the over-
lying loess thickness is 30, 60 or 80 m. The horizontal dis-
placement curves at node 818 are shown in Figure 7.
The time-history curves of the horizontal displacement and

Figure 4 (Color online) Analysis model.

Figure 5 Horizontal displacement time-history curves at node 818. (a)–
(c) The overlying loess thicknesses are 30, 60 and 80 m, respectively.
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the extreme values shows that the maximum displacement of
the model occurs at 10.67, 11.91 and 12.10 s. The horizontal
displacement of each node at the left and right boundaries is
then derived from these values. The displacement values
obtained are applied to the static analysis model of the cor-
responding nodes, and the shear strength parameters of the
loess mass are considered. Finally, the effects of heavy rain
and a train load on the critical plastic strain of the loess
tunnel are shown in Figure 8 for different overlying loess
thicknesses.
Figure 8 shows that in the case of a train load and heavy

rain, the safety factor of the tunnel is 2.250 for a loess
thickness of 30 m, 2.265 for a loess thickness of 60 m and
2.647 for a loess thickness of 80 m. The critical plastic strain
nephogram shows that the plastic strain of the tunnel is
mainly distributed around the vault and the arch feet, with the

maximum value of the critical strain occurring on both sides
of the arch feet. Moreover, the safety and stability of the
tunnel increase as the burial depth increases.

5.7 Seismic stability based on the effects of a train load
and rainstorm

In this case, the rainfall intensity is 75 mm/d, the infiltration
depth of rainwater is 2 m, and the thickness of the overlying
loess layer is 30, 60 or 80 m. A near-field seismic wave pulse
is used, the dynamic analysis models are adopted using
different overlying thicknesses to determine the horizontal
displacement at node 818, as shown in Figure 9.
The horizontal displacement curves in Figure 9 show that

the maximum horizontal displacements at node 818 are at
10.67, 11.91 and 12.10 s for different overlying thicknesses.
The horizontal displacement of the moment is input into the
static analysis model of the tunnel for different overlying
loess thicknesses, and the shear strength parameters of the
loess mass are continuously reduced. The plastic strain re-
sults are shown in Figure 10.

Figure 6 (Color online) Plastic strain nephogram of the loess mass of the
tunnel for overlying loess thicknesses of 30 (a), 60 (b) and 80 m (c). The
safety factors of the tunnels are 2.253 (a), 2.273 (b) and 2.654 (c).

Figure 7 Horizontal displacement time-history curves of the right apex of
the tunnel. (a)–(c) The overlying loess thicknesses are 30, 60 and 80 m,
respectively.
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In the case of the train vibration load, the safety factor of
the loess mass of the tunnel is relatively constant at different
overlying loess thickness under the condition of critical
failure, as shown in Figure 10. Moreover, as the buried depth
increases, the safety factor of the tunnel increases, which
indicates that the stability factor increases with burial depth.
The plastic strain nephograms show that plastic strain mainly
occurs on both sides of the tunnel vault and the arch feet, and
the maximum strain on both sides of the lower arch waist
gradually extends to the arch feet. Thus, the safety and sta-
bility of the tunnel decrease with decreasing depth.
Based on the abovementioned analysis of the factors that

affect the stability of the tunnel, the safety factor of the

tunnel under the combined effects of a train load and dif-
ferent rainfall intensities is determined, as shown in Figure
11.
Figure 11 shows that the safety factor of the loess mass of

the tunnel increases as the buried depth increases and de-
clines as the rainfall intensity increases. For overlying soil
thicknesses of 30, 60 and 80 m and different rainfall in-
tensities, water seepage decreases by approximately
0.443%–0.662%, 0.044%–0.220% and 0.711%–0.863%,
respectively, compared with the values obtained under con-
ditions without rain. The numerical analysis results show that
the liquefaction of the soil is accelerated by the vibration of
the train and the effect of fluid seepage. Therefore, for tun-
nels with buried depths of 30, 60 and 80 m, in the case of
moderate rain, the safety factors increase from 2.253 to 2.273
and then to 2.654, respectively. In the case of heavy rain, the
safety factors increase from 2.250 to 2.265 and then to 2.647,
respectively. Moreover, in the case of a rainstorm, the safety
factors of the tunnel increase from 2.248 to 2.260 and then to
2.641, respectively.

Figure 8 (Color online) Plastic strain nephogram of the loess mass for
overlying loess thicknesses of 30 (a), 60 (b) and 80 m (c). The safety
factors of the tunnels are 2.250 (a), 2.265 (b), and 2.647 (c) respectively.

Figure 9 Horizontal displacement time-history curves at node 818. (a)–
(c) The overlying loess thicknesses are 30, 60 and 80 m, respectively.

11. . . . . . . . . . . . . . . . . . . . . . . . Cheng X S, et al. Sci China Tech Sci May (2018) Vol.61 No.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 745



6 Conclusions

When rain water seepage, a train vibration load and a near-
field impulse earthquake occur simultaneously (for the same
rainfall intensity and overburden thickness), the safety factor
of the loess mass of the tunnel is reduced to a certain extent.
Additionally, the range and maximum value of plastic strain
increase to various degrees.
When rain water seepage, a train vibration load and a near-

field impulse earthquake occur simultaneously, for the same
rainfall intensity, the safety factor changes slightly when the
overlying soil thickness is less than 60 m. However, when
the overlying soil thickness is greater than 60 m, the safety
factor increases remarkably.
When rain water seepage, a train vibration load and a near-

field impulse earthquake occur simultaneously, for the same
overlying thickness, the effect of rainfall intensity on the
safety factor is very small, namely, the rainfall intensity and
the safety factor are not discernibly related.
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