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.e Chongqing metro line 6 underpass expressway around the city is taken as an engineering background, and the optimal
excavation sequence and corresponding control countermeasures for the triangular-distributed three-line metro tunnel underpass
expressway are studied. .e influences of excavation sequence on the tunnel surrounding rock deformation, surrounding rock
stress, supporting structure stress, plastic zone, and surface settlement are analyzed by using MIDAS/GTS NX finite element
software. .e numerical simulation results showed that Case 1 is the optimal excavation sequence of the metro tunnel. However,
the surface settlement under the optimal excavation sequence exceeds the limit value of 30mm, which cannot guarantee the safety
of expressway traffic. On this basis, the control measure for strengthening the three-line tunnels with advanced small pipe grouting
and reinforcing the middle tunnel with concrete-filled steel tube piles are proposed. Moreover, the excavation process of the metro
tunnel with and without reinforcement schemes is numerically simulated. .e results show that the reinforcement scheme can
effectively control the surface settlement value within the limited value (16.47mm), which is close to the maximum surface
settlement of 18.31mm after the metro tunnel excavation is completed, indicating that the proposed reinforcement scheme is
beneficial to ensure the safety of metro tunnel construction and the driving safety of the expressway.

1. Introduction

Newly built metro tunnels underpassing through the upper
existing buildings (structures) and traffic lines are common
engineering problems in urban infrastructure construction
[1–3]. During the construction of metro tunnels, it is very
easy to cause large surface settlement, which will threaten the
safety of existing buildings (structures) and traffic lines on
the upper part [4–6]. .erefore, it is necessary to study the
impact of metro tunnel construction on the existing
buildings (structures) and traffic lines and the corresponding
construction control countermeasures [7–9].

In order to ensure the safety of metro tunnel con-
struction and reduce the impact on existing buildings
(structures) and traffic lines, relevant scholars have con-
ducted a lot of research studies on metro tunnel

underpassing projects and corresponding control measures
[10–12]. Lu [13] used the CAESAR II software to establish
the stress analysis model of Yanyingshan tunnel pipeline
based on the Lantsang tunnel crossing pipeline project and
studied the change law of pipeline stress state and dis-
placement during tunnel construction. Liu et al. [14] used
the MIDAS/GTS NX finite element software to analyze the
impact of shield tunnel construction on the existing railway
by taking Zhengzhoumetro line 4 under the Longhai railway
as an example. Chung et al. [15] studied the influence of
continuous excavation of new metro tunnels on the stability
of existing metro tunnels using numerical simulation
methods and proposed the best excavation sequence and
reinforcement methods to ensure the stability of metro
tunnel entrances and exits. Xing et al. [16] studied the impact
of precipitation and newmetro excavation on existing metro
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tunnels through theoretical analysis and finite element
simulation and proposed groundwater treatment measures
and protection schemes for existing metro tunnels. Zhang
et al. [17] used real-time monitoring data to analyze the
impact of the construction of a new metro tunnel on the
existing tunnel, and the results showed that advanced
grouting can achieve the overall uplift within the reinforced
area, and jack hoisting is the key to suppressing the set-
tlement. Lai et al. [18] proposed a method for predicting the
surface settlement caused by the construction of a metro
double tunnel underneath the existing tunnel based on the
comprehensive analysis of the coupling effect of the new
tunnel, soil, and existing tunnel, with the effectiveness of the
method verified by engineering examples. Jin et al. [19]
studied the influence of shield tunnels on the surface set-
tlement of existing tunnels during the construction process
based on themonitoring data of a large number of underpass
metro tunnel construction cases and pointed out that the
longitudinal additional stress of the existing tunnels is the
main reason which caused the tunnel lining water seepage
and structure damage Wu et al. [20] used a combination of
the numerical simulation and model test to study the in-
fluence of the constructionmethod of a newmetro tunnel on
the deformation and stability of the existing structure. Zhou
et al. [21] established a theoretical model of deformation
prediction caused by a new tunnel underpassing an existing
tunnel based on the Peck formula and used the Beijing metro
line 10 underpassing metro line 1 as an engineering case to
verify the rationality of the model. Castaldo et al. [22] used
the results of the numerical model of the boundary value
problem and proposed a simplified probabilistic method to
evaluate the impact of the new tunnel excavation on the
adjacent existing buildings. Lai et al. [6] studied the influence
of shield tunnel construction on the settlement character-
istics of existing tunnels based on on-site monitoring data
and numerical simulation software, and the results showed
that the deformation of existing tunnels caused by shield
tunneling was mainly the vertical settlement, accompanied
by the torsion deformation. At present, most of the two-line
or three-line metro tunnels under construction and already
built are in parallel in a straight line, while the triangular-
distributed three-line tunnel section is still rare in metro
construction [23–26]. .e tunnel structure of this section is
more complicated. Different construction methods and
excavation sequence differences will have an important
impact on the tunnel support structure, surrounding rock
stress, deformation characteristics, surface settlement, upper
existing buildings (structures), and traffic routes [27–32]. In
the case in which the construction method is determined,
determining the optimal excavation sequence is of great
significance for reducing the disturbance of the surrounding
rock and ensuring the stability of the tunnel structure, upper
existing buildings (structures), and traffic safety [33–37].

Based on the Chongqing metro tunnel line 6 under-
passing through the expressway around the city, theMIDAS/
GTS NX numerical simulation software is used to simulate
the surrounding rock deformation, supporting structure
stress distribution, and surface settlement of the metro
tunnel under different excavation sequences, and the

optimal excavation sequence is determined. On this basis,
the control measure for strengthening the three-line tunnels
with advanced small pipe grouting and reinforcing the
middle tunnel with concrete-filled steel tube piles is pro-
posed, and the numerical simulation of the metro tunnel
excavation process with and without reinforcement schemes
is carried out.

2. Project Overview and
Construction Difficulties

2.1. Project Overview. Chongqing metro line 6 from Qingxi
River to Liujiayuanzi section of the two-lane tunnel (left and
right lines) and Caojiawan access section right line (middle
line), a total of three tunnels at K17 + 520 ∼ K17+ 960
(YCK0+380 ∼ YCK0+870), with the mileage section
underpassing through the expressway around the city and
the service area. .e excavation section of this part of the
tunnel is about 7.11m high and 7.06m wide, and the section
is underpassing through the fill area. In the mileage section
of K17 + 680 ∼ K17+ 720, these three tunnels are distributed
in a triangle and underpassing through the expressway
around the city. .e intersection angle between the axis of
the metro tunnel and axis of the expressway is about 69°,
underpassing distance is about 40m, overlying fill range is
about 135m, and minimum distance from the tunnel vault
to the expressway around the city is about 7.2m. .e
schematic plan and cross-sectional distribution diagram for
the metro tunnel underpassing through the expressway
around the city are shown in Figures 1 and 2, respectively.

2.2. Engineering Geological Conditions and Hydrogeological
Conditions. .e metro tunnel stratum mainly includes the
Quaternary Holocene fill layer (Q4

ml), Quaternary Holocene
residual slope clay (Q4

el+dl), Jurassic Middle Shaximiao
Formation (J2s) sandstone, and sandy mudstone. .e
Quaternary Holocene system fill layer (Q4

ml) is mainly plain
fill, distributed in the artificial reconstruction area along the
tunnel, with a maximum thickness of about 28.3m. .e
Quaternary Holocene residual slope cohesive soil (Q4

el+dl) is
mainly silty clay, distributed in the nonartificially modified
area along the tunnel; the thickness of the soil layer is about
0.2–5.2m, and the local thickness can reach 8.5m. .e
Middle Jurassic Shaximiao Formation (J2s) is mainly com-
posed of moderately weathered sandstone and sandy
mudstone; the rock mass is not developed with cracks, and
the rock mass is relatively complete, which belongs to class
III surrounding rock; however, the sandy mudstone in some
sections has a relatively large sand content and large strength
variability and belongs to the V-level surrounding rock.

.e groundwater along the tunnel is mainly Quaternary
loose layer pore water and bedrock fissure water. .e loose
layer pore water is mainly distributed in the artificial fill
layer and residual slope layer. .e amount of water is small,
and it is greatly affected by climate and seasonal changes.
Bedrock fissure water is mainly distributed in the strong
weathering zone of the shallow bedrock and the middle and
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lower-middle-thick massive bedrock fissures. .e amount
of water is small, and it is greatly affected by seasonality.

2.3. Engineering Difficulties

(1) Most of the two-line or three-line metro tunnels
currently under construction and already built are
distributed in parallel in a straight line. However, in
this project, the three tunnels are distributed in a
triangular shape, that is, the middle tunnel is located
directly above the middle point of the left and right
tunnels, and the arch bottom of the middle tunnel is
higher than the vaults of the left and right tunnels (as
shown in Figure 2). .is type of distribution of
tunnel sections is still rare in metro tunnel con-
struction. In particular, the maximum distance be-
tween the vault of the tunnel in the middle of the

section and the ground surface is only 15m, which is
a shallow tunnel. .erefore, the determination of a
reasonable excavation plan, excavation sequence,
and construction parameters have become the key
issues for the safe and rapid construction of this
project.

(2) .e underground excavation is carried out under the
condition of backfilled soil. Due to the poor self-
stability of the surrounding rock of the tunnel, the
surrounding rock should be reinforced in advance to
ensure the safety and stability of the excavation
section before tunnel excavation in this layer.

(3) .e expressway around Chongqing city where the
newmetro tunnels underpassing in this project are in
operation. To ensure driving safety, the surface
settlement should be strictly controlled during the
tunnel construction..erefore, selecting appropriate

Figure 1: .e schematic diagram for the underpassing.
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Figure 2: .e cross-section distribution map for the metro tunnel underpassing through the expressway (unit: mm).
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control countermeasures to strictly control the
surface settlement is the most difficult point of this
project.

3. The Construction Sequence Optimization of
the Triangle-Distributed Three-Line Metro
Tunnels Underpassing through
the Expressway

.e section structure of the triangular-distributed three-line
metro tunnels is more complicated. Different construction
methods and different excavation sequences will have an
important impact on the tunnel support structure, sur-
rounding rock stress, deformation characteristics, and
surface settlement. Especially when the construction method
is determined, determining the optimal excavation sequence
is of great significance for reducing the disturbance of the
surrounding rock and ensuring the stability of the sur-
rounding rock of the tunnel. .e MIDAS/GTS NX finite
element software is used in this paper to carry out numerical
simulations of different excavation sequences for Chongqing
metro line 6 underpassing the expressway project. And, the
most excellent tunnel excavation sequence scheme is de-
termined by comparing and analyzing the numerical sim-
ulation results under different schemes.

3.1. Numerical Calculation Model and Relevant Parameters.
In the numerical simulation, according to the geological survey
of the section of the underpass expressway, since the geological
conditions of the K17+720 section are relatively complicated,
this section is selected as the research object, with the two
bench-cut method of core soil reserved on the upper step. In
order to simplify the calculation, each rock and soil layer is
regarded as a horizontal distribution, and it is regarded as an
isotropic homogeneous elastic material. According to the actual
project, the center line tunnel is completely in the backfilled
stratum, and the left and right line tunnels are in the silty clay
and sandy mudstone stratum. Since deep-well point precipi-
tation has been used before tunnel excavation, there is no
groundwater in the construction interval, so the influence of
groundwater is ignored in the numerical simulation. At the
same time, it is assumed that the initial stress is only the self-
weight stress of each rock and soil layer. When meshing, the
rock and soil layers are divided by 2D units, and the
Mohr–Coulomb constitutive model is selected as the consti-
tutive model of the rock and soil layers. 1D beam elements are
used to divide the supporting structure and central diaphragm,
and an elastic model is selected as the constitutive model of the
supporting structure and central diaphragm; the model is di-
vided into 1921 nodes and 2047 elements.

.e excavation of the tunnel will cause deformation of
the surrounding rock and soil, and its influence range is
generally 3 to 5 times that of the tunnel diameter. Combined
with the actual project, the dimensions of the numerical
model in the X-axis and Y-axis directions are 80m and
46.4m, respectively. .e X-axis direction is horizontal and
perpendicular to the tunnel axis, and the Y-axis direction is
the vertical direction..e upper surface is a free surface, and

the left side, right side, and lower part are displacement
constraints. .e finite element model is shown in Figure 3.

According to the on-site geological survey report, the
section of the tunnel underneath the expressway is com-
posed of artificial fill, silty clay, sandy mudstone, and
sandstone from top to bottom, and the middle line tunnel is
completely in the artificial fill. Most of the left and right
tunnels are in sandy mudstone, and the partial vault
structure is in silty clay rock. .e thickness of roadbed,
artificial fill layer, silty clay layer, sandy mudstone layer, and
sandstone layer are 1.4m, 15m, 3m, 7m, and 20m in order.
.e physical and mechanical parameters of each rock and
soil layer are shown in Table 1.

All three tunnels adopt composite lining structure, and the
initial supporting structure adopts C25 concrete with a thick-
ness of 300mm. In the tunnel support, two layers of Φ8 steel
mesh with a grid spacing of 20 cm× 20 cm are used; the steel
frame adopts an I28b type full-ring arrangement with a spacing
of 0.5m the secondary lining adopts C40 concrete with a
thickness of 500mm. During model analysis, the initial support
structure is simulated with an elastic model. According to the
Code for Design of Concrete Structures of China (GB
50010–2011), the elastic modulus of C25 concrete and steel bars
are 28GPa and 200GPa, respectively..e elasticmodulus of the
primary support adopts the equivalent elastic modulus and is
calculated according to Equation (1). .e physical and me-
chanical parameters of each support are shown in Table 2.

where E is the converted elastic modulus of the initial
support, E0 is the elastic modulus of sprayed concrete, Eg is
the elastic modulus of the steel bar, Sg is the cross-sectional
area of the steel bar, and S0 is the cross-sectional area of
concrete.

E � E0 +
SgEg

S0
, (1)

3.2. Excavation Schemes. In order to avoid the influence of
time and space effects during the excavation process, the
load is released three times during the tunnel construction
phase, and the load release coefficients are 0.4, 0.3, and 0.3,
respectively. According to the actual engineering situation of
Chongqing metro line 6, the three tunnels are distributed in
a triangular shape, and the two bench-cut method of core
soil reserved on the upper step is adopted for construction.
.e construction sequence of each tunnel is given as follows
(taking the tunnel on the right in Figure 1 as an example): (1)
excavate the pilot tunnel a and then construct the primary
support; (2) excavate the core soil b and construct the middle
partition; (3) excavate the pilot tunnel c, construct the
primary support, and remove the middle partition; (4)
construct the secondary lining. According to the above-
mentioned construction sequence of a single tunnel, the
following three excavation schemes of the numerical sim-
ulation in this paper are proposed.

Case 1. Right line tunnel ⟶ left line tunnel ⟶
middle line tunnel.
Case 2. Right line tunnel⟶ middle line tunnel⟶
left line tunnel.
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Case 3. Center line tunnel⟶ right line tunnel⟶ left
line tunnel.

3.3. Analysis of Numerical Simulation Results

3.3.1. Deformation of the Surrounding Rock and Supporting
Structure. Figures 4 and 5, respectively, show the vertical and
horizontal displacement cloud diagrams of the surrounding
rock under different excavation schemes. It can be seen that,
after the tunnel excavation is completed, the influence of dif-
ferent excavation schemes on the deformation of the sur-
rounding rock is basically the same: (1) the maximum
settlement values under the three excavation schemes all appear
at the tunnel vault, and the maximum values are −42.13mm,
−48.04mm, and −53.26mm, respectively; (2) the inverted arch
of the tunnel is uplifted, but due to the poor nature of the
surrounding rock of the middle line tunnel, the uplift of the
inverted arch is more obvious than that of the left and right line
tunnels, and the maximum values under the three excavation
schemes are 20.59mm, 22.82mm, and 12.36mm, respectively;
(3) themaximumhorizontal displacements all appear on the left
side of the middle line tunnel (X-axis negative direction), and
the maximum values under the three excavation schemes are
12.36mm, 12.36mm, and 12.60mm, respectively. It can be seen
from the above results that comparedwith Cases 2 and 3, Case 1
has a more obvious effect on controlling the surrounding rock
deformation of the tunnel.

In order to study the influence of the three excavation
schemes on the primary support deformation of the tunnel,
the vault settlement of the tunnel and haunch horizontal
convergence were selected as reference values for analysis,
and the layout of eachmonitoring point is shown in Figure 2.
Pi (i� 1, 2, and 3) is the monitoring point of the vault
settlement, and Si (i� 1, 2, and 3) is the monitoring point of
the haunch horizontal convergence. Table 3 shows the vault
settlement value and haunch horizontal convergence value
of the three tunnels under different excavation schemes. Due
to the poor nature of the surrounding rock in the middle line
tunnel, the vault settlement value and haunch horizontal
convergence value are significantly greater than that of the
left and right line tunnels. It can be seen from Table 3 that the
vault settlement value of the tunnel and haunch horizontal
convergence value under Case 3 are the largest, followed by
Case 2, and Case 1 is the smallest..e vault settlement values
of the tunnel under the three schemes are −42.13mm,
−46.89mm, and −52.58mm, respectively, and the haunch
horizontal convergence value are −12.24mm, −12.36mm,
and −12.60mm, respectively. Although the three kinds of
schemes cause large vault settlement values and on the basis
of only considering the construction sequence, Case 1 is
recommended for excavation.

3.3.2. Surrounding Rock Stress. Figures 6 and 7, respec-
tively, show the maximum and minimum principal stress

46
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x

Figure 3: .e finite element model diagram.

Table 1: Physical and mechanical parameters of rock and soil layers.

Type Bulk density (kN/m3) Internal friction angle (°) Cohesion (kPa) Elastic modulus (MPa) Poisson’s ratio
Roadbed 20 36 30 15 0.3
Artificial fill 20 25 5 17 0.35
Silty clay 20 10.2 20.9 20 0.23
Sandy mudstone 25.6 31.2 440 2030 0.35
Sandstone 24.7 35 2100 4260 0.14

Table 2: Supporting physical and mechanical parameters.

Type Bulk density (kN/m3) Modulus of elasticity (GPa) Poisson’s ratio .ickness (mm)
Initial support 25 28 0.2 300
Middle partition 25 28 0.3 300
Secondary lining 25 32.5 0.2 300
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distribution cloud maps of the tunnel surrounding rock
under different excavation schemes. It can be seen that
the distribution law of the maximum and minimum
principal stresses of the tunnel surrounding rock under
the three excavation schemes are basically the same, and
the excavation scheme has little influence on the stress of
the tunnel surrounding rock. .rough analysis, it can be
seen that the maximum principal stresses of the tunnel
surrounding rock under the three schemes are all dis-
tributed at the spandrel of the right tunnel, and the
maximum values are 346.55 kPa, 346.75 kPa, and
352.03 kPa, respectively. .e minimum principal stresses
are all distributed at the haunch of the right tunnel, and
the values are -1513.31 kPa, 1508.94 kPa, and 1556.29 kPa,
respectively.

3.3.3. Surrounding Rock Stress. Figures 8 and 9 show the
distribution cloudmaps of the axial force and bending moment
of the supporting structure under different excavation schemes,
respectively. It can be seen from Figure 8 that the supporting
structure under different excavation schemes is dominated by
compressive stress, and the compressive stress distribution is
relatively uniform. It can be seen from Figure 9 that the
maximum positive bending moment and maximum negative
bending moment of the supporting structure under different
excavation schemes are located at the inverted arch and arch

foot of the middle line tunnel, respectively. It can be seen that
there will be obvious uplift deformation at the inverted arch of
the middle line tunnel. .rough analysis, in Case 1, the
maximum compressive stress on the tunnel haunch is
1280.98 kN, maximum compressive stress on the middle line
tunnel is 454.21 kN, and maximum bending moment of the
supporting structure is 336.72kNm. In Case 2, the maximum
compressive stress on the tunnel haunch is 1300.85 kN, max-
imum stress on the middle line tunnel is 454.21 kN, and
maximum bending moment of the supporting structure is
337.12kNm. In Case 3, the maximum stress on the tunnel
haunch is 1313.40 kN, maximum stress of the middle tunnel is
468.74 kN, and maximum bending moment of the supporting
structure is 337.43 kNm.

.rough the above analysis, it can be seen that, under the
same supporting conditions, the distribution of axial force and
bending moment of the tunnel support structure under the
three excavation schemes is basically the same, and the dif-
ference between the axial force value and bending moment
value is small, that is, the three excavation schemes have little
influence on the tunnel supporting structure.

3.3.4. Surface Settlement. Figure 10 shows the surface set-
tlement curves under three excavation schemes. It can be
seen that due to the close distance between the three tunnels,
the surface settlement caused by the excavation of each
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–14.29
–20.78
–27.28
–33.77
–40.27
–46.76
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(c)

Figure 4: .e vertical displacement distribution cloud map of the surrounding rock (unit: mm). (a) Case 1. (b) Case 2. (c) Case 3.
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Figure 5: .e horizontal displacement distribution cloud map of the surrounding rock (unit: mm). (a) Case 1. (b) Case 2. (c) Case 3.

Table 3: .e vault settlement value of the tunnel and haunch horizontal convergence value under different construction schemes
(unit: mm).

Monitoring points P1 P2 P3 S1 S2 S3
Case 1 −6.81 −6.28 −42.13 −4.76 −4.24 −12.24
Case 2 −8.16 −9.18 −46.89 −4.72 −4.23 −12.36
Case 3 −10.32 −9.38 −52.58 −4.83 −4.26 −12.60
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tunnel gradually superimposes, resulting in the largest
surface settlement in the middle part, and a “single peak”
settlement curve with a small one on both sides and a large
one on middle appears. In addition, it can be seen from
Figure 10 that the width of the settlement tank under the
three schemes is basically the same, and the first con-
struction of the middle line tunnel in Cases 2 and 3 leads to
the larger surface settlement. .e maximum surface subsi-
dence values under Cases 1–3 are 32.52mm, 36.74mm, and
41.55mm in sequence. Although the surface settlement of
the three cases exceeds the limit value of 30mm, in com-
parison, Case 1 is more conducive to controlling the surface
settlement during the construction process.

3.3.5. Plastic Zone Distribution. Figure 11 shows the plastic
zone distribution cloud map of the tunnel surrounding rock
under three excavation schemes. It can be seen that, under
the three excavation schemes, the plastic zone of the sur-
rounding rock of the tunnel is mainly distributed at the
spandrel, haunch, arch foot, and inverted arch of the middle
line tunnel. .ere is basically no plastic zone distribution

near the left and right tunnels. .rough the comparative
analysis of the distribution of the tunnel plastic zone under
the three excavation schemes, it can be found that the plastic
zone caused by Case 1 is slightly smaller than the size of the
surrounding rock plastic zone caused by the other two
schemes. .erefore, from the perspective of considering the
plastic zone, the preferred choice for tunnel excavation is
Case 1.

.rough comparative analysis of the displacement, in-
ternal force, surface settlement, and plastic zone distribution
of the tunnel surrounding rock and support system under
the three excavation schemes, it can be seen that Case 1,
namely, firstly excavate the right tunnel, then excavate the
left tunnel, and finally excavating the middle line tunnel is
the most effective way to control the deformation of the
surrounding rock and the stress and shape change of the
supporting structure. In addition, the plastic zone of the
surrounding rock caused by Case 1 is smaller than the plastic
zones caused by Cases 2 and 3. On comprehensive com-
parison, it is recommended to carry out on-site construction
in accordance with Case 1, namely, the excavation sequence
of right line tunnel⟶ left line tunnel⟶ middle line
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Figure 7: .e minimum principal stress distribution cloud map of the surrounding rock (unit: kPa). (a) Case 1. (b) Case 2. (c) Case 3.

–40.82
–144.17
–247.51
–350.86
–454.21
–557.55
–660.90
–764.25
–867.59
–970.94
–1074.28
–1177.63
–1280.98

(a)

–44.60
–149.29
–253.98
–358.67
–463.35
–568.04
–672.73
–777.42
–882.10
–986.79
–1091.48
–1196.16
–1300.85

(b)

–46.40
–151.99
–257.57
–363.15
–468.73
–574.32
–679.90
–785.48
–891.07
–996.65
–1102.23
–1207.81
–1313.40

(c)

Figure 8: .e axial force cloud map of the supporting structure (unit: kN). (a) Case 1. (b) Case 2. (c) Case 3.
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–262.32
–292.22
–322.13
–352.03

(c)

Figure 6: .e maximum principal stress distribution cloud map of the surrounding rock (unit: kPa). (a) Case 1. (b) Case 2. (c) Case 3.
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tunnel. However, the surface settlement under the three
schemes all exceeded the limit value of 30mm, which cannot
guarantee the safety of expressway traffic. .erefore, it is
necessary to adopt advanced small pipe grouting pre-
reinforcement measures for the left, middle, and right
tunnels and use steel tube concrete piles to reinforce the base
of the middle tunnel in order to improve the stability of the
tunnel surrounding rock.

4. Control Countermeasures for the
Construction of Triangular Three-LineMetro
Tunnels Undercrossing the Expressway

.e advanced small pipe grouting is the most commonly used
prereinforcement treatment method in the construction of
shallow burying and undercutting. .e principle is that the
surrounding rock in a certain range in front of the tunnel is
excavated and drilled at a certain inclination angle, and a small
pipe with holes is installed or a small pipe with holes is directly
drilled, and then, the surrounding rock is pressure injected
through the small pipe cementing slurry. After the grout is
hardened, on the one hand, the surrounding rock can be
cemented into a hole, which improves the self-stability of the
surrounding rock and plays a role in reinforcement. On the
other hand, it plugs the fissures of the surrounding rock and
plays a role in blocking water. Combining the actual situation of
the project of Chongqingmetro line 6 underpassing through the
expressway around the city, according to the design, the soil in
the 180° area of the arch of the three tunnels is driven into aV42
double-row advanced small pipe. .e layout of the advanced
small pipe is shown in Figure 12, and as indicated in Figure 12,
the relevant parameters are given in Table 4.

In order to reduce the risk of inverted arch uplift and to
ensure the operational safety of the tunnel, the steel tube
concrete piles are adopted to strengthen the soft foundation of
the tunnel inverted arch during the construction process of the
Chongqingmetro line 6..e on-site steel pipe piles are made of
406∗5.6mm steel pipes, 6V20 steel cages are installed, and C40
waterproof concrete is poured..e length of the steel pipe piles
is about 12m, and the depth of the rock (sandstone) embedded
in the actual construction is guaranteed to be 2m. Figures 13
and 14, respectively, show the reinforced cross-section and plan
layout of concrete-filled steel tube piles.

4.1. NumericalModel and Parameters. .e numerical model
after reinforcement is established on the basis of the model
in Section 3. .e physical and mechanical parameters of the

ground and supporting structure are shown in Tables 1 and
2. .e selection of the constitutive model and other model
conditions are the same as in Section 3, and the numerical
model is divided into 1973 nodes and 2095 elements.

At present, the effect of advanced presupport can be
equivalently analyzed by changing the physical and me-
chanical parameters of the surrounding rock in a certain
area. .e thickness of the grouting reinforcement zone can
be calculated by Equation (2), taking 0.6m..e physical and
mechanical parameters of the surrounding rock after
grouting can be determined by Equation (3). .e final pa-
rameter determination results are shown in Table 5.

D � 2 R
2

−
S

2
 

2
 

0.5

, (2)

where D is the thickness of the reinforcement ring, R is the
grout diffusion radius, taking S (0.6～0.8), and S is the
distance between adjacent grouting holes.

E �
E1I1 + kwE2I2

I1 + I2
, (3)

where E is equivalent stiffness (GPa), E1 is steel tube elastic
modulus (GPa), I1 is steel tube moment of inertia (m4), E2 is
steel tube filled with elastic modulus of mortar (GPa), I2 is
moment of inertia of mortar filled in steel pipe (m4), and kw

is considered the coefficient of mortar stiffness reduction
caused by mortar cracking, and 0.6 is taken.

When simulating steel pipe piles in finite element
software, the interaction between the pile circumference, pile
tip, and rock and soil should be considered. In this paper, the
1D beam element is used to simulate a concrete-filled steel
tube pile, and a pile element is built around the steel tube pile
to simulate the contact between the pile circumference and
rock and soil, with a pile end element established at the
bottom of the beam element to simulate the interaction
between the pile end and rock and soil. Table 6 shows the
relevant parameters of concrete-filled steel tube piles.

4.2. Reinforcement Optimization Scheme Design. It can be
seen from Section 3 that, compared with Cases 2 and 3,
the excavation sequence of Case 1 is more reasonable to
ensure the stability of the surrounding rock of the tri-
angularly distributed three-line metro tunnels. .erefore,
this section optimizes the reinforcement scheme on the
basis of Case 1. Taking the right tunnel as an example, the

+184.79
+141.33
+97.87
+54.41
+10.95
–32.50
–75.96
–119.42
–162.88
–206.34
–249.80
–293.26
–336.72

(a)

+187.03
+143.35
+99.67
+55.99
+12.31
–31.36
–75.04
–118.72
–162.40
–206.08
–249.76
–293.44
–337.12

(b)

+189.34
+145.44
+101.54
+57.65
+13.75
–30.14
–74.04
–117.94
–161.84
–205.74
–249.64
–293.53
–337.43

(c)

Figure 9: .e bending moment cloud map of the supporting structure (unit: kN·m). (a) Case 1. (b) Case 2. (c) Case 3.
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specific reinforcement sequence is given as follows (as
shown in Figure 15): (1) reinforce area by using advanced
small pipe grouting; (2) excavate pilot tunnel and im-
plement primary support; (3) excavate the core soil of the
right hole and construct the middle partition; (4) excavate
pilot tunnel , construct primary support, and remove the
middle partition; (5) construct the secondary lining and
complete the construction of the right tunnel. In ac-
cordance with the above sequence, according to Case 1,
the construction of the left tunnel and middle tunnel were
completed in turn.

4.3. Analysis of Numerical Simulation Results

4.3.1. Deformation of the Surrounding Rock and Supporting
Structure. Figures 16 and 17, respectively, show the
vertical and horizontal displacement cloud maps of the
tunnel surrounding rock before and after the rein-
forcement scheme is adopted. It can be seen that, after the
tunnel excavation is completed, the surrounding rock
deformation distribution law is basically the same before
and after the reinforcement scheme is adopted. Due to the

poor nature of the surrounding rock in the middle line
tunnel, the vault settlement and inverted arch uplift are
more obvious than those of the left and right line tunnels.
.e maximum settlement occurred at the vault of the
middle line tunnel, with the maximum values of
−42.13 mm and -20.17 mm, respectively. .e maximum
uplift occurred at the inverted arch of the tunnel, with the
maximum values of 20.59 mm and 18.50 mm, respec-
tively. .e maximum horizontal displacements all appear
on the right side of the middle line tunnel, in the negative
direction along the X-axis, and the maximum horizontal
displacements are 12.36 mm and 13.08mm, respectively.
It can be seen from the calculation results that the re-
inforcement scheme has a significant control effect on the
deformation of the tunnel surrounding rock.

In order to study the influence of the reinforcement
scheme on the initial support deformation of the tunnel,
the settlement of the tunnel vault and horizontal con-
vergence of the arch waist were selected as reference
values for analysis (the monitoring points are the same as
in Section 3). Table 7 shows the settlement value of the
tunnel vault and level of the arch waist before and after

(a) (b) (c)

Figure 11: .e cloud map of plastic zone distribution. (a) Case 1. (b) Case 2. (c) Case 3.
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Figure 10: Comparison of the surface settlement.
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the reinforcement scheme. It can be seen from Table 7
that the deformation of the supporting structure is very
different before and after the reinforcement scheme is
adopted. .e deformation of the supporting structure
after the reinforcement scheme is adopted and is sig-
nificantly smaller than that without the reinforcement
scheme. After adopting the reinforcement scheme at the
same time, the maximum deformation can be controlled
within 30mm.

4.3.2. Surrounding Rock Stress. Figures 18 and 19 show the
distribution cloud maps of the maximum and minimum
principal stress of the tunnel surrounding rock before and
after reinforcement measures are adopted. It can be seen
that there is no obvious difference between the maximum
principal stress of the surrounding rock after the tunnel
excavation is completed before and after the use of re-
inforcement measures, but the minimum principal stress
has changed significantly. Before adopting the rein-
forcement scheme, the maximum principal stress and
minimum principal stress of the surrounding rock
appeared at the arch shoulder and haunch of the right
tunnel, respectively, and the values are 346.55 kPa and
−1513.31 kPa, respectively; after the reinforcement

scheme is adopted, the maximum principal stress of the
surrounding rock appears at the vaults of the left and
right tunnels, and the minimum principal stress appears
at the haunch of the right tunnel and the values are
333.14 kPa and −1886.04 kPa, respectively.

4.3.3. Supporting Structure Force. Figures 20 and 21 show
the distribution cloud maps of the axial force and bending
moment of the supporting structures before and after the
reinforcement scheme is adopted. It can be seen that,
before and after the reinforcement scheme is adopted, the
axial force of the supporting structure is mainly pressure,
and the pressure distribution is relatively uniform. .e
maximum positive bending moment of the supporting
structure is located at the inverted arch of the middle line
tunnel, and the maximum negative bending moment is
located at the arch foot of the middle line tunnel, indi-
cating that there will be obvious uplift deformation at the
inverted arch. .e analysis shows that, before the rein-
forcement scheme is adopted, the maximum pressure of
the tunnel appears at the haunch of the left and right
tunnels, and its value is 1280.98 kN. .e maximum
pressure on the middle line tunnel is 454.21 kN, and the
maximum bending moment of the supporting structure is

Advanced
small pipe

Top of the
tunnel track

Figure 12: .e layout of the advanced small pipes.

Table 4: Parameters of the advanced small pipes.

Small
pipes Length (mm) Longitudinal

spacing (mm)
Circumferential
spacing (mm)

Extrapolation
angle (°) Grouting hole Notes

Inner
layer 5 2.5 0.4 40 Plum blossom

arrangement with 0.5m
spacing

Chemical groutingOuter
layer 3.5 2.0 0.3 10∼15
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336.72 kNm. After the reinforcement scheme is adopted,
the maximum pressure of the tunnel appears at the
haunch of the left and right tunnels, with a value of
1071.39 kN. .e maximum pressure on the middle line
tunnel is 342.50 kN, and the maximum bending moment
of the supporting structure is 328.34 kN·m. .e above
phenomenon shows that the reinforcement scheme can
play a good control effect on the axial force and bending
moment of the supporting structure.

4.3.4. Surface Settlement. Figure 22 shows the surface set-
tlement curves before and after the reinforcement scheme is
adopted. It can be seen that the surface settlement curves
before and after adopting the reinforcement scheme still
show a “single peak” settlement curve with small sides on
both sides and large sides in the middle. Moreover, the width
of the settlement tank before and after the reinforcement
scheme is basically the same..emaximum settlement value
after reinforcement is 16.47mm, which is close to the surface
settlement value of 18.31mm after the tunnel excavation is

completed after 170 days, and is much smaller than that
before the reinforcement measures (32.52mm). .erefore,
the reinforcement scheme in this section can effectively
control the surface settlement value within the limit value of
30mm, indicating that the reinforcement scheme has an
obvious control effect on the surface settlement during
tunnel construction.

4.3.5. Plastic Zone Distribution. Figure 23 shows the plastic
zone distribution cloud map of the tunnel surrounding rock
before and after the reinforcement scheme is adopted. It can
be seen that, before and after the reinforcement scheme is
adopted, the plastic zones are mainly concentrated at the
arch shoulder, haunch, arch foot, and inverted arch of the
middle line tunnel. However, compared with no rein-
forcement scheme, the plastic zone distribution area of the
arch shoulder is greatly reduced after the reinforcement plan
is adopted, indicating that the reinforcement scheme has a
significant inhibitory effect on the development of the plastic
zone of the surrounding rock.

5762

631

400400 400 400

6311100 1100 1100

Φ406 × 5.6mm
concrete pile 

The distance between the
piles are 1.5 × 1.0m

The length inserted into
the sandstone is longer

than 2m

Unit: mm

Figure 13: .e reinforced section view of the steel tube concrete pile.
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.rough the above analysis, it can be seen that the use
of advanced small pipe grouting and steel tube concrete
piles to strengthen the control measures of the tunnel
base in the middle tunnel not only is conducive to
controlling the deformation and force of the surrounding
rock and supporting structure but also the deformation
value is controlled within the specified range. Moreover,
the distribution range of the plastic zone after the

reinforcement is smaller. .erefore, for this project, it is
recommended to excavate according to Case 1, namely, in
the sequence of right line tunnel⟶ left line tunnel⟶
middle line tunnel. At the same time, the site con-
struction was carried out in cooperation with the control
plan of advanced small pipe grouting and steel tube
concrete piles to strengthen the base of the middle line
tunnel.
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Figure 14: .e layout plan of concrete-filled steel tube piles.

Table 6: Numerical simulation parameters of concrete-filled steel tube piles.

Type
Shear
stress
(kPa)

Shear stiffness
modulus
(kN·m−3)

Normal stiffness
modulus (kN·m−3)

Pile-end bearing
capacity (kN)

Bulk density
(kN·m−3)

Elastic
modulus
(MPa)

Poisson’s ratio

Pile unit 306 48465 126000 - - - -
Pile end unit - - - 300 - - -
Concrete-filled
steel tube pile - - - - 23 3000 0.2

Table 5: Physical and mechanical parameters of the surrounding rock in the grouting reinforcement area.

Type Elastic modulus (MPa) Internal friction angle (°) Cohesion (kPa) Poisson’s ratio
Advanced small-pipe grouting reinforcement area 103.55 23.5 108 0.2
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Figure 15: Tunnel reinforcement construction sequence.
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(b)

Figure 16: .e vertical displacement distribution cloud map of the surrounding rock (unit: mm). (a) Not reinforced. (b) Reinforced.
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(b)

Figure 17: .e horizontal displacement distribution cloud map of the surrounding rock (unit: mm). (a) Not reinforced. (b) Reinforced.
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Table 7: .e vault settlement value of the tunnel and haunch horizontal convergence value under different construction schemes
(unit: mm).

Feature points P1 P2 P3 S1 S2 S3
Before reinforcement −6.81 −6.28 −42.13 −4.56 −4.14 −12.24
After reinforcement −1.50 −1.51 −20.17 −1.21 −1.04 −13.08
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–223.76
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–296.68
–333.14

+104.39
+67.93
+31.47
–4.99
–41.45

(b)

Figure 18: .e maximum principal stress cloud map of the surrounding rock (unit: kPa). (a) Not reinforced. (b) Reinforced.
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Figure 19: .e minimum principal stress cloud map of the surrounding rock (unit: kPa). (a) Not reinforced. (b) Reinforced.
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Figure 20: .e axial force cloud map of the supporting structure (unit: kN). (a) Not reinforced. (b) Reinforced.
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5. Conclusions

In this paper, relying on the project of Chongqing metro
tunnel line 6 underpassing through the expressway around
the city, numerical simulation methods are used to study the

surrounding rock deformation, surface settlement, and
stress distribution of the supporting structure of the three-
line metro tunnels with a triangular distribution under
different excavation sequences, and the optimal excavation
sequence is determined. On this basis, the control measure

(a) (b)

Figure 23: .e plastic zone distribution cloud map before and after reinforced. (a) Not reinforced. (b) Reinforced.
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Figure 21: .e bending moment cloud map of the supporting structure (unit: kN·m). (a) Not reinforced. (b) Reinforced.
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Figure 22: Comparison of the surface settlement before and after the reinforcement scheme is adopted.
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for strengthening the three-line tunnels with advanced small
pipe grouting and reinforcing the middle tunnel with
concrete-filled steel tube piles are proposed. .e main
conclusions obtained are as follows:

(1) Numerical simulation results under three different
excavation schemes show that the excavation se-
quence of Case 1 (right line tunnel⟶ left line
tunnel⟶ middle line tunnel) is effective in con-
trolling the deformation of surrounding rock, sup-
porting structure stress, and surface settlement. .e
control effects of the surface settlement and devel-
opment of plastic zone are the best, which helps
ensure the rapid and safe construction of metro
tunnels.

(2) Although the excavation sequence of Case 1 is
conducive to ensuring the safe construction of the
triangularly distributed three-line metro tunnel, the
surface settlement exceeds the limit value (30mm),
which is not conducive to the safety of the upper
expressway. .erefore, in order to reduce the impact
of metro tunnel construction on the upper ex-
pressway, a treatment method is proposed to pre-
reinforce the three tunnels by grouting with small
pipes in advance, and to use concrete-filled steel tube
piles to strengthen the base of the middle line tunnel.

(3) .e numerical simulation of the excavation process
of the triangular-distributed three-line metro tunnel
with and without the reinforcement scheme is car-
ried out. .e results show that the use of rein-
forcement schemes can effectively control surface
settlement, tunnel surrounding rock deformation,
support structure stress, and plastic zone develop-
ment, which is conducive to the safety of tunnel
construction and safe operation of the upper
expressway.
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