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Abstract: Adding a middle partition wall is an effective method to prevent the interaction between the
upper and lower subway lines in a double-track tunnel, and the subsequent change in the dynamic
response of the tunnel structure caused by adding a middle partition wall has drawn attention. We
analyzed the displacement and acceleration responses of the upper part (zone A), the lower part
(zone B), the tunnel bed and the surrounding connecting part (zone C) of the double-track tunnel by
establishing a two-dimensional finite element model of the double-track tunnel and soil with and
without a middle partition wall. The numerical results demonstrate that the addition of the middle
partition wall improves the displacement and acceleration response distribution of the double-track
tunnel structure. Compared with single-train traffic, the addition of the middle partition wall brings
more obvious changes to the dynamic response of the double-track tunnel during double-train traffic.
The maximum displacement response decreases from 5.881 mm to 5.335 mm, and the maximum
acceleration response decreases from 18.51 m/s2 to 16.62 m/s2. The displacement response value
in the upper part increases from 1.0 mm to 1.5 mm, the acceleration response value increases from
3.0 m/s2 to 4.6 m/s2, the displacement response value in the tunnel bed and the surrounding
connecting part decreases from 5.0 mm to 3.0 mm, and the acceleration response value in the tunnel
bed and the surrounding connecting part decreases from 18.0 m/s2 to 10.0 m/s2. There is no obvious
change in the lower part. During double-train traffic, after adding the middle partition wall, the
horizontal displacement and horizontal acceleration response values of the double-track tunnel
structure decrease by about 30% to 45%; the vertical displacement response value of the connection
between the middle partition wall and the lining increases from 1.337 mm to 1.774 mm, an increase
of 32.7%, and the vertical acceleration of the lower half of the tunnel lining is partially transferred
to the upper half. The response values of horizontal displacement and acceleration in the middle
part of the middle partition wall are the largest, at 1.6 mm and 6.0 m/s2, while the response values of
vertical displacement and acceleration in the bottom of the partition wall are the largest, at 3.3 mm
and 9.0 m/s2. The research results provide a reference for the structural design of middle partition
walls to ensure the safety and stability of trains running in double-track tunnels.

Keywords: double-track tunnel; dynamic response; middle partition wall; numerical simulation

1. Introduction

With the substantial increase in the speed of urban rail transit, and in order to satisfy
the higher requirements of passengers for comfort, large-section double-track tunnels
have become a development trend. However, when accidents such as collisions and
fires occur in a double-track tunnel, they easily interfere with the operation of trains on
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another track, resulting in more serious accident consequences and losses. For example, on
18 August 1991, a fire broke out in the Dayaoshan tunnel. Passengers jumped out of the
train to escape and were in a dangerous position between the upper and lower subway
lines. At this time, a freight train entered the tunnel and collided with some other vehicles.
Among the passengers whose escaped through the windows, 10 people died on the spot,
16 people were seriously wounded, and 4 people were slightly injured, which constituted a
major casualty accident of the passenger train. Therefore, the addition of a middle partition
wall in a double-track tunnel has become an effective method to mitigate such accidents,
and the impact of the addition of a middle partition wall on the dynamic response of the
double-track tunnel under the train vibration load and the dynamic response law of the
middle partition wall structure must be investigated to ensure tunnel structure stability
and safe train operation.

At present, many scholars have conducted in-depth research on the dynamic response
of the double-track tunnel structure under the vibration load of a train from four aspects:
physical model test, on-site measurement, theoretical prediction, and numerical simulation.
Wya et al. experimentally studied the effect of cross-sectional shape on the dynamic
response of the tunnel, and tested circular, rectangular, and horseshoe-shaped tunnel
models [1]. Through dynamic centrifuge tests and numerical analysis, Tsinidis analyzed
the significant effects of lining stiffness and soil–tunnel interface characteristics on dynamic
lining stress [2]. Dmz et al. used centrifuge tests and numerical simulation methods to
study the mechanical behavior of large-diameter shield tunnels, and proposed design
suggestions for multi-layer formation large-diameter shield tunnels [3]. Li et al. conducted
large-scale geomechanical model tests and numerical simulations, revealing the destructive
behavior of the lining structure of the extra-large section tunnel, and the results showed
that the strength of the lining structure in the tunnel vault and other parts should be
strengthened [4]. Fan et al. used theoretical analysis methods to predict the dynamic
response of the ring lining tunnel with imperfect interface, and derived the stress and
displacement expressions of rock mass and lining based on the wave function expansion
method and the linear spring model [5]. Huang et al. established a damage constitutive
model, calculated and analyzed the dynamic response of a typical high-speed rail tunnel
structure, and found that the maximum damage was concentrated on the near-earth side
of the lower arch under the rail [6]. Real et al. constructed two-dimensional and three-
dimensional finite element models of railway tunnels, and found that the results of the
three-dimensional finite element model were relatively accurate, but the calculation time
was longer and the calculation demand was large [7]. Luo et al. studied the mechanical
behavior of long-span three-arch tunnel lining, and the results provided a reference for the
design and construction of long-span three-arch tunnels [8]. Based on the actual situation of
the large-diameter shield tunnel project of the main trunk canal of the Zhengzhou Intercity
Railway, Gao Yu et al. used the plane strain model to simulate and analyze the change
law of the vibration response of the tunnel train under the influence of factors such as the
speed and tunnel burial depth of the single and double trains, and clarified the sensitive
characteristics of different influencing factors to the vibration response of the tunnel, which
provided a design reference and basis for the selection of the tunnel line [9]. Based on the
first practice of intercity railway double-track large-diameter shield tunnel engineering,
Li et al. established a two-dimensional finite element model and considered the influence
of track unevenness value, waveform wear, and other factors, and studied the dynamic
response law of tunnel lining when the train running speed was 200 km/h, and the results
showed that the impact of double-train traffic and track unevenness on tunnel lining stress
was greater [10]. Bai et al. established a two-dimensional finite element model of two close
parallel tunnels, studied the elastoplastic dynamic response during single-train traffic and
double-train traffic, and found that the dynamic response value during double-train traffic
increased exponentially compared with that of single-train traffic [11]. The research objects
in the described studies were railway tunnels without middle partition walls. There are not
many studies on double-track tunnel with middle partition walls, and some scholars have
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elaborated on the key construction techniques of middle partition walls in double-track
tunnels [12–19]. Based on the engineering practice of the double-track large-section shield
tunnel with a middle partition wall, Zhang et al. established a two-dimensional finite
element model and studied the deformation characteristics of the double-track tunnel
with a middle partition wall under different loads; the research results showed that the
total vertical compression deformation of the middle partition tunnel is 2.8–2.9 mm under
three kinds of loads [20]. Hu et al. used the display nonlinear finite element method to
study the intersection condition of the double-track tunnel with a middle partition wall in
Nanjing, and compared the vertical displacement of the node caused by the intersection of
subway vehicles and the operation of a single train. The maximum displacement caused
by the operation of a single train is 0.38 mm, and the maximum displacement caused by
the intersection of subway vehicles is 0.6 mm. The results showed that the displacement
response is of small magnitude and the double-track tunnel is stable under the intersection
condition [21].

According to the aforementioned literature, the existing research methods for tunnel
dynamic response mainly include physical model tests, field measurements, theoretical
predictions, and numerical simulations. At present, the research on improving the dynamic
response of double-track tunnels is not deep enough, and adding the middle partition
wall is an innovative method to improve the dynamic response of double-track tunnels.
In this study, we established a double-track tunnel–soil 2D finite element model with and
without a middle partition wall and calculated the time–history curve of the train vibration
load at a running speed of 160 km/h. The dynamic response of the double-track tunnel
caused by adding a middle partition wall is analyzed from two aspects of displacement
response and acceleration response, and the dynamic response law of the middle partition
wall structure itself is studied. The research results provide a reference for the structural
design of middle partition walls to ensure the safety and stability of the trains running in
double-track tunnels.

2. Finite Element Model
2.1. Structural Design of a Double-Track Tunnel with Middle Partition Wall

Based on the actual project of the rail transit airport connecting line tunnel, the diame-
ter of the double-track tunnel of the middle partition wall is 13.6 m, the clearance area of the
single-line tunnel is 45.87 m2, and the left and right sides are the upper and lower subway
lines, respectively. The main structures are the lining, inverted arch, the middle partition
wall, ballast bed and rails, etc. The inner and outer diameters of the lining are 6.25 m and
6.80 m, respectively. The height of the middle partition wall is 9.136 m. Concrete and angle
steel are used to connect the wall and the lining. The structure is shown in Figure 1.
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2.2. Dynamics Fundamentals

Based on Hamilton’s principle, when analyzing the dynamic response of the tunnel
structure, the basic dynamic equation is as follows [22]:

[M]

{••
δ

}
+ [C]

{•
δ

}
+ [K]

{
δ
}
= [F(t)] (1)

where [M], [C], and [K] represent the mass matrix, damping matrix, and stiffness matrix,
respectively. [F(t)] represents the load of the structure.

{ ..
δ
}

,
{ .

δ
}

, and {δ} are the displace-
ment, velocity, and acceleration vectors of the structure, respectively. The mass matrix,
damping matrix, and stiffness matrix are calculated as follows:

[Me] =
y

ρ[N]T [N]dV (2)

[Ce] =
y

c[N]T [N]dV (3)

[Ke] =
y

[B]T [D][B]dV (4)

where ρ is the material density, c is the material damping coefficient, [N] is the shape
function matrix, [B] is the strain matrix, and [D] is the node displacement matrix.

2.3. Establishment of Soil–Tunnel Finite Element Model

Using the finite element software RADIOSS, the three-dimensional problem of a
several-kilometer-long tunnel is transformed into a two-dimensional plane strain problem
for analysis and solution, and the tunnel cross-section is taken to establish a soil–tunnel
model under the action of train vibration loads. PSHELL elements are used for soil and
concrete. The mesh size of tunnel structures such as lining, inverted arch, and the partition
wall is 100 mm [23]. Due to the large range of the soil layer, its mesh size can be slightly
larger, which is taken as 500 mm in this paper.

In the numerical model, the interface elements between the soil and the tunnel struc-
ture are coupled. To ensure the correct interaction [24–26], there were no sliding or
gap openings.

The elastoplastic model based on modern plastic theory is the most widely used
model in geotechnical constitutive models. The Drucker–Prager model can be used to
describe granular materials such as rock and soil. The Drucker–Prager model uses the
Drucker–Prager yield criterion, which approximates Mohr–Coulomb to modify the Von
Mises yield criterion. Both soil and concrete materials use the Drucker–Prager model
in this paper [27–30], which is a simple modification of the Von Mises criterion, and its
mathematical expression is:

F = αJ1 + (J2)
0.5 − κ = 0 (5)

where J1 is the first invariant of stress and J2 is the second invariant of stress. α and κ are
the experimental constants related to the friction angle and adhesion force, respectively,
inside the rock.  α = 2 sin ϕ√

3(3−sin ϕ)

κ = 6C cos ϕ√
3(3−sin ϕ)

(6)

where C is the cohesion and ϕ is the angle of internal friction.
As shown in Figure 2, the diameter of the tunnel is 13.6 m, and the lining thickness

is 550 mm. According to the general design drawing of the double-track tunnel with the
middle partition wall given by the cooperative enterprise, the minimum buried depth of
the tunnel is 1D (13.6 m), and the soil layer from top to bottom comprises a silty clay layer
(11.2 m), a powder clay layer (5.7 m), a fine silt layer (34.8 m), and a medium sand layer
(5.5 m). In the general design drawing, the furthest measuring point required is 28 m, so
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the left and right side and lower boundaries are taken 30 m from the outer side of the
tunnel lining.
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2.4. Dynamic Boundary Conditions

In the field of geotechnical engineering, the soil in a certain range needs to be analyzed
when the finite element method is used for simulation calculation. In order to achieve
convergence, certain boundary conditions must be set. In dynamic analysis, if the vibration
wave in the rock and soil is reflected when propagating to the boundary of the model,
the reflected wave will be superimposed with vibration waves in the limited domain.
The vibrations in actual soil spread outward, and the vibration wave superposition will
strengthen the vibration response of soil in the finite field, which affects the accuracy of
the calculation.

The viscous boundary was first proposed by Lysmer and Kuhlemeyer [31]. This
method sets a damper at the boundary of the model to absorb the vibration wave, so that
the vibration wave cannot be reflected indefinitely. It has high calculation accuracy and is
a widely used boundary condition at present. As shown in Figure 3, the green grid cells
are viscous artificial boundary cells. The dampers are set on the artificial boundary to
absorb the energy transferred to the boundary, and the normal and tangential stresses are
artificially applied along the boundary of the calculation area. Considering the geotechnical
medium as a semi-infinite medium, the train vibration load is transferred from top to
bottom, a viscous boundary is set, and viscous damping forces in two directions are applied
along the boundary surface [32]:

σn = −ρ0Cpvn (7)

σs = −ρ0Csvs (8)

where σn and σs are the normal and tangential stresses provided by the damper; ρ0 is
the boundary soil density; vn and vs are the boundary normal and tangential velocity
components; and Cp and Cs are the incident compression wave and shear wave velocity,
respectively. Among them, Cp and Cs are determined as follows:

Cp =

√
K + 4G/3

ρ0
(9)

Cs =

√
G
ρ0

(10)
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where K and C are the bulk modulus and shear modulus of the soil, respectively.
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2.5. Determination of Train Vibration Load

Li et al. found that the dynamic response of the tunnel structure under the train
vibration load time–history curve obtained by three different methods has little difference—
the structural dynamic stress and point displacement time–history curve are basically
consistent [33]. In this paper, the excitation force function method [34–36], which is the
most commonly used in research, is applied to simulate the train vibration load:

P(t) = k1k2(P0 + P1 sin ω1t + P2 sin ω2t + P3 sin ω3t) (11)

where k1 is the superposition coefficient of the adjacent wheel-rail force. According to the
literature [37], the value of k1 is generally 1.2–1.7, and is taken as 1.5 in this paper. k2 is
the dispersion coefficient of the rail, the value of k2 is generally 0.6–0.9, taken as 0.7 in
this paper. The unilateral static wheel weight is P0 = 80 kN. P1, P2, and P3 are the loads
corresponding to a typical sag value in the control conditions I, II, and III in Table 1.

Table 1. Track geometry for uneven management of classical values.

Control Condition Wavelength Li (m) Versine ai (mm)

According to smooth driving (I)
50 16
20 9
10 5

According to the dynamic
additional load acting on the line (II)

5 2.5
2 0.6
1 0.3

Wave wear (III)
0.5 0.1
0.05 0.005

Let the unsprung mass of the train be M0, and the load amplitude is:

Pi = M0aiω
2
i (12)

where ωi is the circular frequency corresponding to I, II, and III conditions at the driv-
ing speed.

ωi = 2πv/Li (13)
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where v is the running speed and Li is the typical wavelength of the geometrically un-
even curve.

Taking M0 = 750 kg, L1 = 10 m, a1 = 5 mm; L2 = 1 m, a2 = 0.3 mm; and L3 = 0.5 m,
a3 = 0.1 mm. Taking the train running speed v = 160 km/h, the total length of the six-series
train is 140 m, and it takes 3.2 s to cross the tunnel section at a speed of 160 km/h. The time–
history curve of the train vibration load is shown in Figure 4, which is applied vertically on
the track tread.
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2.6. Soil Layer, Tunnel Material Parameters, and Damping

According to the Technical Manual for Railway Engineering Design—Tunnel, the Second
Design Institute of Ministry of Railways: Beijing, China [38] and other relevant references [39],
the specific values of the static material parameters of the main structures of each soil layer
are shown in Table 2.

Table 2. Soil layer material parameters.

Material
Natural
Density
(kN/m3)

Deformation
Modulus

(MPa)

Poisson
Ratio

Cohesive
Strength

(kPa)

Internal
Friction

Angle (◦)

Silt soil layer 16.8 2.0 0.41 11.0 7.1
Powder clay layer 18.3 4.0 0.35 17.0 11.5

Fine powder sand layer 19.3 20.0 0.28 0.0 30.0
Medium sand layer 19.8 25.0 0.31 0.0 32.0

The material of the tunnel lining and the track bed is C60 concrete, the material of an
inverted arch and the middle partition wall is C40 concrete, the material of other concrete
filling areas is C30 concrete, and the material of the rail is U71Mn. Usually, the cohesion of
concrete is 300 kPa, and the internal friction angle is 60◦ [36]; it is safe to calculate according
to these values. The specific values of the static material parameters of the core structure of
the tunnel are shown in Table 3.
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Table 3. Tunnel material parameters.

Material Elastic Modulus (MPa) Poisson Ratio Density (kg/m3)

C30 31,000 0.2 2500
C40 33,500 0.2 2500
C60 36,500 0.167 2400

U71Mn 206,000 0.3 7900

The material damping is Rayleigh damping [40]. The form of Rayleigh damping is
composed of a mass matrix and a stiffness matrix:

[C] = α[M] + β[K] (14)

where [C], [M], and [K] represent the damping matrix, mass matrix, stiffness matrix, respec-
tively. α and β represent the mass damping and stiffness damping constant, respectively.

To obtain the desired formation results, a modal analysis of the model is performed
with damping parameters α and β:

α =
2ωiωj

(
ξiωj − ξ jωi

)
ωj

2 −ωi
2 (15)

β =
2
(
ξ jωj − ξiωi

)
ωj

2 −ωi
2 (16)

The damping ratio ζ0 of the soil layer around the tunnel is generally between 0.03
and 0.05, and the value in this paper is 0.05. From the above formula, the α of this model
can be calculated as 0.533, and the β is 0.004.

3. Verification of Finite Element Model

In reference [41], the field test and numerical simulation analysis of a domestic high-
speed railway double-track tunnel were carried out, and the transmission law of the
dynamic acceleration response of the lining arch ring caused by a train passing through the
tunnel at a speed of 300 km/h was analyzed. Figure 5 shows the tunnel contour and the
location of the measuring points in the reference. The clear height of the tunnel is 8780 mm,
the clear width is 126,000 mm, the inner diameter is 6650 mm, and the distance between the
center line of the up and down line is 5000 mm. Taking the arch foot as the starting point, a
measuring point is arranged every 1 m, with a total of six measuring points.
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Figure 5. Tunnel contour and measuring point position. Figure 5. Tunnel contour and measuring point position.

In order to verify the accuracy of the calculation method in this paper, the material
parameters, train vibration load, etc., in the reference are used as input parameters, and a
numerical model is established according to the modeling method in this paper, as shown
in Figure 6. In the model, the thickness of the soil layer on the left side and right side of the
tunnel was set as 40 m, the thickness of the soil layer at the bottom was set as 40 m, and the
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thickness of the soil layer at the top was set as 30 m. PSHELL elements were used for soil
and concrete, and the mesh size of tunnel structures, such as lining, is 100 mm. Due to the
larger range of the soil layer, its mesh size can be slightly larger, and is taken as 500 mm
in this model. The material parameters of the model [41] are shown in Table 4. Figure 7
shows the load time–history curves of a train with a speed of 300 km/h.
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Table 4. Main parameters of model material.

Material
Natural
Density
(kN/m3)

Deformation
Modulus

(MPa)

Poisson
Ratio

Cohesive
Strength

(MPa)

Internal
Friction

Angle (◦)

IV level of
surrounding rock 20 2.75 0.3 0.3 35

Primary support 21 24.6 0.21
The secondary lining 25 31.4 0.2
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Figure 7. Vibration load time curve of train: (a) left side vertical force simulation value; (b) right side
sag force simulation value.

When the train passes through the tunnel test section along the left line, the train is
on the side close to the test point. Figure 8 shows the vertical and horizontal acceleration
time–history curves of the reference and measuring point 6 in this paper, the black curve
is obtained by the actual measurement, and the blue curve is calculated by the numerical
model in this paper. It can be seen that the two acceleration trends are similar: the positive
peak value of vertical acceleration is 2.264 m/s2, which appears at 0.74 s, and the negative
peak value is −2.352 m/s2, which appears at 1.32 s; the positive peak value of horizontal
acceleration is 2.125 m/s2, which appears at 1.63 s, the negative peak value of horizontal
acceleration is −2.187 m/s2, which appears at 1.71 s. Compared with the acceleration time–
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history curve, the two peaks are close, the peak time is close, and the error is within 5%.
Therefore, the calculation method in this paper is accurate.
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Figure 8. Measuring point acceleration time course curve: (a) vertical acceleration time–history
curves of references and this paper; (b) the time–history curve of horizontal acceleration in the
reference literature and this paper.

4. Results and Discussion

In order to obtain the change in the dynamic response of the tunnel structure under the
train vibration load caused by the addition of the middle partition wall, the peak particle
displacement (PPD) and the peak particle acceleration (PPA) of each measuring point in
reference [42] are used as evaluation indicators in this paper. The calculation method of
PPD is as follows:

PPD = |x(t)| (17)

where t is the time, and x(t) is the time–history curve of the displacement response of the
model measuring point.

The calculation method of PPA is as follows:

PPA = |a(t)| (18)

where t is the time, and a(t) is the time–history curve of the acceleration response of the
model measuring point.

As shown in Figure 9, a total of six measuring points (A1–A6) are arranged at the four
end points of the double-track tunnel lining and at the positions of the arch feet, and six
measuring points are arranged at the corresponding positions (B1–B6) of the double-track
tunnel of the middle partition wall; the length of the partition wall is 9.136 m, the base is
0.4 m, and the measuring points are arranged on the part of the wall between the bottom
of the groove at the top of the wall and the upper end face of the base, with a total length
of 8.616 m. At the center line of the wall, there are five measuring points (C1–C5) evenly
arranged from top to bottom.
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Figure 9. Tunnel model and measuring point location: A1–A6 are the measuring points on the lining
and invert of the double-track tunnel; B1–B6 are the corresponding measuring points on the lining
and invert of the double-track tunnel with the middle partition wall; C1–C5 are the measuring points
on the middle partition wall.

4.1. Displacement Response Analysis

As shown in Figure 10, the tunnel structure is divided into three areas: the upper half of
the tunnel (zone A), the lower half of the tunnel (zone B), and the track bed and surrounding
connections (zone C). It can be found that at t = 2.45 s, the addition of the partition
wall reduces the maximum displacement response value of the tunnel from 5.881 mm to
5.335 mm, and greatly weakens the displacement response of zone C, but the displacement
response of zone A is slightly enhanced, while zone B has no significant change.
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Figure 10. t = 2.45 s, tunnel displacement response during double-train traffic: (a) double-track
tunnel; (b) double-track tunnel with middle partition wall; zone A is the upper half of the tunnel,
zone B is the lower half of the tunnel, zone C is the track bed and surrounding connections.

During single-train traffic, the PPHD of A1–A5 is close to that of B1–B5. Comparing
(a) and (b) in Figure 11, it can be clearly seen that A6 stands out, being 87.9% higher than
the PPHD of B6. The PPHD itself is small, so the middle partition wall has little impact on
it. The graph outlines of (c) and (d) in Figure 11 are similar, and the two are close, but the
PPVD of B1 is 32.9% higher than that of A1. B1 is at the connection between the middle
partition wall and the tunnel lining, and the train vibration load is applied in the form of
vertical excitation load. The application of the middle partition wall makes the upper and
lower parts of the tunnel lining have more connections, which transfers part of the vertical
displacement response of the lower part to the upper part, so as to enhance the vertical
displacement response of the joint. In general, during single-train traffic, the displacement
response of the tunnel on one side of the train is greater than that on the other side. Except
for the vertical displacement response of the double-track tunnel of the middle partition
wall at the connection (B1) being slightly enhanced, the PPVD at the location is close to
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that of the double-track tunnel; thus, the middle partition wall has little influence on the
displacement response of the tunnel during single-train traffic.
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Figure 11. PPD (mm) during single-train traffic: (a) PPHD of double-track tunnel; (b) PPHD of
double-track tunnel with middle partition wall; (c) PPVD of double-track tunnel; (d) PPVD of
double-track tunnel with middle partition wall; A1-A6 and B1-B6 here correspond to that of A1-A6
and B1-B6 in Figure 9.

During double-train traffic, comparing (a) and (b) in Figure 12, it can be seen that their
contours are consistent, bow-tie-shaped, and symmetrical on the left and right sides, and
the PPHD at the axis of symmetry is the smallest. The PPHD is about 30% higher than that
of the corresponding measuring points in the double-track tunnel of the middle partition
wall. Although the outlines of graphs (c) and (d) in Figure 12 are symmetrical on both left
and right rides, the PPVD of B1 is 32.7% higher than that of A1, protruding into a sharp
corner shape. Except for A1 and B1, the PPVD of the rest of the measuring points is close. In
general, during double-train traffic, the displacement responses of the double-track tunnel
and the double-track tunnel with the middle partition wall are distributed symmetrically,
but the horizontal displacement response of the double-track tunnel is stronger than that of
the double-track tunnel with the middle partition wall. Similar to the vertical displacement
response during single-train traffic, the application of the middle partition wall makes the
upper and lower parts of the tunnel lining have more connections, which transfers part of
the vertical displacement response of the lower part to the upper part, so as to enhance the
vertical displacement response of the joint, and they grow at the same rate. The vertical
displacement response values of the other measuring points are similar.

Hu Bao et al. [42] used the display nonlinear finite element method to study the
intersection condition of the double-track tunnel with a middle partition wall in Nanjing,
and compared the vertical displacement of the node caused by the intersection of subway
vehicles and the operation of a single train. The maximum vertical displacement caused
by the operation of a single train is 0.38 mm, and the maximum vertical displacement
caused by the intersection of subway vehicles is 0.6 mm. The node position studied above
corresponds to the B2 measuring point in this paper. The maximum vertical displacement
of point B2 during single-train traffic is 0.9692 mm, and the maximum vertical displacement
of point B2 during single-train traffic is 1.4484 mm. The response value of this paper is
greater than the response value of the above research, which may be because the train speed
set in this paper is twice that of the reference, and the diameter of the tunnel is greater. The
above study only focuses on the vertical displacement of the double-track tunnel with the
middle partition wall, while we make a full comparison of the dynamic response of the
double-track tunnel with and without the middle partition wall, and analyze the dynamic
response of the middle partition wall structure itself.
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Figure 12. PPD (mm) during double-train traffic: (a) PPHD of double-track tunnel; (b) PPHD
of double-track tunnel with middle partition wall; (c) PPVD of double-track tunnel; (d) PPVD of
double-track tunnel with middle partition wall; A1-A6 and B1-B6 here correspond to that of A1-A6
and B1-B6 in Figure 9.

It can be seen from Figure 13a that the horizontal displacement response of C3 in the
middle of the middle partition wall is the strongest during single-train or double-train
traffic, and C4 is similar to C3. The PPHD of C3 is 0.1907 mm during double-train traffic,
while the PPHD of C3 is 1.6492 mm during single-train traffic, which is about 8.65 times
that of double-train traffic, which may be because most of the PPHD cancel each other
out during double-train traffic, resulting in a substantial weakening of the horizontal
displacement response. It can be seen from Figure 13b that since the bottom of the middle
partition wall is closest to the point where the train vibration load is applied, the vertical
displacement response of C5 at the bottom of the partition middle wall is the strongest
during single-train or double-train traffic. The PPVD of the C5 is 1.7041 mm during single-
train traffic, while the PPVD of the C5 is 3.3560 mm during double-train traffic, which
is doubled, and the same is true for the rest of the measuring points. The train vibration
load is applied to the track tread in the form of a vertical excitation load, so the vertical
displacement response of double-train traffic increases exponentially. Figure 14a,b shows
the displacement response diagrams of the measuring points with the strongest horizontal
and vertical displacement responses, respectively. It can be seen that the displacement
responses of the measuring points are the same as the train vibration load time–history
curve, and both show a certain periodicity.
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Figure 14. Displacement response of middle partition wall measuring point: (a) horizontal displace-
ment response of C3 during single-train traffic; (b) vertical displacement response of C5 during
double-train traffic.

4.2. Acceleration Response Analysis

It can be seen from Figure 15 that, similar to the displacement response law, when
t = 2.45 s, the addition of the partition wall reduces the maximum acceleration response
value of the tunnel from 18.51 m/s2 to 16.62 m/s2, and greatly weakens the acceleration
response of zone C, but the acceleration response in zone A is slightly enhanced, while
zone B has no significant change.
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Figure 15. t = 2.45 s, tunnel acceleration response during double-train traffic: (a) double-track tunnel;
(b) double-track tunnel with middle partition wall; zone A is the upper half of the tunnel, zone B is
the lower half of the tunnel, zone C is the track bed and surrounding connections.

During single-train traffic, the graph outlines in (a) and (b) in Figure 16 are similar,
except A2 is 29.0% higher than B2, and the PPHA of all measuring points of the double-track
tunnel is slightly larger than that of the middle partition wall double-track tunnel. The
graph outlines in (c) and (d) in Figure 16 are similar; the PPVA of B2 and B6 are slightly
larger than those of A2 and A6, while the PPVA of the remaining four measuring points of
the double-track tunnel are slightly larger than those of the middle partition wall double-
track tunnel. In general, during single-train traffic, the acceleration response of one side
of the train is stronger than the other. The horizontal acceleration response value of all
measuring points in the double-track tunnel is larger than that of the middle partition wall
double-track tunnel, while the vertical acceleration response value of the two is closer. In
other words, their acceleration responses are similar during single-train traffic.
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Figure 16. PPA (m/s2) during single-train traffic: (a) PPHA of double-track tunnel; (b) PPHA of
double-track tunnel with middle partition wall; (c) PPVA of double-track tunnel; (d) PPVA of double-
track tunnel with middle partition wall; A1–A6 and B1–B6 here correspond to that of A1–A6 and
B1–B6 in Figure 9.

Comparing (a) and (b) in Figure 17 during double-train traffic, the horizontal dis-
placement response is similar to that of single-train traffic; the contours are the same, in
the shape of a bow; the left and right sides are symmetrical; and the PPHA at the axis of
symmetry is the smallest, with the PPHA of A2, A3, A5, and A6 being about 45% higher
than that of the corresponding measuring points of the double-track tunnel with the middle
partition wall. The graph outlines of (c) and (d) in Figure 17 are similar, and are similar to
the vertical acceleration response during single-train traffic. The PPVA is slightly larger than
that of the middle partition wall double-track tunnel. In general, during double-train traffic,
the displacement responses of the double-track tunnel and the double-track tunnel with
the middle partition wall are distributed symmetrically, and the horizontal acceleration
response of the double-track tunnel is larger than that of the double-track tunnel with the
middle partition wall. The train vibration load is applied in the form of vertical excitation
load, and the application of the middle partition wall makes the upper and lower parts of
the tunnel lining have more connections, which transfers part of the vertical displacement
response of the lower part to the upper part.
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Figure 17. PPA (m/s2) during double-train traffic: (a) PPHA of double-track tunnel; (b) PPHA of
double-track tunnel with middle partition wall; (c) PPVA of double-track tunnel; (d) PPVA of double-
track tunnel with middle partition wall; A1–A6 and B1-B6 here correspond to that of A1–A6 and
B1–B6 in Figure 9.

From Figure 18a, it can be seen that the horizontal acceleration response of C3 in the
middle of the middle partition wall is the strongest during single-train or double-train
traffic, and C4 is similar to C3. During double-train traffic, the PPHA of C3 is 6.1293 m/s2,
while during single-train traffic, the PPHA of C3 is 0.2151 m/s2, which is about 28.5 times
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that of double-train traffic. This may be due to the fact that most PPHA cancel each other
out during double-train traffic, resulting in a substantial weakening of the horizontal
acceleration response. It can be seen from Figure 18b that since the bottom of the partition
wall is closest to the point where the train vibration load is applied, the vertical acceleration
response at the bottom of the middle partition wall C5 is the strongest. During single-
train traffic, the PPVA of the C5 is 4.6473 m/s2, while the PPVA of the C5 is 9.1740 m/s2

during double-train traffic, which is almost doubled, and the same is true for the rest
of the measuring points. This is because the train vibration load is applied to the track
tread in the form of a vertical excitation load, so the vertical acceleration response during
double-track traffic increases exponentially. Figure 19a,b shows the acceleration response
diagrams of the measuring points with the strongest horizontal and vertical acceleration
responses, respectively, and the acceleration responses of the measuring points also show a
certain periodicity.
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5. Conclusions

Using the numerical simulation method, we established detailed double-track tunnel–
soil models with and without a middle partition wall, and studied the influence of
adding a middle partition wall on the dynamic response distribution of the double-track
tunnel structure.

(1) The addition of a middle partition wall in a double-track tunnel has brought sig-
nificant changes to the dynamic response distribution of the tunnel structure. The
dynamic response distribution of the double-track tunnel structure is more uniform.
The maximum displacement response value of the tunnel decreases from 5.881 mm to
5.335 mm, and the maximum acceleration response value changes from 18.51 m/s2 to
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16.62 m/s2. The vertical displacement and acceleration responses show an increasing
trend, but the horizontal displacement and acceleration responses show a weakening
trend. The addition of the partition wall connects zone A and zone C. The displace-
ment response value of zone A increases from 1.0 mm to 1.5 mm, and the acceleration
response value increases from 3.0 m/s2 to 4.6 m/s2. The displacement response value
of zone C decreases from 5 mm to 3 mm, a decrease of about 40%. The acceleration
response value of zone C decreases from 18 m/s2 to 10 m/s2, a decrease of about 45%.
There is no significant change in zone B.

(2) Compared with single-train traffic, the addition of the middle partition wall brings
more obvious changes to the dynamic response of the double-track tunnel during
double-train traffic. During double-train traffic after adding the middle partition wall,
the horizontal displacement and horizontal acceleration response values of the double-
track tunnel structure decrease by about 30% to 45%, the horizontal displacement of
B2 decreases from 0.3386 mm to 0.2591 mm, and the horizontal acceleration decreases
from 1.4784 m/s2 to 1.0245 m/s2. The vertical displacement response value of the
connection between the middle partition wall and the lining increases from 1.337 mm
to 1.774 mm, an increase of 32.7%, and the vertical acceleration of the lower half of the
tunnel lining is partially transferred to the upper half.

(3) Under the train vibration load, the dynamic response of the middle partition wall
structure has certain rules. The horizontal displacement and acceleration response
values of the middle of the middle partition wall are the largest, which are 1.6 mm
and 6.0 m/s2, and the vertical displacement and acceleration response values of the
bottom of the middle partition wall are the largest, which are 3.3 mm and 9.0 m/s2.
The horizontal displacement and acceleration response values during double-train
traffic are only 1/8 and 1/28 of those during single-train traffic, and the vertical
displacement and acceleration response during single-train traffic are 1/2 of those
during single-train traffic.

(4) In this study, the influence of the middle partition wall on the dynamic response of the
double-track tunnel was analyzed by establishing a two-dimensional finite element
tunnel model, but it lacked the support of experimental data. In the future, field
measurements or physical model tests will be considered, and a three-dimensional
finite element model will be established to further study the tunnel dynamic response
in time and space.
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