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Relying on the project of the open-cut municipal tunnel undercrossing Ankang Freight V yard, the train dynamic response and
seismic response of ultrashallow-buried rectangular tunnel of the lower interchange are studied, respectively, by combining the
method of field measurement and numerical simulation. The results show that under the action of train vibration load, the
dynamic stress response of the top plate midspan and the upper end of the side wall of the tunnel cross section directly below the
rail is the most significant, and the dynamic stress response of the bottom plate is the smallest. Under the rare earthquake, the
tunnel structure has large transverse deformation, in which the transverse displacement of the tunnel roof is the largest. At the
same time, there is a large stress concentration at the variable section of the tunnel.

1. Introduction

With the development of cities, the demand for the con-
struction of transportation facilities is increasing, and the
situation where the newly built line intersects with the al-
ready-built line is also gradually increasing. Due to the
limitations of existing lines and the need for comprehensive
development and utilization of underground space, a large
number of undercrossing tunnels have appeared, and es-
pecially, there are many engineering examples of new
tunnels built in close distance under the existing railway line.
The existing design methods simplify the train load into
medium load without considering the influence of dynamic
stress caused by train operation [1]. This static design idea
often underestimates the effect of the upper train’s dynamic
stress. For example, the investigation of the undercrossing
tunnels of the management section of the Hangzhou Railway
branch of the China Railway Administration showed that
there were 5 different undercrossing tunnels cracking within

a range of more than 60 kilometers from K12+500 to
K75+ 600, and the maximum crack width was up to 1 mm.
Therefore, this kind of problem has become an important
and unavoidable problem in the current underground
structure design. At present, the research on undercrossing
tunnel mainly focuses on the impact of proximity con-
struction of tunnel undercrossing existing railway lines
[2-9] and the dynamic response of the tunnel structure. For
example, Chai [10] took a tunnel passing through the Bei-
jing-Shanghai high-speed railway as the research back-
ground and used FLAC3D software to simulate the dynamic
response law of the underlying tunnel lining structure under
the action of train vibration loads and different construction
stages. Zheng et al. [11] obtained the longitudinal distri-
bution law of tunnel vault pressure under dynamic train load
by using three-dimensional calculation. In addition, a large
number of earthquake disasters indicate that the under-
ground structure, such as the metro tunnel, is not safe and
reliable as people think and can also be destroyed and
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FIGURE 1: Schematic diagram of the tunnel undercrossing the
existing railway line.

FIGURE 2: Positional relationship between horizontal steel bars in
tunnel cross section and existing railway line.

collapsed under the action of an earthquake [12, 13].
Therefore, the research on the seismic response of under-
ground structures can also not be ignored. For example,
Wang et al. [14] used 3D nonlinear finite element software to
study the seismic response of the cross-sectional tunnel of
Hangzhou Metro Line 1 and provided the calculation results
of the seismic response of the subway tunnel and the var-
iation law of lining deformation stress. Some scholars start
from the dynamic interaction of soil-underground structure
and conduct seismic research and analysis of underground
structure by using experimental research and numerical
simulation methods [15, 16]. Throughout the research lit-
erature on the underground structure, there is a lack of
research on the dynamic response of ultrashallow-buried
tunnel structure at the lower interchange during train op-
eration, and extreme cases such as the seismic response of
ultrashallow-buried tunnels are even less considered.
Therefore, by studying the dynamic response of ultra-
shallow-buried tunnel structure under train vibration and
earthquake, respectively, it provides a theoretical basis for
the structural design and safe operation of ultrashallow-
buried tunnel at the lower interchange, which has important
theoretical significance in and engineering practical value.

2. Project Overview

This topic originates from the construction project of the
Jiangbei section of the main road around the city in Ankang
City, China (hereinafter, referred to as the north ring line).
The starting section of the north ring line passes through the
existing Ankang East freight station in the form of a tunnel,
in which the proposed tunnel is of left and right split type,
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FIGURE 4: Layout diagram of concrete stress gauges of 1-1 profile
~3-3 profile.

with a net distance of 7.2 m between the two tunnels. The
tunnel crosses 13 tracks of Ankang East freight station from
south to north, with a total length of 170 m, as shown in
Figure 1. The cross section of the tunnel is rectangular, and
the lower part of the tunnel bottom plate is a 30 cm thick C20
concrete cushion, and the average thickness of the covering
soil on the roof of the tunnel is 1.5m. The tunnel is a
concrete structure with a concrete strength grade of C40, in
which the horizontal steel bars in the tunnel cross section are
parallel to the railway line, as shown in Figure 2. In addition,
geological survey results show that the soil of the site from
top to bottom is the Quaternary Holocene artificial accu-
mulation layer Q™ plain fill, the Quaternary Holocene
alluvial layer silty clay, the Quaternary upper alluvial layer
Q;’l(silty clay), and pebble soil.

3. Field Monitoring and Analysis

3.1. Sensor Installation Scheme. Additional dynamic stress
will be generated inside the underlying tunnel structure
under the action of the train vibration load. In order to
directly reflect the dynamic stress response law of each part
of the tunnel under the action of the train dynamic load, the
second section tunnel is selected as the monitoring object,
and concrete stress gauges are arranged in the tunnel cross
sections directly below the 1~3 tracks, respectively, as shown
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FIGURE 5: Installation diagram of a group of concrete stress gauges.

FIGURE 6: Schematic diagram of the automated acquisition system.

in Figure 3. It can be seen from Figure 3 that there is no train
track above the first section of the tunnel. The cross-section
heights of the two sections of the tunnel are different, and
their variable cross-section positions are connected by a
head-plugging wall. Five groups of monitoring points are set
up at each cross section in the second section of the tunnel,
and the specific locations and corresponding numbers are
shown in Figures 3 and 4. The field installation diagram of
one group of concrete stress gauges is shown in Figure 5. In
addition, the cross section of the tunnel has a span of 15m
and a height of 11.8 m, and the thickness of the side wall and
bottom plate is 1.2 m; the thickness of the top plate is 1.1 m;
the thickness of the head-plugging wall is 1 m.

After the sensor is installed, the sensor cable is led out
and connected to the automatic acquisition box, as shown in
Figure 6. After the tunnel is completed, when the train passes
above the tunnel, the automatic acquisition system sends the
data collected on-site to the platform through wireless
communication technology, and after the data are analyzed
and processed, the monitoring results are obtained.

3.2. Field Monitoring Results Analysis. During the operation
period, the dynamic stress limit of tunnel structure refers to
the “code for design on reinforced and prestressed concrete
structure of railway bridge and culvert [17],” and the tensile
and compressive dynamic stresses of concrete structures
under repeated train loads are stipulated as follows:

0,<0.7f s (1)
0,<0.55f,, ()

where o, is the tensile stress of concrete structure (MPa), f,
is the ultimate tensile strength of concrete (MPa), o, is the
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FIGURE 7: Maximum dynamic stress value of each monitoring
point.

FIGURE 8: Schematic diagram of 3D finite element model.

compressive stress of concrete structure (MPa), and f_ is the
ultimate compressive strength of concrete (MPa).

Since the ultimate tensile strength of C40 concrete is
2.7MPa and the ultimate compressive strength is 27 MPa,
the tensile and compressive dynamic stress limits of the
tunnel structure are 1.89 MPa and 14.85 MPa, respectively,
according to the above formula.

According to the on-site monitoring results, when the
trains with the same counterweight and the same speed pass
through the three tracks above the tunnel, respectively, the
dynamic stress generated by the tunnel cross section directly
below each track is approximately the same. Therefore, the
dynamic stress distribution of only one of the tunnel cross
sections is studied. Among them, the model of the passing
train is a P70 boxcar, about 40, each with a length of 16 m, a
wheelbase of 1.83 m, an average weight of 70t per boxcar,
and a speed of 45km/h. Under the above working condi-
tions, the dynamic stress at each monitoring point of the
tunnel cross section directly below the second track is shown
in Figure 7 (“+” in the figure represents tensile stress, and “~”
represents compressive stress). It can be seen from the figure
that the maximum horizontal dynamic tensile stress occurs
top plate midspan directly below the rail, and its value is



4 Advances in Civil Engineering
TaBLE 1: Material physical and mechanical parameters table.

Material Elastic modulus/Gpa  Poisson’s ratio  Density/ (kN-m™) Cohesion/kPa Internal friction angle/(°)  Thickness (m)

Plain fill 0.006 0.3 18.5 8 10 2

Silty clay 0.012 0.3 19.6 32 15 22

Pebble layer 0.046 0.2 21.2 0.1 40 16

TaBLE 2: Material physical and mechanical parameters table.

Structure name Category Elastic modulus/Gpa Poisson’s ratio Density/(kN-m )
Ballast Gravel ballast 0.01 0.3 18
Tunnel lining C40 concrete 32.5 0.2 25

Time (s) 14 -
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FIGURE 9: Time-history curve of dynamic compressive stress at
each part of the left tunnel cross section.

1.1 MPa, which reaches 59% of the ultimate tensile strength
of concrete. The maximum vertical dynamic compressive
stress appears at the upper end of the side wall, and its value
is 3.8 MPa, which reaches 26% of the ultimate compressive
strength of concrete. It can be seen that the damage to the
tunnel structure is mainly controlled by the tensile
strength. From the stress vibration index, when the train
passes over the tunnel, the tensile and compressive dy-
namic stresses of the structure are far less than the dynamic
stress limit of the concrete material, which shows that a
single train vibration load will not cause the strength
damage of the tunnel structure. From the overall distri-
bution of dynamic stress of the tunnel structure, the train
vibration load has a relatively great impact on the upper
end of the tunnel side wall and the top plate, and the
dynamic stress of each monitoring point of the structure
decreases with the increase of the distance from the vi-
bration source. Among them, the dynamic stress of the
tunnel bottom plate furthest from the vibration source
decreases by 90% compared with the dynamic stress of the
tunnel top plate, indicating that the dynamic stress re-
sponse of the tunnel structure decays rapidly.

Dynamic stress (MPa)

Time (s)

—— lower end of left wall ~—— lower end of right wall

—— middle of left wall —— middle of right wall
—— upper end of right wall tunnel roof
—— upper end of left wall —— tunnel floor

FIGURE 10: Time-history curve of dynamic tensile stress at each part
of the left tunnel cross section.

4. Numerical Simulation Analysis

4.1. Model Building. In addition to field monitoring, the
corresponding finite element model is established with the
help of midas GTS NX for numerical simulation. Consid-
ering the boundary effect, the size of the stratum model is
length x width x height =146 m x 34 m x 40 m, as shown in
Figure 8. The stratum model adopts the hybrid grid dom-
inated by hexahedron, and the tunnel model adopts a
quadrilateral grid. The meshes closer to the tunnel are
denser, and the meshes farther from the tunnel are coarser.
The minimum unit size in the overall model is 50 cm, and the
maximum unit size is 100 cm. In addition, roller horizontal
constraints are applied to the periphery of the stratum
model, and the vertical constraints are applied to the bottom.
The static boundary is selected as the boundary condition of
dynamic calculation, so as to suppress the reflection of vi-
bration wave on the model boundary. Due to the fact that
there are many freight train carriages in the actual situation,
it is impossible to simulate all of them due to the limitation
of calculation conditions. Therefore, targeted verification
and analysis are required. In the numerical simulation
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FIGURE 11: Transverse relative displacement of the stratum.
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FIGURE 12: Tunnel transverse relative displacement.

working conditions, it is only considered that the train is six
carriages and passes through the middle track above the
tunnel. Other working conditions of simulated train dy-
namic load are the same as those of the actual train.

4.2. Material Constitutive Relationship and Calculation
Parameters. The elastic-plastic model is selected for the
surrounding rock, and the Mohr-Coulomb vyield criterion
was followed. According to the site geological survey data,
the soil of the site is plain fill, silty clay, and pebble soil from
top to bottom, and the physical and mechanical parameters
of the formation are shown in Table 1. The elastic model is
selected for the tunnel structure and ballast, and the cor-
responding parameters are shown in Table 2.

4.3. Model Verification. According to the numerical simu-
lation results, under the action of train vibration load, the
dynamic stress of the left and right line tunnels is sym-
metrically distributed. Among them, the dynamic stress
time-history curve of each part of the left tunnel section is
shown in Figures 9 and 10. It can be seen from the figure that
the dynamic stress amplitude near the vibration source
fluctuates greatly, and the dynamic stress amplitude far away
from the vibration source fluctuates less. Secondly, the peak

value of dynamic stress at each part of the tunnel cross
section is different. Among them, the dynamic tensile stress
at the top slab midspan is the largest, with the maximum
peak value of 1.13 MPa, and the dynamic compressive stress
at the upper end of the side wall is the largest, with the
maximum peak value of 3.9 MPa. The dynamic stress at the
bottom plate is the smallest, with the peak value of dynamic
tensile stress of 0.3 MPa and the peak value of dynamic
compressive stress of 0.2 MPa. The peak value of dynamic
stress at each part calculated by numerical simulation is
basically consistent with the measured value in Section 3.2,
which shows that the numerical simulation can better re-
store the actual situation of the site. It also proves that the
numerical model has good similarity and reliability, which
can be used for further seismic analysis.

4.4. Seismic Response Analysis. A free field boundary is
added on the basis of the verified three-dimensional nu-
merical model, and then, a Taft seismic wave with a peak
acceleration of 0.2 g is input for linear time history analysis.
As shown in Figures 11 and 12, it can be seen from the cloud
diagram of transverse relative displacement of the stratum
and the tunnel that under the action of the rare earthquake,
the transverse displacement of the whole stratum is inversely
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FIGURE 13: Principal stress cloud diagram of the tunnel.

proportional to the buried depth of the soil, in which the
maximum transverse displacement occurs in the upper soil
layer, which is 28 mm, indicating that shallow-buried tun-
nels are more susceptible to earthquake damage than deep-
buried tunnels. This is consistent with Sharma and other
scholars’ investigation conclusions on seismic damage to
underground structures [18-20]. Secondly, the maximum
transverse displacement of the tunnel structure appears in
the top plate of the tunnel, which is 15 m, and the minimum
transverse displacement appears in the bottom plate of the
tunnel, which is 12 mm, indicating that the tunnel has large
transverse deformation. As shown in Figure 13, it can be
seen from the tunnel stress cloud diagram that when the
tunnel has large transverse deformation, there is a large
stress concentration at the variable section of the tunnel, in
which the principal tensile stress at the variable section on
the left side of the tunnel reaches 20 MPa, the principal
compressive stress at the variable section on the right side of
the tunnel reaches 8 MPa, and the seismic response on the
left side is more obvious than that on the right side. In
addition, the tensile stress and compressive stress of the
entire tunnel cross section are distributed diagonally sym-
metrical; that is, one pair of opposite corners and the pe-
riphery of the tunnel are under tension, and the other pair of
opposite corners and the periphery are under compression.

5. Conclusion

In this paper, the train dynamic response and seismic
response of lower interchange ultrashallow-buried tunnel
structure are analyzed. The main conclusions are as
follows:

(1) The dynamic stress amplitude of the tunnel structure
decreases with the increase of the distance from the
vibration source. Either in absolute value or upper
and lower vibration amplitude, the dynamic tensile
stress of the midspan of the tunnel roof and the
dynamic compressive stress of the upper end of the
side wall are obviously larger than those of other
parts. The proportion of the maximum dynamic

tensile stress in the ultimate tensile strength of
concrete is significantly greater than that of the
maximum dynamic compressive stress in the ulti-
mate compressive strength of concrete. Therefore,
the failure of the tunnel structure is mainly con-
trolled by the tensile strength.

(2) Under the rare earthquake, the tunnel structure
appears large transverse deformation, and the
transverse displacement of the upper part of the
tunnel is significantly greater than that of the lower
part of the tunnel, in which the transverse dis-
placement of the tunnel roof is the largest. There is a
large stress concentration at the variable cross-sec-
tion position of the tunnel, in which the maximum
principal tensile stress appears at the variable cross-
section position on the left side of the tunnel, with a
value of 20MPa, and the maximum principal
compressive stress occurs at the variable cross-sec-
tion position on the right side of the tunnel, with a
value of 8 MPa. Therefore, in the actual project, the
thickness of the head-plugging wall at the variable
cross-section position can be appropriately in-
creased, and the connection with the side wall can be
strengthened to reduce the impact of earthquake
action.
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