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With the development of urban rail transit, subway lines are becoming more and more denser, the departure time interval is short,
and the probability of subway trains meeting is high. The impact of vibration caused by double-line subway meeting on the
surrounding environment cannot be ignored. Taking the typical cross-section of a single-circle double-track subway tunnel as an
example, a single running scenario and three typical meeting scenarios, namely, 4 s meeting, 6 s meeting, and 8 s meeting scenarios
were considered, and a track-tunnel-foundation three-dimensional ABAQUS finite element model was established. The dynamic
response of monitoring points at different distances between the center of the track bed and the center line of the track was
analyzed. Results showed that due to the consistent load action period, the center acceleration of the track bed increases sig-
nificantly during the meeting, the main frequency of vibration and the peak value of the 1/3 octave spectrum were increased by
about 5 Hz, and the vibration level at the dominant frequency was increased by about 7 dB. The center displacement of the track
bed and the peak compressive strain increased significantly under the 4 s meeting and 6 s meeting working scenarios; while the 8 s
meeting and 4 s single running scenarios were basically the same, only the action time was doubled. The dynamic response of the 4
working scenarios decreases with the increase of distance, and the attenuation rate gradually decreases and has gradually stabilized
within 15-19 m above the vault.

of great engineering significance to study the vibration
characteristics of single-hole double-track tunnel.

Existing studies have conducted beneficial explorations
on the vibration characteristics of subway tunnels under

1. Introduction

With the acceleration of China’s urbanization process, the
problem of traffic congestion has become increasingly

prominent. As a means of transportation with large volume,
high speed, and less ground resources, subways are playing
an increasingly important role in daily life and urban de-
velopment. Large-diameter single-hole double-track subway
tunnels are mostly used for long and large tunnels with
complex geological scenarios, such as the Nanjing Metro
Line 10 cross-river section, Wuhan Metro Line 8 Yangtze
River tunnel section, and Qingdao Metro Line 11 Dong-
shangou tunnel section crossing mountain tunnels. Com-
pared with single-hole single-track tunnels, single-hole
double-track tunnels will encounter meeting scenarios, with
greater dynamic load and longer acting time. Therefore, it is

moving loads from theoretical calculations, field measure-
ments, and numerical simulations and have achieved certain
results. Ren et al. [1] and Lei et al. [2] studied the dynamic
response of subway tunnels in saturated soft soil and semi-
infinite elastic space caused by subway moving loads by
using analytical solutions and 2.5-dimensional finite element
methods, respectively. Yuan et al. [3] established a coupling
model of saturated soil tunnel and track structure by ana-
lytical method and analyzed the dynamic response of the
system. Liang [4] used the indirect boundary element
method to study the vibration problem of layered founda-
tion induced by subway train vibration. Tang et al. [5]
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conducted on-site continuous dynamic monitoring of the
tunnel between Jing’an Temple Station and Jiangsu Road
Station on Shanghai Metro Line 2 and analyzed the dynamic
response of saturated soft clay around the tunnel. He et al.
[6] conducted actual measurements on subway train loads
and analyzed the main influencing factors of subway train
load characteristics. Gao et al. [7] conducted vibration tests
on the tunnels of Shanghai Metro Line 1 and used FLAC3D
numerical models to analyze the ground vibration response
caused by the subway. Lei et al. [8] used ABAQUS to es-
tablish a three-dimensional dynamic finite element model
and numerically simulated the settlement of soft soil
foundation under subway train load. Liu et al. [9] took the
first phase of the Tianjin Z2 Metro Line as an example, used
ABAQUS to establish a tunnel-soil three-dimensional finite
element model, and analyzed the attenuation law of ground
vibration intensity.

However, the abovementioned studies only considered
the load of the single-track subway, and there are few studies
on the dynamic response law caused by the vehicles crossing
in the double-track subway tunnel. Hu et al. [10] established
a dynamic coupling three-dimensional finite element model
of “track-track bed-tunnel-soil” to analyze the dynamic
response of the tunnel structure before and after the vehicle
intersection of the single-circle double-track tunnel. Xue
etal. [11] constructed a dynamic analysis model of the dual-
line subway track-tunnel structure-surrounding rock non-
linear coupling system to study the dynamic behavior of the
subway tunnel and the surrounding rock under moving
loads. However, the abovementioned research only con-
sidered the simple working scenarios of a single vehicle or
the intersection of two vehicles and did not consider the
action time of the vehicle in a given section. In fact, because
the initial meeting positions of the up and down trains are
not fixed, for a given cross-section, there are multiple
combinations of working scenarios for the given cross-
section under the load of the double-track train. On this
basis, Pan et al. [12] used PLAXIS finite element software to
establish a plane finite element model, considering single
running scenarios and three typical vehicle crossing sce-
narios, and analyzed the dynamic response of a single-circle
double-track tunnel. However, the model is a plane finite
element model, which is relatively simple and cannot reflect
the actual engineering situation.

Based on the ABAQUS finite element calculation pro-
gram, this paper establishes a subway train double-track
tunnel-foundation model. From the acceleration, displace-
ment, 1/3 octave spectrum, and fractional frequency vi-
bration level, the dynamic response of different monitoring
points under four kinds of passing conditions is analyzed.

2. Three-Dimensional Finite Element Model of
Single-Hole Double-Track Subway Tunnel

2.1. Train Operating Scenarios. Qingdao Metro Line 11 starts
at the intersection of Miaoling Road and Shenzhen Road in
Laoshan District and ends at Jimo Dagiao Saltworks, with a
total length of 58 kilometers. A total of three tunnels are
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designed across the line, including the Laoshan Tunnel, the
Xi’anzi Tunnel, and the Dongshangou Tunnel. The Dong-
shangou Tunnel is a single-hole double-track tunnel with a
total length of 506 meters.

As the up and down trains are running at the same time,
multiple combinations of load scenarios may appear at the
control section of a single-hole double-track subway tunnel.
As shown in Figure 1, considering the situation where
subway trains on both sides of the study cross-section ap-
pear, the total length of the single-track train is L, the speed is
v, and the time required for the train to completely pass
through the section is T, and then T = L/v; assuming that
when the front of the train on one side reaches the position
of the research section, the length of the front of the train on
the other side that has left the section is nL. (0 <n<1), where
n is the ratio of the length of the locomotive that has left the
section to the total length of the vehicle.

Taking Qingdao Metro Line 11 as an example, the length
of the train is 76 m, the running speed is 20 m/s, and then
T=3.8s. As shown in Figure 2, take the front arrival section
of the left line train as the reference, and take n=0, 0.5, and
1, respectively. The section length of the right train head is 0,
0.5L, and L, respectively. Figure 2(a) shows the position of
two trains on the left and right lines passing through the
section at the same time, with T'=3.8s. Figure 2(b) shows
that after the right line train passes through the section
position for 1.9s, the left line train head just arrives at the
section position, and the two trains have a meeting time of
1.9s in the whole process of passing through the section,
with T'=5.7s. Figure 2(c) shows that when the train on the
right line completely reaches the section, the head of the
train on the left line just reaches the section position, and
there is no meeting between the two trains on the section,
with T=7.6s. Define the three working scenarios in
Figures 2(a)-2(c) as the working scenarios of “4 s meeting,”
“6s meeting,” and “8 s meeting”.

In addition, Figure 2(d) also shows the typical working
condition of only left train passing through the section.
Since there is no meeting, with T=3.8s, the working
condition is defined as “4 s single running scenario.”

2.2. Model Size and Material Properties. When performing
finite element analysis, a large part of the efficiency of
calculation depends on the size of the mesh of the model.
Xue and Zhang [13] showed that the contact pressure dis-
tribution on the wheel-rail contact surface is complex and
uneven, and the stress on the contact spot can be as high as
1000 MPa, which will bring severe challenges to the
calculation convergence. Therefore, in the case of meeting
the accuracy, it is very important to choose a reasonable
mesh size to reduce the computational workload.

Based on ABAQUS numerical calculation software, a three-
dimensional finite element model of track-tunnel-stratum is
established, as shown in Figure 3. Figure 3(a) is a schematic
diagram of the model grid division, the length of the model
along the longitudinal direction of the line is 200 m, the width is
100 m, and the height is 50 m. The tunnel adopts a double-layer
lining structure. The track system consists of steel rails, track
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FIGURE 1: General scenario of train operation in single-circle double-track tunnels.
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FIGURE 2: Four typical scenarios. (a) 4 s meeting scenario. (b) 6 s meeting scenario. (c) 8 s meeting scenario. (d) 4 s single running scenario.

slabs, bottom plates, and track beds. The grid division size of the
track is set to 0.05m, and each structural layer of the track-
subgrade-foundation system adopts 8-node solid units. The
entire model has a total of 259,368 nodes and a total of 240,400
elements, all of which are C3D8R.

As shown in Figure 3(b), the inner diameter of the tunnel
is 11.2m, the outer diameter is 12m, the inner lining is
0.3m, the segment lining is 0.5m, and the middle of the
tunnel is the traffic tunnel layer. Two lanes are arranged on
the left and right. The distance between the left and right
lanes of the traffic lane is 5m. For the partition wall, the
concrete strength grade is C35. The subway rail adopts
60kg-m ™" standard rail with a gauge of 1.435m. The fas-
teners are generally arranged at equal intervals with a dis-
tance of 650 mm. The connection between the rail and the
fastener is spring damper, and the stiffness of the fastener is
horizontal and vertical and the longitudinal equivalent
stiffness is 37.5, 25, and 37.5 kN-m ', respectively. Below the

rail are the track plate, bottom panel, and track bed, with
thicknesses of 0.2m, 0.3 m, and 3.1 m, respectively.

The soil is divided into 3 layers, from top to bottom are
filled soil, clay, coarse sand, and granite. According to the
structural characteristics, the steel rail and the following
structural layers are regarded as infinite homogeneous
elastic bodies, followed by the track slab and the bottom
layer. The lining structure and the soil body maintain the
deformation coordination between the contact surfaces
through tie contact. The foundation soil is regarded as an
elastic-plastic material, and the model boundary adopts
three-dimensional viscoelastic artificial boundary scenarios.

In dynamic calculations, the most commonly used
method for the damping coefficient of soil is the Rayleigh
damping method. The physical and mechanical parameters
of the soil layer of the site are shown in Table 1, and the
structural parameters of the track system and tunnel are
shown in Table 2.
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FIGURE 3: Finite element calculation model. (a) Diagram of model mesh division. (b) Schematic diagram of tunnel structure.

TaBLE 1: Physical and mechanical parameters of soil layer.

Laver Thickness ~ Density Compression Poisson’s  Cohesion Ifrrlit:trirgzl Damping Rayleigh Rayleigh

y (m) (kg-m—3) modulus (MPa) ratio (v) (kPa) angle () ratio ({)  damping («) damping (f)
Filling 4 1800 53 0.32 9 12.5 0.08 0.2391 0.02675
Clay 12 1830 6.2 0.28 35.2 25.1 0.068 0.2033 0.00274
Silty 34 1970 6.9 0.29 41 18.1 0.06 0.1794 0.02006

TaBLE 2: Track system and tunnel structure parameter.
Thickness . _3, Elastic modulus S . Damping . . . .

Name (m) Density (kg:m™) (MPa) Poisson’s ratio (v) ratio (0) Rayleigh damping («) Rayleigh damping(f)
Track 0.176 7800 210 0.3 0.01 0.14488 0.00069
;ﬁfk 0.2 2500 35.5 0.1 0.03 0.08968 0.01003
Floor 0.3 2500 30 0.1 0.03 0.08968 0.01003
Ballast 31 2400 28 0.1 0.03 0.08968 0.01003
Lining 0.3 2400 28 0.1 0.03 0.08968 0.01003
Segment 0.5 2400 30 0.1 0.03 0.08968 0.01003
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2.3. Subway Train Load. The dynamic load of train on the
track during subway operation includes three parts: moving
dynamic load, fixed action point dynamic load, and moving
axle load. This article mainly studies the vibration charac-
teristics of the tunnel and the soil, so the influence caused by
the wheel-rail contact irregularity is ignored, and only the
vertical load of the train is considered.

M
Py =Y fu(x—ct),
n-1

n=0

The DLOAD train load and the ABAQUS program are
combined to realize the train load application. The train is
simulated as a series of axle loads. Bian et al. [14] expressed
the continuous axle load generated by the train with the
following formula:

n=0

n-1 n-1 n—1
fn(x—ct) =Pn16<x—ct+ ZLn+L0> +Pn16<x—ct+an+ ZLn+L0> +Pn26<x—ct+an+bn+ ZLn+LO> (1)
n=0

n-1
+Pn28<x—ct+2an+bn+ ZL,,+LO>,

n=0

where P, and P, represent the axle load of the front and
rear wheels of the train, respectively; L,, is the length of each
subway; Ly is the distance between the measuring point and
the first carriage; a,, and b,, are the distance between the axes;
¢ is the Dirac function of the load. In addition, c is the
subway speed.

In this paper, Qingdao Metro Line 11 B type train is
selected, with a total of 4 marshalling. The length of the
subway train is 76 m, and the length of a single section is
19 m. The train has 16 wheel sets, the center distance of bogie
is 12.6m, the fixed wheelbase is 2.5m, the marshalling
weight is 224t, and the average axle load is 14t. The
schematic diagram of the load model is shown in Figure 4.

For the 4 s meeting working scenario, the moving load of
the train is applied simultaneously on the right and the left
line of the model. The loads move in opposite directions and
meet in the middle of the model to meet the 4s meeting
scenario. For the 6s meeting working scenario, the train
moving load is also applied on the right and left lines, but the
load on the right line is applied T/2 ahead of time. Similarly,
for the 8 s meeting working scenario, the moving load of the
train is also applied on the right and left lines, but the load on
the right line is applied T earlier, and for the 4s single
running scenario, only the moving train load on the left line
at the rear end of the model is applied and analyzed.

2.4. Boundary Scenarios. Viscoelastic artificial boundary
method can be used to simulate infinite domain with finite
model size. It can well reflect the reflection of dynamic load
on the model boundary and consider the elastic recovery
performance and radiation damping effect outside the
truncated boundary.

The finite element model in this paper adopts the vis-
coelastic static dynamic artificial boundary proposed by Du
et al. [15]. In each direction of the boundary node, a uni-
directional spring-damping element fixed at one end is
applied. The influence of the infinite medium on the near
field is simulated by viscous damping energy absorption and

spring stiffness recovery. The spring damper parameters of
the three-dimensional viscoelastic artificial boundary are as
follows:

1 A+2G
Normal K; = X
1+A r
C; = Bpcy,

(2)

1 G
Tangential K; = 1147
-

C,; = Bpc,,

where p is the density of the medium, C, = /(A + 2G)/p and
C, = /Glp are the wave speeds of compression waves and
shear waves, respectively; A represents the ratio of the
amplitude content of plane waves and scattered waves,
reflecting the propagation characteristics of waves on arti-
ficial boundaries; B represents the relationship between
physical wave velocity and apparent wave velocity. The
values of A and B can be obtained through experimental
experience. Generally, A is 0.8 and B is 1.1. The length r
represents the distance from the geometric center of the near
field structure to the boundary line or surface where the
artificial boundary point is located. In this paper, the four
sides and bottom of the foundation adopt viscoelastic
boundaries to simulate wave propagation from finite do-
main to infinite domain.

2.5. Monitoring Point Selection. In order to accurately an-
alyze the dynamic response law of subway vibration to the
surrounding soil, a total of 6 monitoring points were se-
lected. The moving load of the subway train is applied by
compiling the DLOAD subroutine, and the speed is 20 km/h.
The tunnel buried depth and stratum distribution are shown
in Figure 5. Six monitoring points A ~ F are selected above
the tunnel. Point A is the center point of the track bed, and
point F is the monitoring point on the surface directly above
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FIGURE 4: Schematic diagram of the moving load model of subway train.
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FiGure 5: Tunnel and soil distribution.

the track center. The distance between B~ F and tunnel
vault is 1 m, 5m, 10 m, 15 m, and 19 m, respectively. The
abovementioned monitoring points are used to simulate
the variation trend of soil dynamic response with depth.
Since point A is the center of the track bed and is at the
same distance from the left and right lines, the load has the
characteristics of symmetrical distribution. In addition,
point A is closer to the track, which can better reflect the
dynamic response of the tunnel structure caused by
subway crossing. Therefore, point A is selected as the key
monitoring point, and the dynamic response is mainly
discussed.

3. Model Validation

In order to check the accuracy of the numerical model, the
dynamic response of the tunnel structure was analyzed with
reference to the actual test situation. Liu [16] conducted field
tests on subway tunnel sections. In the test, the data ac-
quisition application is the INV3060S 24-bit network dis-
tributed synchronous acquisition instrument. For vibration
acceleration testing, the Lance AS0130 series vibration ac-
celeration sensor is used. Liu [16] conducted field tests on the
vertical acceleration of the tunnel wall and compared the
results with the numerical model to verify the accuracy of the
numerical model.

On this basis, this paper selects the relevant parameters
of the numerical model in reference [16]. The model has a
horizontal width of 60 meters, a height of 50 meters, and a
longitudinal length of 30 meters. The soil layer is divided
into two layers, and the tunnel depth is 16 m. The mechanical
parameters of the soil layer, tunnel lining, track bed, and
other structures in the numerical model are the same as
those in the reference. The boundary condition adopts
viscoelastic artificial boundary, the unit size of the soil is
0.3-1.2 m, and the unit size is gradually widened when it is
far from the vibration source. The speed of the circular
tunnel is 60 km/h, and the axle load of the train is 15¢, and a
three-dimensional model is established. The longitudinal
section of the tunnel is selected as the analysis section to
analyze the dynamic response of the tunnel structure. The
acceleration time history curve of tunnel wall is selected and
compared with the measured results in reference [16], as
shown in Figure 6.

It can be seen from the comparison of Figure 6 that the
acceleration measured value of the tunnel wall of the tunnel
structure is basically consistent with the numerical calcu-
lation result. It can be seen from the time history curve that
the acceleration peaks are similar in size. The tunnel wall
acceleration peak calculated by the model is 0.15 m/s% and
the measured acceleration peak is 0.16 m/s>. There are
multiple peaks in both the measured and model acceleration
curves. Most of the time the acceleration is mainly con-
centrated at 0.05m/s>. Comprehensive analysis shows that
the numerical model and train load have good similarity and
reliability.

4. Environmental Vibration Response Analysis

4.1. Acceleration Spectrum Analysis. Figure 7 shows the
acceleration time history curve at point A of the center of the
track bed under different crossing scenarios. It can be seen
from the figure that the peak acceleration of 4s single
running scenario is 0.67 m/s>. Due to the consistent load
action period of the subway trains, the elastic wave is
superimposed and strengthened synchronously, and the
peak acceleration of the 4 s meeting working scenario of the
passing train is 1.29 m/s*, which is about twice that of the 4 s
single running scenario. In the 6 s meeting working scenario,
the two trains meet at the cross-section position at 4-6 s, and
the dynamic load produces a superimposing effect. Since the
two loads have the same period of action, the acceleration
peak also increases significantly after the waveform is
superimposed. In the 8s meeting working scenario, the
trains on both sides actually pass through the cross-section
sequentially, so the acceleration peak is the same as the 4s
single running scenario, but the time is doubled.
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FIGURE 7: Acceleration time history spectrum of orbit center. (a) 4 s meeting scenario. (b) 6 s meeting scenario. (c) 8s meeting scenario.

(d) 4s single running scenario.

Figure 8 shows the curve of the acceleration peak value at
different distances from the track center line. It can be seen
from the figure that within 19 m above the vault, the ac-
celeration peaks under the four working scenarios all show a
decay trend with increasing distance, and the decay rate
decreases with increasing distance. Point B, which is 1m
away from the vault, has the largest acceleration in 4s
meeting working scenario, reaching 0.0448 m/s, and it also

reaches 0.0437 m/s” in 6 s meeting scenario, which is twice
the effect of 4 s single running scenario. At a distance of 19 m
from the surface, the acceleration peaks of the four working
scenarios are very close, which indicates that the damping
effect of the soil makes the elastic wave energy attenuate
significantly along the propagation direction.

Figure 9 shows the spectrum curve at point A of the
center of the track bed under different working scenarios. It
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can be seen from the figure that when the vehicle speed is
20 m/s, the center frequency of the track bed in the 4 s single
running scenario is mainly controlled by the low frequency,
and the main frequency of the track center is within 20 Hz.
The main frequency of the center vibration of the track bed is
increased in the 4s meeting and the 6s meeting working
scenarios, and high-frequency components appear. The
vertical acceleration amplitude of the vibration in the main
frequency band is about 1.9 times and 1.7 times of the single
running scenario. The main frequency and corresponding
acceleration amplitude of the 8 s meeting working scenario
have also been improved. In general, the main frequency of
vibration will be transferred to high frequency when subway
trains meet.

4.2. Vibration Level Analysis. In order to evaluate the en-
vironmental vibration caused by subway operation, the
spectrum curve is transformed into 1/3 octave spectrum.
Then, the vibration level is calculated according to equation
(3) proposed by Esveld [17]:

L, = 2olg(@), (3)

a,

where L, is the vibration level, a, is the effective value of
vertical acceleration in each 1/3 octave band (m/s?), and a, is
the standard acceleration value (107° m/s%).

The 1/3 octave spectrum can be realized in two ways:
One is to band-pass filtering the sampled signal according to
different center frequency definitions in the entire frequency
range, calculate the root mean square value (RMS) of the
filtered data, and obtain the power spectrum value corre-
sponding to each center frequency. Another method is to
perform fast Fourier transform on the sampled signal first to
calculate the power spectrum or amplitude spectrum and
then use the power spectrum or amplitude spectrum data to
calculate the average value within the bandwidth of each
center frequency.

According to the definition of RMS value and dis-
cretization, we can get

RMS = IJTxZ(t)dt— !
AT Jo “\NA

where A is the sampling interval, x () is the continuous
signal time course, and x(n) is the discrete signal time
course. Figure 10 shows the 1/3 octave spectrum and the
average value of the divided frequency vibration level at
point A of the track bed center under different working
scenarios. It can be seen from the figure that the peaks of the

N-1 5 lN—l 5
D X md) A=\ ) (), (4)
n=0 n=0

1/3 octave spectrum of the 4 s single running and 8 s meeting
working scenarios are both 16 Hz, and the vertical accel-
eration peaks are 0.12m/s* and 0.11 m/s’, respectively. The
peak value of the 1/3 octave spectrum in the 4 s meeting and
6 s meeting working scenarios is around 20 Hz, and the peak
vertical acceleration is increased to 0.24 m/s> and 0.21 m/s”.
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FIGURE 9: Spectrum curve of orbit center. (a) 4 s meeting scenario. (b) 6 s meeting scenario. (c) 8 s meeting scenario. (d) 4 s single running

scenario.

It shows that the dominant frequency of the track bed vi-
bration has increased, which is consistent with the results of
the spectrum analysis.

It can be seen from the average value of the frequency
division vibration level that the vibration levels at the
dominant frequency for the 4s meeting and 6s meeting
working scenarios are, respectively, 105dB and 104 dB,
which are about 7dB higher than the 4s single running
scenario. In addition, although the vibration level of the 8s
meeting working scenario is not significantly higher than the
4s single running scenario at the dominant frequency, the
vibration level of the other frequency bands is significantly
higher than that of single running scenario.

According to China’s Standard of Environmental Vi-
bration in Urban Area (GB10070-88), the standard limit of
vertical vibration level in general commercial and residential
mixed areas of cities is 75dB during the day and 72 dB at
night. The environmental vibration caused by subway op-
eration exceeding the vibration level limit can affect human
health, and the vibration level will be significantly increased
when subway trains meet. Therefore, it is of great signifi-
cance to accurately evaluate the vibration response value
caused by subway operation.

4.3. Displacement Time History Analysis. Figure 11 plots the
time history curve of vertical displacement at point A of the
track bed center under different working scenarios. It can be
seen in the figure that the center displacement of the track
bed increases cyclically during the passage of the train wheel/
rail, and the wheel/rail starts to rebound slowly after passing.
The peak value of the vertical displacement in the 4 s single
running scenario is 0.59 mm. Due to the simultaneous su-
perposition of train loads, the peak value of the vertical
displacement in the 4s meeting working scenario is
1.28 mm, which is twice that of the single vehicle.

In the 6s meeting working scenario, the vertical dis-
placement is also superimposed during the train rendezvous
time, and the peak value of the vertical displacement is 1.7
times that of the 4s single running scenario. In addition,
because the trains on both sides pass through the cross-
section in sequence during the 8 s meeting working scenario,
the peak vertical displacement is 0.6 mm, which is basically
the same as the 4 s single running scenario. Only the number
of vertical displacement fluctuations caused by the wheel and
rail is doubled.

Figure 12 shows the maximum displacement trend of the
monitoring points at different depths on the track center
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F1GURrE 10: The 1/3 octave spectrum and the average value of the divided frequency vibration level at point A of the track bed. (a) 4 s meeting
scenario. (b) 6 s meeting scenario. (c) 8s meeting scenario. (d) 4s single running scenario.

line. It can be seen from the figure that the maximum
displacement of the soil shows a decreasing trend with the
increase of distance, but the decreasing rate gradually de-
creases. In the range of 10-19 m, the maximum vertical
displacement gradually stabilizes. The maximum vertical
displacement at different depths is observed for the 4s
meeting scenario, followed by the 6 s meeting, 8 s meeting,
and 4s single running scenarios. The maximum vertical
displacement of the abovementioned 4 working scenarios is
1.046, 0.926, 0.554, and 0.545mm, and the minimum dis-
placement is 0.436, 0.386, 0.236, and 0.227 mm.

Figure 13 plots the time history curve of the horizontal
displacement of point A of the center of the track bed under
different working scenarios. It can be seen from the figure
that the horizontal displacement peak value in the 4s
meeting working scenario is 0.051 mm, which is about 1.8
times that of the 4 s single running scenario. Therefore, the
load is superimposed in the 6 s meeting working scenario,
and the horizontal displacement of point A increases in
3~5s. After superimposition, the horizontal displacement of
point A increases to 1.5 times that of the single running

scenario. In addition, the peak horizontal displacement of
point A in the 8 s meeting working scenario is basically the
same as that of the 4 s single scenario; only the displacement
fluctuation time is doubled.

4.4. Dynamic Strain Analysis. When subway vehicles are
running in the tunnel (multiple intersection conditions), the
moving load will produce the coupling vibration between the
vehicle and the tunnel structure, which will lead to the
dynamic strain of the track. The dynamic strain caused by
vibration affects the fatigue life and service life of tunnel
structure. Therefore, the analysis of dynamic strain caused
by moving load has very important theoretical significance
and practical value.

Figure 14 plots the dynamic strain time history curve of
point A in four kinds of meeting working scenarios. It can be
seen from the figure that the compressive strain peak appears
in the center of the track bed under the action of the train
load, and when the wheel set is not acting, the compressive
strain rapidly decreases and approaches to zero. The max-
imum compressive strain at point A reaches 11.9 ym under



Mathematical Problems in Engineering

e 2
b oo
. \

|
<
S
L

-0.6 1

Vertical displacement (mm)
&
o]

-1.0 -
-1.2 -
-1.4 T T T T T
0 1 2 3 4 5 6
Time (s)
—— 4-s meeting

—— 4-ssingle running

(a)

11

I

<

o
.

]
N
S

L

| I
o 2
o o
. .

-1.0 4

Vertical displacement (mm)

| |
— —
~ )
L

4 6 8 10
Time (s)

(=}
[38)

—— 6-s meeting
—— 8-s meeting

()

FIGURE 11: Time history curve of vertical displacement of track center. (a) Comparison curve of vertical displacement time between 4s
meeting and 4s single running scenarios. (b) Comparison curve of vertical displacement time between 6s and 8 s meeting scenarios.
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4s single running scenario and 23.5 ym under 4 s meeting
scenario, which is approximately twice that of 4s single
running scenario. The maximum compressive strain at 6s
meeting scenario also reaches 22.1 ym, which is approxi-
mately 1.8 times that of a single vehicle.

Figure 15 shows the attenuation trend of dynamic strain
at different foundation depths on the track center line. It can
be seen from the figure that the closer to the train load
position, the greater the dynamic strain of the soil. The strain
at point B, which is closest to the tunnel vault, reaches the

maximum strain at 381 ym in 4 s meeting working scenario.
Within 19 m above the vault, the maximum dynamic strain
of the soil decreases with the increase of the distance. For
different distance points under different working scenarios,
the maximum strain of the soil is observed for the 4s
meeting scenario, followed by the 6 s meeting, 8s meeting,
and 4 s single running scenarios, and the dynamic strain of
the soil under 8s working scenario is very close to the 4s
single running scenario due to the action time being
doubled.
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5. Conclusions

This paper takes the engineering construction of Dong-
shangou tunnel section of Qingdao Metro Line 11 as the
background to study the vibration response of subway
tunnels. Based on the ABAQUS finite element calculation
program, a metro train double-track tunnel-foundation
model is established. The dynamic response and the mon-
itoring points at different distances from the track center line
under four driving scenarios are analyzed.
The main conclusions are as follows:

(1) Due to the same load action period during the
meeting, the center acceleration of the track bed in
the 4s and 6s meeting working scenarios increased
significantly, the main frequency of vibration and the
peak value of the 1/3 octave spectrum increased by
about 5Hz, and the vibration level at the dominant
frequency increased by about 7dB. The environ-
mental vibration generated by subway operation
exceeding the limit will affect human health, and the
subway train will significantly increase the vibration
level.

(2) The vertical displacement, horizontal displacement,
and peak compressive strain peaks of the track bed
center in the 4s and 6s meeting driving scenarios
increased significantly, while the 8 s meeting and 4s
single running scenarios are basically the same, only
the action time is doubled. Considering the maxi-
mum vertical displacement of each depth position
under various working scenarios, the maximum
displacement is observed for the 4s meeting sce-
nario, followed by the 8 s meeting, 6 s meeting, and
4s single running scenarios.

(3) Under different working scenarios, the dynamic
response of the monitoring points on the track center
line decreases with the increase of distance, and the
decay rate gradually decreases. The dynamic re-
sponse is gradually stable in the range of 15-19m
above the vault.
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