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Abstract: Floods result in many problems, which may include damage to cross-river tunnels. The cross-river tunnel, as a new style 
of transportation, deserves a large amount of attention. In this paper, a large-scale cross-river tunnel model is proposed based on 
discrete element method (DEM). Micro parameters used in the model are calibrated by proposing a triaxial numerical model. 
Different in situ strata, high water pressures of normal flood-water levels and random vibration levels induced by running trains are 
taken into account to evaluate the dynamic characteristics of a high-stress tunnel in deformation and stress analysis. The results 
show that the upper half of the tunnel, including the concrete lining and the surroundings, is at higher risk than the lower half. 
Vibration waves transferring into the surroundings undergo an amplification process. The particles of the surroundings at the vault 
of the tunnel separate and move downward and then reassemble during the dynamic vibrations. The vibration levels, represented 
by particle accelerations, are lower under flood conditions than those under normal conditions. As train speed increases, the 
acceleration of the track and particles in the foundation increases, accompanied by a decrease in deformation. 
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1  Introduction 

 
The rapid development of engineering technol-

ogy has played an important role in the development 
of underground spaces. The numbers of subways, 
multilayer underground parking structures, cross- 
river tunnels, and undersea tunnels have grown sig-
nificantly over recent decades. In particular, cross- 
river tunnels have been constructed in developed 
cities, such as Shanghai, Guangzhou, and Wuhan in 

China, and transport large numbers of passengers. 
Thus, an increasing number of cities are paying at-
tention to cross-river tunnels. 

Subway tunnels are built in urban areas to save 
space on the land surface for living and for environ-
mental reasons. Trains running underground induce 
high vibration and noises in the ground and in nearby 
buildings. To attempt to track the vibrations and 
noises induced by running trains in shield channels, 
field experiments and surveys have been conducted 
(Ling et al., 2010; Abul-Husn et al., 2013; Kourous-
sis, 2013; Connolly et al., 2015a, 2015b; Zhai et al., 
2015). Unlike the common train-induced vibrations in 
a residential area, vibrations in the surroundings of a 
cross-river tunnel are not the only indicator to be 
taken into account. Since these trains are operating in 
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a deep underground environment, the stability of the 
concrete lining, the permeability of the surroundings 
and lining, and the high water-pressure distribution 
around the tunnel should be considered as well. High 
water pressure may lead to the collapse of the 
concrete lining. Therefore, the situation of a tunnel 
under water is more complicated than that of a tunnel 
in an urban area.  

The reinforced lining used in a cross-river tunnel 
should be specifically designed with high strength 
and low permeability. Voit and Zimmermann (2015) 
analyzed the characteristics of aggregates and dif-
ferent cement types in the concrete lining of an un-
derground tunnel in a soft soil situation subjected to 
high water pressure. Gao et al. (2012) studied the 
dynamic characteristics and failure mechanism of a 
cross-river tunnel using the 3D dynamic finite- 
difference method. The failure mechanism included 
several aspects, such as a damage zone in the sur-
rounding rock and soil, cracking of the concrete lin-
ing, and permeability deterioration. After the lining 
cracks, the permeability of the lining will drastically 
increase (Aldea et al., 1999; Picandet et al., 2009) and 
the high water pressure will transform the outside of 
the lining (Zhou et al., 2015). Since the hydraulic 
coefficient of the concrete lining is about 1×10−9 m/s 
(Min et al., 2010) and the maintenance duration is 
relatively short, the effect of seepage on tunnel-face 
stability is expected to be small before the cracking of 
the concrete lining. Thus, the effect of seepage is 
neglected in this study.  

Southern China has a rainy season during which 
the Yangtze River is prone to flooding. During this 
period, the water level will increase by 10 m or more. 
Therefore, the design requirements of the cross-river 
tunnel should take the flood period into account. The 
stress, deformation, and vibrations induced by run-
ning trains in the tunnel during the flood period 
should be analyzed and compared with those under 
normal water pressure (NWP) during the non-rainy 
season. However, little has been published on this 
subject.  

In this paper, the discrete element method 
(DEM) of particle flow code (PFC) is used for 
numerical simulation. DEM has unique advantages 
for modeling materials in discontinuum because the 
contact force chains and cracks can be obtained and 
are independent of the results from numerical mesh 

design. A cross-river tunnel model is established 
based on the Metro Line 2 cross-river tunnel project 
in Wuhan. Different strata and water pressures of 
normal and flood water levels are considered. 
Random vibration levels induced by running trains 
have been proposed in studies by Colaço et al. (2015) 
and Connolly et al. (2015b). The influence of random 
vibration levels on the concrete lining and the 
surroundings has been studied. The purpose of this 
paper is to analyze the impact of random vibration 
levels generated by running trains at different speeds 
under NWP and flood water pressure (FWP). We use 
a novel approach based on the DEM to simulate train 
operations in the cross-river tunnel with various water 
pressures. The effects on concrete stability and the 
characteristics of the surroundings of vibrations 
induced by running trains are analyzed. The results 
provide a deeper understanding of how cross-river 
tunnel behavior is affected by metro train operations 
during the flood season. 
 
 
2  Project overview 

2.1  Project site 

The Metro Line 2 is one of the largest passenger 
transportation lines in the Wuhan Metro Transit sys-
tem. The starting station is Jinyin Tan Station, which 
is located in Hankou District; the line crosses some 
main areas, such as Hankou Railway Station and two 
prosperous squares, and passes through a 3100 m- 
long cross-river tunnel running from northwest of the 
river at Jianghan Road Station to southeast of the river 
at Jiyu Bridge Station (Fig. 1). The single tunnel 
containing a single line was excavated using a 
shield-driving method and has a diameter of 6.52 m. 

2.2  Geological background 

Fig. 2 depicts a partial view of the main geo-
logical strata of the Yangtze River. The cross-river 
tunnel passes mainly through sand layers, including 
mud rock, fine sand, and coarse sand, with high 
permeability and low clay content (Zhang et al., 2013; 
Xiong, 2014; Min et al., 2015). The subsurface soil 
under the river consists of silty clay, coarse sand, and 
mud rock. To determine the relevant parameters, 
samples of each layer were taken into the lab to 
conduct consolidated undrained triaxial tests. The  
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details of the triaxial tests in the laboratory are de-
scribed in Section 4.1. 

 
 
3  Discrete element method 

 
In this study, the dynamic characteristics of the 

concrete lining and the surroundings affected by 
random vibrations in the cross-river tunnel under 
normal and flood water levels under high-stress con-
ditions are considered. The following assumptions  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

are made: 
1. The seepage in the strata is neglected due to 

the waterproof property of the concrete lining. In the 
numerical simulation, the concrete lining proposed in 
the model is assembled with a highly cohesive bond 
that has low permeability. The total water pressure 
calculated according to the depth of the water above 
the tunnel roof acts on the top of the model. There-
fore, the water pressure was taken into account in the 
boundary conditions, and the seepage flow during the 
dynamic process was neglected.  

Jinyin Tan

Hankou Railway 
Station

Hankou District

Metro Line 1

Zhongshan Park

Jianghan Road

Wuchang District

27 Yangtze Bridge

Yangtze River
Yangtze Bridge #1

Cross-river tunnel

Yangtze Bridge #2

Metro Line 4

Jiyu Bridge

Guanggu Square

Hongshan Square

Metro Line 2

Fig. 1  Location of Wuhan Metro Line 2 and cross-river tunnel 

Fig. 2  Location of the tunnel (CS-1) and soil profile 
A: fine sand (containing some clay); B: silty clay; C: coarse sand (containing some gravel); D: coarse sand (containing some 
cobble); E: bedrock (mud rock); CS-1: cross-sectional surface (for numerical analysis) 
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2. The buoyancy force acting on the particles is 
considered in the model. To determine the buoyancy 
effect on the whole model, the buoyancy force of each 
particle is calculated as Fp=gVp, where ρ and Vp are 
the density and volume of the particle, respectively, 
and g is the gravitational acceleration. The buoyance 
force is then applied to each of the particles in the 
opposite direction to the gravitational force. 

3. It is assumed that the initial stress of the whole 
layer is uniform before the excavation of the tunnel. A 
consolidation process has been executed with the 
value of the associated water pressure before excava-
tion; the details of the excavation process are given in 
Section 4.5. 

4. The water surface of the Yangtze River is 
assumed to be flat, without any fluctuating wave 
movements. 

Although the present model is not an exact so-
lution, it is useful for assessing the influence of ran-
dom vibrations on concrete stability and the creep of 
the surroundings for the cross-river tunnel in the flood 
season. The complex anisotropic properties of soil, 
especially the hydrostatic properties, are critical for 
predicting potential risks in the construction and 
maintenance of a cross-river tunnel. 

The DEM has a number of advantages in nu-
merical simulations: it can be applied to material of 
any viscoelasticity or plasticity and does not require a 
prescribed initial micro-crack fabric. Therefore, this 
method is widely used for modeling crack growth. By 
default, all contacts are assigned the linear model by 
associating a spring and dashpot with each contact 
(Potyondy and Cundall, 2004). The linear model  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

includes several contact-bond behaviors, such as 
unbonded interaction in the rail-sleeper, sleeper- 
foundation and concrete lining the surroundings, and 
parallel and contact bonded interaction of particles in 
the concrete lining and surrounding materials, re-
spectively. For the elastic-plastic materials used in 
this model, a number of Kelvin and Maxwell models 
of the spring and dashpot (Itasca, 2008) connected in 
series in the normal and shear directions are used to 
simulate the creep mechanism. A schematic repre-
sentation of the Kelvin and Maxwell model is shown 
in Fig. 3. 

The total displacement of the Kelvin and Max-
well model, u, is the sum of the displacements of the 
Kelvin section, uk, and those of the Maxwell sections, 
um, which includes umk and umη. Their relationship is 
illustrated as 

 

k m m .ku u u u                             (1) 

 

The first and second derivatives of Eq. (1) are 
given in the following equations: 

 

k m m ,ku u u u                                (2) 

k m m .ku u u u                                (3) 

 

The contact force, f, using the Kelvin and 
Maxwell sections, is calculated by 
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Fig. 3  Coupled contact model of a cross-river tunnel: Kelvin and Maxwell model 
Subscripts n and s represent normal and shear directions, respectively 
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where Kk and ηk are the stiffness and viscosity for 
Kelvin section, and Km and ηm are the stiffness and 
viscosity for Maxwell section, respectively. 

Substituting Eq. (4) and its first derivative into 
Eqs. (2) and (3), the second-order differential equa-
tion for the contact force f is given by  

 

1 2 1 2 ,f a f a f b u b u                          (5) 
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The Laplace transform of Eq. (5) is given by 
Eq. (6) under the initial conditions 0u u  and 

0.f f   
 

2 2
1 2 1 2(1 ) ( ) ( ) ( ),a s a s F s b s b s U s             (6) 

 

where s is the variable deduced by the Laplace 
transform,  ( ) ( ) ,U s L u t  and  ( ) ( ) .F s L f t  Here, 

the Laplace transform of a generic function u(t) is  
 

 
0

( ) e ( )d .stL u t u t t
                         (7) 

 

Therefore, the analytical solution in the time 
domain for unit displacement u(t)=1 is given by  
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where z1 and z2 are the roots of the quadratic equation 
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Based on the equations given above, the stress field of 
the tunnel is calculated.  

 
 

4  Cross-river tunnel model 
 
Compared with 3D DEM, a 2D model is used for 

plain strain calculation, as well as for improving the 
calculation speed (Wang and Gutierrez, 2010; Liu and 
Koyi, 2013). With the assumption of isotropic sub-
surface soils with finite thickness along the Yangtze 
River, the numerical model can be constructed in the 
direction of the tunneling of the shield tunnel ma-

chine. Vibrations induced by a running train can be 
easily simulated on the rails. Moreover, the main 
deformation of the tunnel, if it exists, is along the 
direction of normal stress; the deformation in the 
longitudinal direction may be irrelevant. Therefore, it 
is necessary and feasible to construct the cross-river 
tunnel model to analyze the complicated situation 
with high water pressure using a 2D numerical  
approach. 

4.1  Triaxial tests in the laboratory 

In the experimental study, conventional triaxial 
tests (σ2=σ3) were carried out on silty clay materials, 
which can be considered as granular materials and are 
easily simulated by the DEM. The experimental 
specimens were assembled into a cylindrical shape 
with a diameter of 50 mm and a height of 125 mm. 
The density and void ratio were controlled to be the 
same as those in situ. Confining stresses were im-
posed on the specimen with different values of 
125 kPa and 350 kPa. Each specimen was prepared 
using the same procedures for consolidated undrained 
triaxial tests as used by others (Wu et al., 2017). 

The test specimen of silty clay and the test ap-
paratus are shown in Fig. 4. The test results of devi-
ator stress versus axial strain are illustrated in Section 
4.2. The associated macro parameters of silty clay 
properties were determined based on the laboratory 
results (Table 1).  

For fine sand and coarse sand, triaxial tests were 
conducted in the laboratory. The macro parameters 
are listed in Table 1. The detailed procedures and the 
results of the triaxial tests can be found in (Lu et al., 
2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 4  Triaxial tests in the laboratory 

(a) Experimental specimen; (b) Triaxial test apparatus 
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4.2  Micro-parameter calibration for DEM  
simulation 

The micro-properties of the materials should be 
calibrated before the model is used to simulate metro 
train operation. In this calibration procedure, the re-
lationships between the micro parameters and the 
macro-property responses can be established by ad-
justing the input micro parameters in a series of tri-
axial test simulations. The micro parameters of each 
stratum can be determined by matching the macro 
responses of each stratum based on the test results in 
the laboratory.  

For coarse sand containing some gravel and 
cobble represented by layers C and D, respectively, the 
micro parameter calibrations had been conducted by 
Lu et al. (2017) from triaxial tests using DEM in nu-
merical simulation. In their model, the minimum size 
of generated particles was set to 5 mm, which was 
larger than the original minimum size of 0.075 mm. In 
our present model, the radii of particles was deter-
mined to be 0.06–0.1 m in the large model with a size 
of 15 m×30 m (width×height) to improve calculation 
efficiency. Referring to Gu et al. (2017), the ratio of 
sample size to the mean particle size should be larger 
than 11.5 to avoid possible scale effects.  

For silty clay, triaxial tests were conducted to 
determine the constitutive relation interpreted by the 
Mohr-Coulomb model. The Young’s modulus and 
cohesive bond obtained in the laboratory can be di-
rectly applied in triaxial simulations, whereas the 
other uncertain micro parameters, such as stiffness, 
stiffness ratio, and friction coefficient, should be 
calibrated from a series of simulations. 

Numerical packing with a diameter of 20 mm 
and a height of 50 mm, which were 0.4 times of the 
experimental specimens, was conducted with 37 990 
particles. The radii of the particles (ranging from 
0.01 mm to 0.85 mm) used in the DEM were obtained 
from the particle distributions of samples in the la-
boratory. The aim of using a numerical specimen with  

 
 
 
 
 
 

 

 
 

smaller size and particle radius was to control the 
number of particles generated to facilitate efficient 
calculation. Particle-size distribution curves of the 
samples used in the laboratory and DEM are shown in 
Fig. 5. The assembled particles and the numerical 
walls are shown in Fig. 6. Soft rubber material was 
used in the experimental test as the confining wall 
because the stiffness of the numerical confining wall 
(wall 7) should be smaller than that of the top and 
bottom walls (e.g. wall 3 and wall 4, respectively) in 
the DEM. By convention, the stiffness of the confin-
ing wall is 0.1 times of the loading plate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Basic parameters of each stratum in the cross-river tunnel of Wuhan Metro Line 2 

Layer Soil γ (kN/m3) ω (%) e c (kPa) φ (°) Es (MPa)

A Fine sand 20.5 15.0 0.42   2.0 38.0 24.50 

B Silty clay 16.7 49.5 1.40 14.0 10.5   2.17 

C Coarse sand (containing some gravel) 20.1 16.1 0.44   5.4 42.0 35.40 

D Coarse sand (containing some cobble) 20.7 18.0 0.51   6.2 40.0 38.10 

γ: total unit weight; ω: moisture content; e: void ratio; c: cohesion; φ: angle of internal friction; Es: bulk modulus 
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Fig. 5  A comparison of the particle size distribution of the 
silty clay determined using the DEM simulation and la-
boratory tests 

Fig. 6  Particle assembly in triaxial numerical tests 
(a) Particle packing; (b) Numerical walls 
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As depicted in Fig. 7, near perfect matching 
between numerical tests and laboratory tests was 
obtained after the uncertain micro parameters of silty 
clay were adjusted. The micro parameters of each 
layer used in the discrete element analysis are listed in 
Table 2. 

4.3  Rail modeling 

Rail-structure maintenance depends on the me-
chanical behavior under the influence of dynamic 
loads. The simplest representation of a continuous 
linear foundation is the Winkler model (Zhou et al., 
2015). Other scholars considered the shortcomings of 
the Winker model and took the interaction between 
the ties into account (Nielsen et al., 2003). The mate-
rial of the rails, in reality, is steel metal, which is 
unchangeable in the short term. However, the tracks 
will deform eventually, with the timing and extent of 
the deformation dependent on the specific geology of 
the location. According to previous study (Dinis 
Ferreira, 2010), there are several types of deteriora-
tion of the tracks based on the source of damage, 
resulting in the need for different failure models. In 
the cross-river tunnel model, rails are modeled as 
large-sized particles of high stiffness, represented by 
steel balls of diameter 0.10 m. Therefore, the dynamic 
load caused by the running train acts on the rail  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

simultaneously. The micro parameters of rail particles 
are listed in Table 4 (p.355). 

4.4  Sleeper modeling 

The sleeper, as the first apparatus under the rail, 
can disperse most of the random vibrations to the 
concrete lining uniformly. Concrete materials were 
used instead of wood for the sleeper after cohesive-
ness and stiffness were taken into account. Non- 
ballast track has been used for metro railways, now 
that the concrete sleeper connects to the concrete 
foundation with many fasteners. In the cross-river 
tunnel model, the deformation of the sleeper can be 
neglected due to its high stiffness in ideal conditions. 
The sleeper consists of continuous particles that 
contact one another according to the expansion 
command (Fig. 10) (p.356). The size of the sleeper is 
2.5 m× 0.25 m (width×height), and the micro pa-
rameters of the sleeper are listed in Table 4. The 
Kelvin-Voigt model (spring-dashpot in parallel) 
(Fryba, 1999) is regarded as a contact model for a 
sleeper. In this model, a spring and a dashpot at each 
contact represent the stiffness and bond, respectively 
(Fig. 3). The forces are calculated from the stiffness, 
viscosity, and displacement of the Kelvin-Voigt sec-
tion, as shown by 

 

k k k k .f K u u                            (9) 
 

By using a central-difference approximation of 
the finite-difference scheme for the time derivative 
and taking the average values for uk and f, we obtain 

 
1 1 1

k k k k k
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2 2

t t t t t tu u K u u f f
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where Ck represents the viscosity of dashpot in the 
Kelvin model. 

The contact force f t+1 can be calculated from 

known values of 1
k ,tu   k ,tu  and f t. The contact  

 
 
 

 
 
 
 
 
 

Table 2  Parameters of each layer used in discrete element analysis 

Soil ρ (kg/m3) μ kn (N/m) ks (N/m) nbond (Pa) sbond (Pa) 

Silty clay 1700 0.185 2.17×106 2.17×106 1.40×104 1.40×104 

Coarse sand (layer C) 2050 0.9 3.54×107 3.54×107 – – 

Coarse sand (layer D) 2110 0.84 3.80×107 3.80×107 – – 

ρ: density; μ: friction coefficient; kn: normal stiffness of particles; ks: shear stiffness of particles; nbond: normal cohesive strength of each 

contact; sbond: shear cohesive strength of each contact 

Fig. 7  A comparison of deviator stress versus axial strain 
between DEM and laboratory results 
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between the track and concrete sleeper is complex. 
Since an additional impact load acts on the upper 
sleeper, there is only one spring interacting with it 
(Fig. 3). 

4.5  Excavation process 

Ji et al. (2013) conducted scanning electron- 
microscopy and tunnel acoustic-detection tests to 
analyze the micro-macro mechanical responses of the 
surrounding rock of tunnels excavated by a tunnel- 
boring machine and the drill-blasting method. To 
minimize the disturbance to the surroundings due to 
excavation, the tunnel-excavation radius should be 
small at first and then enlarged to the final value of 
3.26 m. After the deletion of tunnel particles, smaller 
particles are generated in the tunnel hole with con-
crete lining properties of C60; the micro parameters 
are listed in Table 4. Hereafter, specific particles in 
the circular tunnel of a 2.75 m radius are deleted, 
leaving a 50 cm thick annulus as the final lining 
material. The thickness of the lining in the tunnel 
model is the same as that in the project. The con-
struction stages of excavation are defined as follows: 

Step 1: After model consolidation, particle  
deletion with increasing radius of the tunnel is  
executed. 

Step 2: A circular wall (casing) without thick-
ness is used for preparing particle generation in the 
tunnel. 

Step 3: Installation of lining particles occurs 
with lining properties in the area where the particles 
were deleted. As the particles eliminate the overlaps, 
the circular wall generated in step 2 is used to prevent 
them from disturbing the surrounding particles. 

Step 4: After the circular wall is deleted, the 
excavation process is activated with a radius of 0 m 
for r0, where r0 is the radius of tunnel. 

The numerical process of constructing the con-
crete lining is shown in Fig. 8. 

 
 
 
 
 
 
 
 
 

4.6  Random vibration levels 

In reality, vibrations generated by a train in 
motion are not simply cyclic, but are random (e.g. not 
cyclic but irregular). It is necessary to consider the 
complicated mechanisms of the railway track system, 
including rails, sleepers, concrete lining, and the 
surroundings. Random vibration levels induced by a 
running train are associated with the spaces between 
multi-adjacent wheels and the frequencies resulting 
from the train speeds. Random vibrations are func-
tions of forces associated with the running vehicle. 
They usually arise from the weight of the vehicle and 
the impact load at the wheel/rail interface, and then 
transfer into the sub-foundation (Kouroussis et al., 
2014). The weight of the vehicle is related to the 
number of passengers. The impact load corresponds 
to the speed at which the vehicle runs, which results 
in different frequencies. Therefore, it is imperative to 
simulate the vehicle forces and to execute the train 
speed on the track in a manner that closely approx-
imates the physical problem. 

The vibration characteristics are associated with 
many factors, such as speed, rail type, sleeper, bal-
last, subgrade, building foundation, and structure 
(Ding et al., 2010; Kouroussis et al., 2012). The vi-
brations of the train power system and rail structure, 
along with the dynamic interactions of wheel/rail and 
wheel/rail irregularities, are the main vibration 
sources for the rail structure (Kouroussis et al., 
2014). The average weight of one carriage of a metro 
train with eight wheels is 38 t; therefore, the weight 
of one wheel acting on one rail is about 4.75 t. One 
approach to reduce the computational demand of the 
large 3D models is to use a 2.5D approach (Bian et 
al., 2011, 2012; Colaço et al., 2015; Connolly et al., 
2015a, 2015b). In this approach, the track is not sig-
nificantly changed in the longitudinal direction, 
which allows for the problem to be approximated 
using a 2D geometry while accounting for 3D load-
ing conditions. In the DEM, it is not necessary to 
implement the vehicle model. This differs from the 
approach of the finite element method (FEM), in 
which a complete or partial train is constructed with 
enormous particles acting on the railway track. It is 
useful to calculate the dynamic vibrations generated 
by the approaching train based on the FEM (Con-
nolly et al., 2015a, 2015b) such that the dynamic 
vibrations are executed directly on tracks by the 
specific code in PFC with time histories in the DEM. 

Fig. 8  Numerical process of constructing the concrete 
lining 
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The random vibration levels acting on rails are il-
lustrated in Fig. 9. 

The random vibration levels have five functions, 
which are assumed to be trigonometric. To excite the 
train load on the rails mechanically, the middle val-
ues (e.g. the middle load between each of two wheels, 
as marked in Fig. 9) of each function should be as-
sumed. The load between adjacent carriages resem-
bled an “M-shape” in positive values, which is a 
“W-shape” in negative values (Ricci et al., 2005). 
The middle value of the “M-shape” load was as-
sumed as the half the peak value. Therefore, the 
function F4 can be determined. Based on the dis-
tances between adjacent wheels shown in Table 3 and 
F4, the middle values of functions F2 and F3 are as-
sumed to be a quarter of the peak value and zero, 
respectively. The functions of F1 and F5 are assumed 
to have initial and end values of zero, respectively. 
Therefore, the five trigonometric functions for exci-
tation can be expressed as: 
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                (11) 

 

where F1 is the function of the headstock before the 
first wheel; F2 is the function of the distance between 
adjacent wheels; F3 is the function of the middle 
block of carriages; F4 is the function of pontes of  
 
 
 
 
 
 
 
 
 
 
 
 

adjacent carriages; F5 is the function of the tailstock 
after the last wheel. Here, the value of F0 is 23 750 N, 
which is half the weight of one wheel (4.75 t), which 
is used to obtain the middle values and peak values of 
the load uniformly. f1, f2, f3, and f4 are the frequencies 
of these functions. 

It is simple to control the train speed on the 
tracks by controlling the frequency of each function. 
The frequency is calculated based on the velocity and 
distance between adjacent wheels: 

 

,i
i

v
f

L
                                 (12) 

 

where v is the velocity of the metro train and Li is the 
distance between adjacent wheels (Table 3). 

In the present model, the forces with the values 
of the dynamic vibrations are directly applied to the 
rail particles, as verified by Zhang et al. (2016). As a 
train passes the numerical section, the forces are 
consistent with the values of the above-mentioned 
five trigonometric functions with different middle 
values and frequencies in the time domain. 

4.7  Whole model of CS-1 

To investigate the stability of the tunnel face 
supported by the concrete lining, a square model with 
78 935 particles was constructed. The model was 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Distances between adjacent wheels 

Li Distance (m) 

Distance of headstock (L1)   2.5 

Distance of wheels (L2)   2.0 

Distance of bogies in a carriage (L3) 10.0 

Distance of wheels (L4)   5.0 

Distance of wheels (L5)   2.5 

-60

-40

-20

0

Middle value

F3

F2

F4F1
F5

Fig. 9  Illustration of track load with a 2D approach 
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assembled using uniform particles with the same 
radius in each stratum, and the micro parameters of 
each stratum are listed in Table 4.  

The size of the model was 15 m×30 m (width× 
height). The fracture surface of CS-1, for instance, 
was used as a case to analyze the stability of the 
concrete lining and the surroundings affected by 
random train vibrations. Depending on the geology 
and soil properties, the subsurface soil was divided 
into several layers, from top to bottom: silty clay, 
coarse sand (containing some gravel), and coarse 
sand (containing some cobble), with average water 
pressure at a depth of 9 m. The rainfall in the Wuhan 
area started on July 6, 2016, increased its intensity 
with time and changed to a rainstorm the same day, 
and lasted for 4 d. This resulted in the flood water 
level being 10 m higher than the normal water level. 
Therefore, the water pressures of CS-1 for the cross- 
river tunnel at the vault were a NWP of 0.294 MPa 
and a FWP of 0.4 MPa. 

To ensure that the proposed model was con-
sistent with engineering practice, the looseness of 
coarse sand and low strength of mud rock were taken 
into account. The disturbance of tunnel excavation 
cannot be neglected due to the discrete surrounding 
rock, which is a characteristic of the DEM. The vault 
of the excavation area will be deformed if the lining 
system is not set up immediately after excavation has 
finished. To minimize the excavation disturbance 
zone, the generation of the lining material is imple-
mented immediately after excavation without any 
calculation steps. The construction stages of the 
whole model are defined as follows: 

Step 1: A square sample with four walls and tens 
of thousands of particles is generated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 2: Consolidation with the confining stress 
of the associated water pressure is implemented. 

Step 3: The excavation process is activated 
(Section 4.5). 

Step 4: Sleepers are constructed with the ex-
pansion command and rails are generated by the ball 
command. 

Step 5: Random vibration levels are produced 
on the rail. 

Note that during the excavation process, alt-
hough the water pressure is already taken into con-
sideration, because of the highly cohesive bonding 
and low permeability of the concrete lining, water 
infiltration is not considered. The model of CS-1 
shown in Fig. 10 illustrates the simulation process for 
step 4. 

 
 

5  Numerical simulation results 
 
To evaluate the influence of the random vibra-

tion level induced by metro train operation under 
NWP and FWP on the concrete lining and the sur-
roundings, different speeds of the metro train were 
simulated. In general, the speed of the train is usually 
restricted to the range from 40 km/h to 100 km/h. 
Thus, the speeds that were considered were 40, 60, 
80, and 100 km/h. Before proceeding to the enormous 
task of train-speed analysis, the most significant step 
is to verify the train load that acts on the rails. 

5.1  Verification of random vibration level 

Before starting the calculation, the basic equa-
tions for random vibration levels should be written to  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Micro-macro parameters in the metro tunnel model 

Item 
Diameter 

(m) 
Density 
(kg/m3)

Normal 
stiffness 
(N/m) 

Shear 
stiffness 
(N/m)

Friction 
coeffi-
cient 

Normal 
strength of 

parallel 
bond (Pa)

Shear 
strength of 

parallel 
bond (Pa)

Normal 
stiffness of 

parallel bond 
(N/m) 

Shear stiff-
ness of par-
allel bond 

(N/m) 

Parallel 
bond ra-
dius mul-

tiplier 
Silty clay 0.06–0.10 1700 2.17×106 2.17×106 0.185 – – – – – 

Coarse 
sand (C) 

0.06–0.10 2050 3.54×107 3.54×107 0.90 – – – – – 

Coarse 
sand (D) 

0.06–0.10 2110 3.80×107 3.80×107 0.84 – – – – – 

Sleeper 0.012 2180 1×107 1×107 0.5 5×109 5×109 1×109 1×109 1 

Track 0.10 2630 5.2×1010 5.2×1010 0.0 – – – – – 

Concrete 
lining 

0.009 2180 9×108 9×108 1.98 7.1×109 7.1×109 9×108 9×108 1 
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obtain the dynamic load as a function of time (Cui et 
al., 2016). The time step was calculated based on the 
stiffness and mass of the particles in PFC. The func-
tion for calculation of one time step is given as 
(Itasca, 2008) 

 

,
m

t
k

                                (13) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

where m is the mass of the particle and k is the stiff-
ness of the particle. The calculated time step in this 
analysis was about 1×10−7 to 1×10−6 s. 

The length of the metro train was determined as 
the sum of the lengths of one headstock, four middle 
carriages, and one tailstock. For the case in which two 
trains are operating, the random vibration levels with 
train speeds of 40, 60, 80, and 100 km/h measured 
from the rails are illustrated in Fig. 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11  Random vibration levels with train speeds of 40, 60, 80, and 100 km/h 

Fig. 10  Illustration of CS-1 of the cross-river tunnel 
(a) View of the whole model; (b) Partial illustration of the metro hole with sleeper and rails 
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By comparing Figs. 9 and 11, it can be seen that 
the vertical load induced by a metro train running 
with a random vibration level is in good agreement 
with the values we expected. For two trains to com-
pletely pass the cross-section at a velocity of 40 km/h, 
it will take 20.51 s. As the length of one carriage is 
19 m, the total length of two trains is at most 228 m; 
thus, it will take 20.52 s for the trains to pass. This is 
consistent with the time measured in the executed 
procedures. 

5.2  Influence of train operation on a cross-river 
tunnel under NWP 

In the numerical model, the surrounding mate-
rials and the concrete lining were measured by ar-
ranging several measurement points in different po-
sitions. The details of the measurement points are 
shown in Fig. 12. There were 40 measurement points 
around the cave zone, and the distance d from the 
outer edge of the lining was enlarged from 0.1 m to 
4.0 m. To reveal the disturbance properties of the 
random vibration level induced by train operation, the 
horizontal accelerations, vertical accelerations, and 
radial displacements of the surrounding materials and 
the concrete lining were taken into account in the 
present study.  

To obtain the horizontal and vertical accelera-
tions, particle velocities at the measurement points 
were tracked in time domain. While the train was 
operating, the path-different velocities of these parti-
cles could be tracked and written into a text with the 
corresponding time nodes. The accelerations could be  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

calculated as the ratio of the velocity change and the 
corresponding time difference, expressed as  

 

,t t
t

v v
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                            (14) 

 

where vt and vt+Δ are the velocities of the measured 
particle at time t and time t+, respectively. , the 
corresponding time difference of the velocity change, 
can be expressed by =Nt, where N=100 is the 
history steps for one data-writing in the present 
model. t is the one time step in Eq. (13). The accel-
erations of the measured particle were calculated until 
the end of the train operation. Therefore, accelera-
tions as the analytical parameters can intuitively re-
flect the influence of the train operation on the sur-
rounding materials and concrete lining. The radial 
displacement is an accumulated variable which is 
tracked and accumulated during train operation. 

5.2.1  Effects on concrete lining 

With the structure of the tunnel lining as the 
critical carrier and barrier in the transmission of the 
vibrating load waves, the analysis of the dynamic 
characteristics of the tunnel is quite important. After 
the train operates for a long time, the tightness and 
stability of the whole tunnel will be disturbed by large 
vibrations induced by the train and natural-strata 
consolidation. Large vibrations, in other words, are 
like seismic events, which will lead to structural- 
overturning damage. Therefore, it is necessary to 
evaluate the vibration levels in the concrete lining to 
predict its stability. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 12  Illustration of measurement points in the cross-river tunnel (Rl is the radius of the measurement point in concrete 

lining to the center of the tunnel) 
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Fig. 13 shows the horizontal and vertical accel-
erations of particles in the concrete lining at different 
angles. The entire concrete lining vibrated when the 
train ran, and the vibration regularities at different 
angles were roughly consistent with the random vi-
bration levels induced by the train. The vertical ac-
celerations at angles of 0°, 45°, 90°, 135°, and 180° in 
the upper part of the concrete lining were higher than 
those at angles of 225°, 270°, and 315° in the lower 
part of the concrete lining. This is likely to be because 
vibration waves will be amplified when transmitting 
from the hypocenter to the transmission path with 
larger acceleration (Shen et al., 2014). 

5.2.2  Effect on the surroundings 

Running tunnels have significant effects on the 
excavation and operation of adjacent tunnels. Chang 
et al. (2001) reported an event in Taipei, China in 
which part of a tunnel was disturbed by excavation 
of an adjacent tunnel. Zhang et al. (2016) con-
structed a high-speed railway model in which the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

vibrations induced by train loads were transferred 
underground for several meters. Thus, to evaluate the 
influence of metro train loads on the surroundings, it 
is necessary to consider the acceleration of the sur-
roundings at different distances from the outer edge of 
the lining.  

Vertical acceleration of a particle at each dis-
tance was tracked (Fig. 14). The vertical accelerations 
of particles first increased and then decreased as the 
distance from the outer edge of the lining increased. 
The value of the vertical acceleration increased from a 
distance of 0.1 m to the maximum at a distance of 
1.0 m and then decreased. This is likely to be because 
the kinetic energy generated by the train load is am-
plified within a finite distance, but then dissipates due 
to frictional resistance and damping (Zhang et al., 
2016). Particles of the surroundings at a distance of 
4.0 m had non-ignorable accelerations. This means 
that the disturbance caused by the metro train opera-
tion extended more than 4.0 m from the outer edge of 
the lining. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 13  Illustration of horizontal and vertical accelerations of particles in the concrete lining at different locations with a 

train speed of 40 km/h under NWP 
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Note that at a distance of 0.1 m between t=2 s 
and t=4 s, there was very little vertical particle ac-
celeration except for a few specific sharp peaks 
(Fig. 14). To explain this phenomenon, the vertical 
stress and vertical displacement of particles around an 
acceleration-tracked particle at the vault of the tunnel 
at a distance of 0.1 m were considered. The variation 
in the time domain is depicted in Fig. 15.  

There were two stages in the average vertical 
stress variation of the monitored particle during the 
operation of the train between t=2 s and t=7 s: a sep-
aration stage and a reassembly stage. In the separation 
stage between t=2 s and t=4 s, the average stress of the 
measured particle decreased, as indicated by the neg-
ligible contact force chains around the black circle in 
Fig. 15. The particles were separating from the as-
sembly and dropping down with a steady velocity 
resulting in zero acceleration. The steady velocity is 

indicated by the linear increase of the vertical dis-
placement. When the dropping particles contacted the 
lower particles and the concrete lining, they reassem-
bled. This reassembly stage occurred between t=4 s 
and t=7 s. In this stage, the contact force increased, as 
indicated by the force chains in Fig. 15. From the 
separation stage to the reassembly stage, particles at a 
distance of 0.1 m were falling continuously. In the 
process of falling, the vertical acceleration of the 
measurement point shows several specific and sharp 
peak values resulting from unavoidable random con-
tacts between adjacent particles.  

Xia et al. (2013) studied the influence of adja-
cent tunnel excavation on an existing tunnel and 
found that the extent of the rock damage around the 
existing tunnel increases linearly with the blast load. 
For cross-river tunnels, each tunnel in two-lane tun-
nels will be influenced by the vibration level induced 
by trains operating in the other tunnel. Fig. 16 depicts 
the vertical acceleration of particles at a distance of 
4.0 m from the outer edge of the track lining at dif-
ferent angles. Particles on the right-hand side of the 
tunnel, shown in the illustration for 0°, had relatively 
high acceleration at a distance of 4.0 m while the train 
was running, whereas particles on the left-hand side 
of the tunnel, shown in the illustration for 180°, had 
high acceleration during the first 5 s, but then the 
acceleration decreased to a negligible level. Com-
paring the illustrations for 45°, 135°, 225°, and 315°, 
we observe that the duration of the effect of train 
vibration in the lower part of the tunnel was shorter 
than that in the upper part. The large acceleration 
decreased after 3.0 s. Therefore, the effect of an on-
coming train on the surroundings in the lower part of 
the tunnel was smaller than that in the upper part of 
the tunnel.  

5.3  Influence of train operation on a cross-river 
tunnel under FWP 

Rapid increases in the height of the river surface 
can result in a range of damaging effects, such as dam 
collapse, water soil erosion, and potential harm to 
under-river structures. Maximum hourly rainfall 
cannot be controlled during the flood season. For 
cross-river tunnels, extreme increases in the height of 
the river surface will result in increased pore water 
pressure and bearing pressure around the tunnel. For 
cross-river tunnels, the flood season should be taken 

Fig. 14  Vertical accelerations of particles at the vault of 
the tunnel and the surroundings with a train speed of 
40 km/h under NWP 
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into account in analyses of tunnel stability, especially 
when metro trains are carrying large numbers of 
passengers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the present model, the flood water level was 
10 m higher than the normal water level. The total 
water pressure of the flood water at the vault of the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 16  Vertical accelerations of particles at a distance of 4.0 m from the outer edge of the track lining with a train speed 
of 40 km/h under NWP 

Fig. 15  Vertical average stress and vertical displacement of a particle at the vault of the tunnel at a distance of 0.1 m from 
the outer edge of the track lining (the particle in the circled area is the acceleration-tracked particle) 
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tunnel was up to 400 kPa. Acceleration of particles of 
the concrete lining and the surroundings were con-
sidered when the train speed was 40 km/h. 

Particles in the concrete lining under FWP 
(Fig. 17) exhibited the same acceleration behavior as 
those under NWP (Fig. 16). However, the values 
under FWP were much smaller than those under 
NWP. Particles in the concrete lining in the upper half 
of the tunnel had higher acceleration than those in the 
bottom half. By comparing Figs. 13 and 17, we ob-
serve that the vertical accelerations of particles above 
the rail, which had angles in the tunnel ranging from 
0° to 180°, were mostly positive; however, those of 
particles below the rail, which had angles in the tunnel 
ranging from 225° to 315°, were negative. The sign of 
these vertical accelerations means that the movements 
of particles in the concrete lining pointed toward the 
inside of the tunnel. This is a result of the high con-
fining stress around the tunnel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The vertical accelerations of particles at different 
distances from the outer edge of the lining in the 
surroundings are illustrated in Fig. 18. The accelera-
tions of particles at the vault of the tunnel and the 
surroundings increased first and then decreased as the 
distance increased, which is consistent with the re-
sults under NWP. The mechanism of the transmission 
of vibration waves was the same as that under NWP: 
the vibration waves were amplified. The values of the 
vertical accelerations, however, were much smaller 
under FWP (Fig. 18) than under NWP (Fig. 14). 

The same phenomenon of specific sharp peaks 
among zero acceleration values occurred at the dis-
tance of 0.1 m. The separating particles dropped down 
earlier than in the case of NWP based on the zero 
values, and the separation stage lasted longer. This 
shows that the deformation of the vault of the tunnel 
in the surrounding materials under FWP was greater 
than that under NWP (Section 5.5). The sudden  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17  Illustrations of horizontal and vertical accelerations of particles in the concrete lining at eight different locations 
with a train speed of 40 km/h under FWP 
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accelerations of the measurement point occur inevi-
tably due to collisions between adjacent particles 
during the separation stage. 

Note that the vertical acceleration of particles at 
a distance of 4.0 m from the outer edge of the lining 
was almost zero (Fig. 18). As a conclusion, the in-
fluence of metro train operation on the concrete lining 
and the surroundings under FWP was lower than that 
under NWP. In other words, the designation of the 
buried depth of a cross-river tunnel should be deeper 
when technology and the in situ strata allow a greater 
depth to be obtained. Moreover, the strength and 
stiffness of the concrete lining should be more stable 
at greater depth.  

5.4  Influence of train speed on the tracks and 
surroundings 

With the improvement of technology, train 
speeds are increasing. Higher speed requires higher  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

equivalent stiffness of the rail foundations. Trains 
running at high speeds induce important amplifica-
tions in the vibration levels of the railway track. Un-
like traditional low-speed rail transportation, the im-
pact of the load inflicted by high-speed trains on the 
track and foundations at different depths will increase 
significantly as train speed increases (Zhang et al., 
2016). Due to Newton’s second law, in the DEM, the 
velocity and acceleration of particles should be con-
sidered, as they are associated with the settlement and 
displacement of the tracks. Therefore, for a cross- 
river tunnel, it is necessary to examine the impact of 
train speed on the characteristics of the tracks and the 
surroundings during operation. 

Fig. 19 shows vertical accelerations of the metro 
track as a function of time, induced by different train 
velocities. The accelerations were consistent with the 
random vibration levels induced by the running train. 
When the train speed increased, vertical acceleration  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18  Vertical accelerations of particles at the vault of 
the tunnel and at different distances from the outer edge 
of the track lining with a train speed of 40 km/h under 
FWP 

Fig. 19  Rail vertical accelerations induced by different 
train speeds under NWP (a) and FWP (b) 
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of the railway track increased. Combined with New-
ton’s second law, the impact load is closely related to 
the acceleration of the object. For example, the peak 
value of the vertical acceleration induced by a train 
speed of 40 km/h under NWP was 50 m/s2. This is an 
enormous value, which is equivalent to almost five 
trains coming across the cross section simultaneously, 
and may lead to severe deterioration of the railway 
track and concrete lining. The variation in vertical 
acceleration with different frequencies is illustrated in 
Fig. 20. 

The vertical acceleration of the tracks increased 
as train speed increased at the same frequency. A 
higher load frequency led to higher vertical accelera-
tion. As for the influence of water pressure, a train 
running under FWP had a greater effect on the rail; in 
this case, vertical acceleration was greater under 
NWP than under FWP.  

5.5  Influence of train operation on radial  
displacement 

Predicting the settlement of the surroundings 
around a tunnel has gradually become an important 
research issue. Radial displacements of the lining and 
particles around the tunnel under NWP and FWP were 
tracked (Itasca, 2008) in this study. The distribution of 
radial displacements of the foundation and sur-
rounding particles after train operation are illustrated 
in Fig. 21. The large deformation of the surroundings 
occurred mostly on the vault of the tunnel where the 
values of radial displacement of the particles reached 
10 to 20 cm. This is attributed to several factors, such 
as the disturbance caused by the excavation process, 
the settlement induced by high water pressure, and the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

random vibration level. By comparing the illustra-
tions for NWP and FWP, we observe that the zone of 
large deformation was wider under FWP than under 
NWP at the vault of the tunnel. We conclude that an 
increase in the water-surface level will result in 
greater deformation of the surroundings, especially in 
the upper half of the tunnel. 

Radial displacement of the track foundation 
under different train speeds was considered in our 
model. All particles in the model, including those in 
the sleeper, track, and substructure, had different 
levels of displacement (Fig. 22). Comparing Fig. 21 
and the details of the track foundation illustrated in 
Fig. 22, we observe that with increasing train speed, 
the radial displacements of particles in the track 
foundation decreased and the disturbance zone in-
duced by metro train operation decreased, as illus-
trated in Fig. 22 by radial displacements marked by 
different colors in the surroundings under the tracks. 
However, vertical acceleration increased when train 
speed increased.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 20  Illustration of vertical acceleration of tracks with 
different frequencies under NWP and FWP 

Fig. 21  Radial displacement of particles around the tunnel in this model with a train speed of 40 km/h under NWP (a) 
and FWP (b) 
Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article 

  (a)                                                                                                                     (b) 
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6  Conclusions 
 
To investigate the influence of metro train op-

eration on the cross-river tunnel of the Wuhan Metro 
Line 2 under flood water levels following a recent 
flood disaster, a large-scale underwater tunnel model 
with random vibration levels induced by a running 
train is proposed and implemented with PFC soft-
ware. In the model, accelerations in the horizontal and 
vertical paths of the track, the concrete lining, and the 
surroundings of the tunnel under different train 
speeds are taken into account. The radial displace-
ment of particles is also considered. Due to the com-
plicated underground geology around the tunnel, the 
model is simplified and attempts to reveal the me-
chanics of the tunnel under different water pressures 
and train speeds. The following conclusions can be 
drawn: 

1. Particles located in the upper half of the tunnel 
have larger accelerations than those located below the 
track in the concrete lining, especially those at angles 
of 45°, 90°, and 135°. 

2. Vibration waves are amplified within a finite 
distance from the outer edge of the lining and then 
weaken to zero as the distance increases. In our 
model, the finite distance for the largest vibration 
level is about 1.0 m, regardless of whether the model 
is under NWP or FWP. 

3. Acceleration levels in the concrete lining and 
the surroundings are much lower under FWP than 
under NWP. This means that a metro train operating 
under higher water pressure (or deeper tunnel con-
struction) will be safer, but will require a higher level 
of designation and more advanced technology. 

4. Higher water pressure leads to larger defor-
mation of the surroundings, concentrated on the upper 
half of the tunnel. With increasing train speed, ac-
celerations of particles in the track and the substruc-
ture increase, resulting in lower radial displacement.  

 
 
 
 
 
 
 
 

The relationship between the frequency of the random 
vibration level and the vertical acceleration of the 
track is nonlinear. 

Although the simple model proposed cannot 
completely simulate the in situ situation, it is helpful 
for the assessment of the safety and stability of the 
cross-river tunnel during the rainy season. The study 
of cross-river tunnels, as a main transportation artery 
in major cities, requires further attention. The DEM 
has unique advantages for simulating the large de-
formation of discrete particles. A large amount of 
work remains to be done, including on the design 
depth of cross-river tunnels to obtain more desirable 
stability, and on the influence of adjacent metro op-
erations on the stability of existing tunnels.  
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中文概要 
 

题 目：汛期地铁行车荷载作用下越江隧道离散元分析 

目 的：揭示汛期及常水位条件下地铁随机振动荷载作用

下越江隧道管片及周边岩土体的动力响应及变

形机制。 

创新点：建立越江地铁隧道二维离散元模型，并采用随机

振动荷载模拟地铁行车荷载，揭示汛期和常水位

条件下地铁行车荷载对越江隧道稳定性的影响。 

方 法：采用离散元方法进行数值仿真。1. 基于室内三轴

试验和离散元数值拟合得到土层的各细观参数；

2. 采用不同接触模型对隧道内钢轨、轨枕、管片

以及周边岩土体进行建模；3. 将地铁随机振动荷

载施加在钢轨上，对管片及周边岩土体不同区域

内颗粒的受力及变形进行监测并分析。 

结 论：1. 位于隧道上半部分的周边岩土体颗粒振动偏

大；2. 随着距离的增大，振动波在周边岩土体内

先放大后减小；3. 汛期水位条件下地铁行车荷载

对管片和周边岩土体的振动影响较小，但是对隧

道变形影响较大。 

关键词：离散元方法；越江地铁隧道；水压力；地铁行车

荷载 

 

 
 


