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In recent years, the development of urban underground space in China, especially
the construction and operation of subway tunnels, has greatly relieved the pressure
of urban traffic. Due to the imperfect planning of urban facility, many subway tunnels
have to be built under the existing utility tunnels (pipe galleries). Nevertheless, shield
construction of subway tunnel has a great adverse impact on the deformation and
safety of the existing pipe gallery. Therefore, this paper takes Xi’an Metro Line 2 as an
example, and studies the safety depth for subway tunnel shield construction under
different regional conditions in Xi’an through numerical simulation. The results show
that the deformation of the existing pipe gallery and its influence range decrease with
the rising buried depth of the double-line subway tunnel when the soil properties are
good. For example, in the loess tableland area, when the buried depth of the subway
tunnel is greater than 12 m, the settlement deformation of the pipe gallery basically
meets the control standard. When the soil properties are poor or the soil properties
vary greatly, the subway tunnel excavation has a great impact on the safety of the
pipe gallery. For example, in the first-level alluvial fan area with sand layer, when the
buried depth of the subway tunnel is less than 24 m and more than 12 m, the
deformation standard cannot be satisfied. In addition, in the first-level alluvial fan area
with sand layer, the lower soil layer should be treated or the construction parameters
should be optimized before the excavation of subway tunnel. The research results
can provide reference for similar engineering construction.
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1 Introduction

In cities, utility tunnels are underground structures commonly used to transport water,
sewage, oil, gas, etc. Utility tunnels have been constructed throughout the world since their first
appearance in Paris in 1851. With the rapid expansion of underground space, the construction
of underground structures will inevitably lead to the change of the surrounding stress field and
displacement field, which will greatly affect the stability of the existing underground structures
around them (Chen et al., 2011a; 2011b; Ma et al., 2017). How to reduce the mutual influence
between tunnel lines is an urgent problem to be solved in the construction of underground
buildings in the future.

Most of the previous studies focus on the seismic response of underground pipe galleries (Li
et al., 2009; Shi et al., 2010; Tang et al., 2009; You. 2011; Luo. 2013; Ye. 2014; Shamsabadi et al.,
2001; 2002; Dashti et al., 2016; Kimura et al., 2005; Qin et al., 2022; Li et al., 2023; Liu et al.,
2022a). But with the rapid growth of underground pipe galleries in recent years, ground
fracture, a special geological disaster, has brought great challenges to the construction of
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underground pipe galleries. Therefore, many scholars have shifted
their research focus to the impact of ground factures on underground
pipe galleries (Zhu. 2018; Hu et al., 2019; Ma et al., 2019; Yang et al.,
2019; Yan et al., 2018; Yan 2019). Some have also studied the
mechanical characteristics of underground utility tunnel during its
construction. For example, Hu and Xue (2010) studied the mechanical
characteristics of prefabricated prestressed utility tunnel through

monotone static test. Duan et al. (2020), based on the actual
monitoring data of post-construction settlement of a high loess
filling site in Shaanxi province, investigated the stress deformation
state of the underground utility tunnel at the combined position of
excavation and filling through physical tests.

With the increase of the number of underground pipe galleries,
various problems have emerged one after another, especially when

FIGURE 1
Relative position of tunnel and pipe gallery (unit: m).

FIGURE 2
Dimensions of the underground pipe gallery (unit: mm).

Frontiers in Earth Science frontiersin.org02

Wei et al. 10.3389/feart.2023.1104865

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1104865


they are close to or crossing under existing buildings (structures)
(You 2017). Some achievements have been made in the research on
the joint construction of underground utility tunnel and urban
subway. For example, Zhao et al. (2018) conducted a numerical
simulation analysis on the impact of the explosion in the natural gas
compartment of the utility tunnel on the adjacent subway tunnel.
Gao and Haifeng (2018) analyzed the tunneling conditions with and
without reinforcement measures during the excavation of
underground utility tunnel that crosses existing subway tunnel.
Feng et al. (2018) simulated the open-cut construction process of
underground utility tunnel of Metro Line 1 in Baotou through finite
element software Midas-GTX, and analyzed the influence of the
open-cut construction on the structure of nearby subways. Peng
(2017) studied the technical feasibility of simultaneous construction
of utility tunnel and subway. Wu (2017) used ABAQUS to conduct
finite element modeling on the excavation process of the
underground utility tunnel in Tongzhou, Beijing, and analyzed
the impact of the excavation process on the tunnel structure and
surrounding soil. Yang et al. (2019) studied the reinforcement
measures that should be taken when the underground utility
tunnel in the soft soil area of Kunming is close to the existing
subway. Wang and Jiang (2019) took the project of an underground
utility tunnel in Beijing as an example to analyze and optimize the
construction scheme of comprehensive utility tunnel passing
through the existing subway. Yang et al. (2020, 2021) studied the

interaction between subway and comprehensive tunnel in loess area.
The existing research mainly focuses on the construction technology,
the mechanical effect of underground utility tunnel, and the
influence of utility tunnel construction on the existing subway,
but there are few reports on the influence of subway construction
on the deformation of the existing utility tunnel. More in-depth
research and analysis should be carried out on the large-scale
construction of underground pipe galleries and subways in the
future. It is therefore of great practical significance to investigate
the interaction between underground utility tunnel and existing
subway under different regional conditions.

Based on a Metro shield tunnel project in Xi’an, this paper
numerically simulates and analyzes the influence of three-
dimensional dynamic construction of shield tunnel on the
displacement of existing underground utility tunnel under different
regional conditions and subway buried depths, so as to provide
reference for similar projects.

FIGURE 3
Schematic diagram of the left half of the pipe gallery (unit: mm).

TABLE 1 Calculation conditions.

Region Buried depth of tunnel (m)

Loess tableland 12

First-level terrace of Weihe River 18

First-level alluvial fan area 24

FIGURE 4
Diagram of model (unit: m).
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2 Project profile

2.1 Geological condition

According to the hydrogeological survey data, Xi’an is mainly
divided into seven regions: the first-level alluvial fan, the second-level
alluvial fan, the third-level alluvial fan, the first-level terrace of Weihe

River, the second-level terrace ofWeihe River, the third-level terrace of
Weihe River, and the loess tableland. These regions have different soil
layer distribution as well as soil parameters. According to regional soil
characteristics, this paper selects the loess tableland, first-level terrace
of Weihe River, and first-level alluvial fan as the research objects.

Because the soil layer distribution in each area is quite different,
three typical areas are selected for numerical simulation in this paper.

TABLE 2 Soil properties of loess tableland.

Soil
layer

Buried depth
of top plate (m)

Soil
thickness (m)

Natural bulk
weight γ
(kN/m3)

Modulus of
deformation
E0 (MPa)

Poisson’s
ratio ]

Cohesive force
c (kPa)

Internal
friction angle

φ (°)

Loess 0.00 8.85 14.8 8.5 0.33 27.4 17.1

Paleosol 8.85 1.64 19.0 26.4 0.29 43.7 23.4

Loess 10.49 4.89 15.0 17.1 0.33 29.6 15.4

Paleosol 15.38 1.06 16.8 28.0 0.27 31.7 19.6

Loess 16.44 4.54 17.4 23.6 0.32 27.8 20.3

Paleosol 20.97 1.27 17.8 14.0 0.31 31.4 21.3

Loess 22.24 6.33 16.8 11.3 0.28 26.8 17.8

Paleosol 28.57 1.24 18.7 16.3 0.27 25.1 17.2

Loess 29.82 5.68 19.8 6.7 0.29 42.2 27.1

Paleosol 35.49 4.45 20.0 19.1 0.3 45 22

Loess 39.94 7.56 19.1 12.1 0.29 42 26

Paleosol 47.51 1.26 19.8 7.2 0.31 45 20

Loess 48.77 10.18 20.0 9.2 0.3 42 26

Paleosol 58.95 0.76 12.2 15.8 0.32 45 20

TABLE 3 Soil properties of first-level terrace of Weihe River.

Soil
layer

Buried depth
of top plate (m)

Soil
thickness (m)

Natural bulk
weight γ
(kN/m3)

Modulus of
deformation
E0 (MPa)

Poisson’s
ratio ]

Cohesive force
c (kPa)

Internal
friction angle

φ (°)

Plain fill 0.00 2.17 17.4 5.1 0.33 32 24.9

Loess-like
soil

2.17 1.77 17.9 35.6 0.29 40 16

Medium
sand

3.94 7.58 20.0 24 0.2 0 33

Silty clay 11.52 3.70 20.2 8.3 0.32 37 25.2

Medium
sand

15.22 5.20 18.6 24 0.2 0 33

Silty clay 20.42 8.63 21.4 12.4 0.31 37.4 24.5

Medium
sand

29.05 4.20 20.0 24 0.2 0 33

Silty clay 33.25 4.40 20.1 8.3 0.29 28 26.5

Medium
sand

37.65 12.43 19.5 24 0.12 0 32

Silty clay 50.08 4.45 19.1 21.2 0.3 35 24

Medium
sand

54.53 10.98 19.5 24 0.12 0 32
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The soil layer in the loess tableland area is mainly loess alternating
with paleosol, and the soil quality is relatively stable. In the first-level
terrace of Weihe River, the overburden layer is plain fill and loess-like
soil, and the bottom layer is alternately medium sand and silty clay,
and the soil property parameters are poor. The soil layer of the first-

level alluvial fan is composed of plain fill and loess in the upper part,
and silty clay and coarse sand in the lower part.

2.2 Overview of shield tunnel and utility
tunnel (pipe gallery)

The subway shield tunnel of Xi’an Metro Line 2 is the research
object of this paper. It is a double-line tunnel with parallel right and
left lines and circular cross section. The panel-meter earth pressure
balance shield machine is adopted for tunneling. Prefabricated
C50 reinforced concrete pipes are used for supporting, and they
are connected by bending bolts. The outer diameter of pipes is
6.0 m, the ring width is 1.5 m, and the thickness is generally 300 mm.

The subway tunnel will be built under an existing utility tunnel (to
distinct it from subway tunnel, it will be referred to as pipe gallery
hereinafter) in Xi’an. The axes of the subway tunnel and the pipe

TABLE 4 Soil properties of the first-level alluvial fan.

Soil
layer

Buried depth
of top plate (m)

Soil
thickness (m)

Natural bulk
weight γ
(kN/m3)

Modulus of
deformation
E0 (MPa)

Poisson’s
ratio ]

Cohesive force
c (kPa)

Internal
friction angle

φ (°)

Plain fill 0.00 2.0 16.6 2.9 0.33 32 24.9

Loess-like
soil

2.0 1.2 17.9 35.6 0.29 40 16

Medium
sand

3.2 4.1 20.0 24 0.2 0 33

Silty clay 7.3 2.1 20.2 8.3 0.32 37 25.2

Coarse
sand

9.4 2.1 18.6 24 0.2 0 33

Silty clay 11.5 4.9 18.8 7.7 0.31 57 24.5

Coarse
sand

16.4 7.6 20.0 24 0.2 0 33

Silty clay 24 17.8 20.1 10.4 0.29 28 26.5

Coarse
sand

41.8 2.2 19.5 24 0.25 0 32

Silty clay 43.9 9.1 20.2 13.7 0.3 35 24

Medium
sand

53 2.6 19.5 24 0.25 0 32

TABLE 5 Structural parameters of subway tunnel and pipe gallery.

Subject Bulk weight (kN/m3) Modulus of elasticity E (MPa) Poisson’s ratio ν

Pipe 25 2.84E+04 0.20

Equivalent layer (early stage) 23 0.9 0.30

Equivalent layer (late stage) 23 400 0.20

Soil nail wall 22 2.18E+04 0.30

Soil nail 78.5 2.00E+05 0.20

Cushion 23 2.60E+04 0.20

Pipe gallery 25 3.15E+04 0.20

FIGURE 5
Layout of monitoring points.
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gallery are on the same vertical line. The relative position relationship
between a tunnel section and the underground pipe gallery is shown in
Figure 1. The pipe gallery is a typical asymmetric three-cabin project
consisting of a natural gas cabin, an integrated cabin and a power cabin
from left to right. Their specific dimensions are shown in Figure 2.

The underground pipe gallery adopts the economical open-cut
method, and its buried depth is 3 m. The pipe gallery structure is cast
with C35 concrete. After the excavation, the reinforcement method of
sloping and soil nailing was adopted. The slope was 1:0.75. After the
soil nails was applied, wire mesh was fixed on the slope surface, which
was then sprayed with C20 concrete. The soil nails are HRB400 steel
bars with a diameter of 14 mm, and their vertical spacing and
longitudinal spacing are 1.5 m and 1.0 m respectively. The

thickness of the shotcrete support is 60 mm. After the foundation
pit is excavated to the bottom, the cushion with a thickness of 1.0 m is
poured with C15 concrete in time. The left and right sides of the pipe
gallery foundation pit are the same, so only the schematic diagram of
the left half of the foundation pit is shown in Figure 3.

3 Establishment of numerical model and
parameter selection

With strong pre-processing ability, the finite element software
ANSYS can provide a variety of subdivision methods according to user
requirements, and can control the mesh size. The finite difference

FIGURE 6
Vertical displacement diagram under different tunnel burial depths (unit: m).
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software FLAC3D can provide constitutive models of 11 kinds of
materials, which are divided into three groups: cavitation, elasticity
and plasticity. Each model represents the physical model of
constitutive relations of some specific rock and soil. Therefore, this
paper uses ANSYS to establish the numerical model, and then inputs it
into FLAC3D for numerical simulation calculation.

3.1 Simulation scheme

In order to investigate the influence of soil properties and subway
tunnel burial depth on the deformation of the existing pipe gallery, this
paper designs the following calculation conditions, as shown in
Table 1.

3.2 Establishment of calculation model

The construction footage of the shield tunnel simulated in this paper
is 1.5 m, that is, the tunneling distance of each excavation is the ring
width of one pipe pieces, and the simplified treatment is as follows.

(1) The longitudinal length of the model is 60 m, that is, the length of
40 pipe pieces. Herein, the shell of the shield machine and the pipe
are discretionally divided according to the ring width. In order to
better simulate the size of the shield machine, the total length of the
shield machine is set to 9.0 m, that is, the length of 6 pipe pieces.

(2) The tunnel structure and pipe gallery structure both adopt linear
elastic constitutive relationship.

(3) The pipe pieces are regarded as a whole, regardless of the pipe
connection.

Given that the influence range of tunnel excavation is about 2–3 times
the hole diameter, the model size is set to 90 × 60 × 50m, as shown in
Figure 4. Solid elements are used for soil layer, backfill soil, cushion and
pipes, among which, soil layer adopts Moore Coulombmodel, and cushion
and pipes adopts elastic model. The shell of shield machine is simulated by
shell element, while the grouting layer, soil nail wall layer andmain structure
of pipe gallery are calculated by solid element and elasticmodel. The soil nail
is embedded into the soil and surface layer with cable structural unit.
Displacement boundary conditions of the model: horizontal constraints are

imposed on the vertical boundary, free constraints on the top, and vertical
and horizontal constraints on the bottom. A vertical downward force of
gravity is applied to the entire model.

The open-cut method is used to excavate the utility tunnel. The
excavation depth of the foundation pit is divided into two excavations.
The first excavation is 4 m and the second excavation depth is 3.3 m.
In addition, the slope of the foundation pit will be sprayed and soil
nailed immediately after excavation in the project. Pit bottom
immediately after the cushion construction to prevent excessive
exposure of the pit bottom soil.

The simulation process is divided into three stages: (1) the
geostress equilibrium of the model under the action of gravity
only, (2) excavation of the existing underground pipe gallery, that
is, simulation of the deformation and settlement caused by open
excavation and casting of the pipe gallery tunnel, and (3) excavation of
a double-line subway tunnel beneath the existing pipe gallery. This
paper mainly studies the calculation results of the third stage, so after
the calculation of the first and second stages, the displacement of soil
and structure is reset to zero. Thus, the deformation of the existing
pipe gallery is essentially the displacement increment of the pipe
gallery caused by the excavation of the new double-line subway tunnel.

3.3 Calculation parameters

In this paper, the physical and mechanical parameters of the soil
layers in the three study areas are from the survey data provided by
Shaanxi Hydrogeology, Engineering Geology and Environment
Geology Survey Center, and the experimental values of the
mechanical parameters of loess (Zhu et al., 2010a; Zhang et al.,
2022a; 2022b; Liu et al., 2022b). Table 2~ Table 4 present the soil
properties of the soil layers in the three regions and the thickness of
each layer determined according to the survey data.

The pipes of shield tunnel are made of C50 reinforced concrete.
Considering the influence of the stiffness reduction of the spliced
pipes, the elastic modulus of the pipe is reduced by 20%, and the elastic
modulus of the grouting slurry is determined according to the initial
strength and late strength (Zhu et al., 2010b; 2011). During excavation
of shield tunnel, the surrounding rock and soil cannot directly contact
the pipes (lining), so the gap is filled with grout. To simplify the
calculation in the simulation analysis, the mixture of the grouting
slurry and the surrounding rock and soil is simplified into a
homogeneous equivalent layer, with a thickness of 30 cm. The early
and late stages in Table 4 are the early and late stages after grouting
between the pipe and the surrounding rock. The weighting method is
used to determine the modulus of the soil nail wall of the pipe gallery,
and the corresponding structures are simplified into elastic models.
The parameters are determined according to Ministry of Housing and
Urban-Development of the People’s Republic of China (2011) and
Ministry of Housing and Urban-Development of the People’s
Republic of China (2015), as shown in Table 5.

3.5 Arrangement of monitoring points

The monitoring time is the time when the right and left tunnel
lines are excavated to the middle of the pipe gallery. Monitoring points
are arranged at the midpoint of each chamber in the longitudinal
central section of the pipe gallery, as shown in Figure 5.

FIGURE 7
Vertical displacement curves of monitoring points in the pipe
gallery.
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4 Analysis of numerical simulation
results

The utility tunnel is a gallery for carrying multiple pipelines, and its
deformation control standard is stricter than the general pipeline control
standard. However, due to the imperfect regulations on the pipe gallery,
according to specification (Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, 2013), the relevant
deformation standard with importance level I is taken as the
benchmark, that is, the maximum settlement is −10mm. In addition,
themaximumuplift herein is set to 5 mmaccording to the control standard

of subway. Since themaximumhorizontal displacement of the existing pipe
gallery caused by subway tunnel excavation is only 0.3 mm, the vertical
deformation of the pipe gallery is mainly analyzed in this paper.

4.1 Impact of tunnel buried depth on existing
pipe gallery

4.1.1 Loess tableland
According to the distribution of soil layers in the loess tableland,

the corresponding mechanical parameters are assigned to the model.

FIGURE 8
Vertical displacement diagram under different tunnel burial depths (unit: m).
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After the excavation of shield tunnel is completed, the deformation at
the monitoring point 30 m away from the portal of the pipe gallery is
analyzed. The vertical displacement of pipe gallery and subway tunnel
under different buried depths is illustrated in Figure 6, and the vertical
displacement curves of the monitoring points are shown in Figure 7.

As shown in Figure 6, the excavation of the new tunnel causes the
disturbance of the soil mass, which leads to the displacement of the
surrounding rock and soil of the existing pipe gallery. It can be seen
that the excavation of the tunnel mainly causes deformation of the soil
beneath the pipe gallery—settlement of the soil towards the tunnel.
With the increase of tunnel depth, that is, the spacing between the two
increases, the influence of tunnel excavation on the stability of the
existing pipe gallery decreases.

It can be seen from Figure 7 that as the tunnel buried depth rises,
that is, the distance between the tunnel and the pipe gallery increases,
the settlement and deformation of the existing pipe gallery decreases.
In other words, the influence of soil disturbance on the pipe gallery is
reduced, which is clearly shown in the displacement diagram. The
maximum settlement of pipe gallery occurs when the tunnel depth is
12 m, and the maximum vertical displacement is 10.5 mm. When the
tunnel depth is 24 m, the settlement deformation of pipe gallery
reaches its minimum of 7 mm. The settlement curve is roughly a
straight line, that is, the pipe gallery is disturbed and produces uniform
settlement. This is because the double-line subway is excavated in the
same direction at the same time. According to the standard for
deformation control of utility tunnel (the allowable maximum
settlement is −10 mm, and the maximum uplift is 5 mm), when the
tunnel buried depth is greater than 12 m, the deformation criterion is
met. Therefore, it is recommended to excavate the right and left lines
of the shield tunnel in the same direction at the same time, which can
not only ensure the safety of the existing pipe gallery, but also speed up
the construction progress of the project.

4.1.2 First-level terrace of Weihe River
According to the distribution of soil layer in Weihe first-level

terrace, the corresponding mechanical parameters of each soil layer
are assigned to the model. The deformation at the monitoring points
30 m away from the front portal of pipe gallery is analyzed after tunnel
excavation. The vertical displacement diagrams of pipe gallery and
subway tunnel are shown in Figure 8, and the vertical displacement
curves of monitoring points are shown in Figure 9.

As shown in Figure 8, the excavation of subway tunnel mainly
causes the deformation of the soil below the pipe gallery, that is, the
settlement of the soil towards the subway tunnel. When the tunnel
depth is 12 m, the tunnel excavation has the greatest impact on the
pipe gallery, while when the tunnel depth is 18 m, this impact is the
smallest.

As shown in Figure 9, in the first-level terrace area of Weihe River,
the vertical displacement of the pipe gallery does not decrease with the
rising tunnel buried depth. When the tunnel depth is 12 m, the vertical
displacement of the pipe gallery is the largest, and when the tunnel
depth is 18 m, its vertical displacement is the smallest. This is because
the strata of 20–30 m in the first class terrace area of Weihe River are
alternately distributed with medium-fine sand and silty clay, and the
soil condition is poor. Therefore, when the tunnel depth is 24 m, the
disturbance to the pipe gallery is greater than that when the tunnel
depth is 18 m. But such disturbance is smaller in the case of an 18 m
buried depth than a 12 m buried depth due to the increasing spacing,
which is clearly shown on the displacement diagram. The maximum
settlement of pipe gallery occurs when the tunnel buried depth is 12 m,
in which case the maximum vertical displacement is 22.7 mm. Under
the same spacing, the deformation curve can be roughly seen as a
straight line, that is, the pipe gallery has uniform settlement. This is
caused by the excavation of the double-line subway tunnel in the same
direction at the same time. According to the standard for deformation
control of utility tunnel (i.e., the allowable maximum settlement
is −10 mm, and the maximum uplift is 5 mm), when the tunnel
buried depth is smaller than or equals 24 m, the deformation criterion
cannot be satisfied. In that case, reinforcement measures should be
taken for the existing pipe gallery.

4.1.3 First-level alluvial fan area
According to the distribution of the soil layer in the first-level

alluvial fan area, the corresponding mechanical parameters are
assigned to each soil layer of the model. Similarly, the deformation
at the monitoring points 30 m away from the front portal of pipe
gallery is analyzed after tunnel excavation. Figure 10 shows the vertical
displacement diagram of the pipe gallery under different buried
depths. Figure 11 shows the vertical displacement curves of
different monitoring points.

It can be observed from Figure 10 that the excavation of subway
tunnel mainly causes the deformation of the soil beneath the pipe
gallery, i.e., the settlement of soil towards the subway tunnel. When the
tunnel depth is 18 m, the excavation has the greatest influence on the
pipe gallery, while when the tunnel depth is 24 m, this impact is the
smallest.

As shown in Figure 11, in the first-level alluvial fan area, the
vertical displacement of the pipe gallery does not decrease with the
rising tunnel buried depth. The vertical displacement of the pipe
gallery is the largest under an 18 m tunnel buried depth, but the
smallest under a 24 m tunnel buried depth. The reason is that the
lower soil layer of the first-level alluvial fan area is alternately
distributed with coarse sand and silty clay. When the tunnel buried
depth is 18 m, the corresponding stratum is composed of coarse sand,
and the soil condition is poor, so the excavation has the greatest impact
on the upper area. Therefore, the disturbance to the pipe gallery under
an 18 m buried depth is larger than that under a 12 m buried depth, in
which case the settlement of the pipe gallery is larger, as shown in the
displacement diagram. The maximum settlement of pipe gallery
occurs when the tunnel buried depth is 18 m, and the maximum

FIGURE 9
Vertical displacement curves of monitoring points in the pipe
gallery.

Frontiers in Earth Science frontiersin.org09

Wei et al. 10.3389/feart.2023.1104865

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1104865


vertical displacement is 18 mm. In addition, under the same buried
depth, the deformation curve can be roughly seen as a straight line.
That indicates that the existing pipe gallery is disturbed and produces
uniform settlement, which is caused by the excavation of double-line
subway tunnel in the same direction at the same time. When the
tunnel depth is 24 m, the settlement deformation of the pipe gallery is
the minimum, with a value of 6.2 mm. According to the standard for
deformation control of utility tunnel (i.e., the allowable maximum
settlement is −10 mm, and the maximum uplift is 5 mm), when the
tunnel buried depth is 12 m and 24 m, the deformation criterion can
be satisfied. Therefore, it is suggested to excavate the two lines of the
shield tunnel in the same direction at the same time, which not only

ensures the safety of the existing pipe gallery, but also speeds up the
construction progress of the project. By contrast, when the tunnel
buried depth is 18 m, the deformation criterion cannot be met. In this
case, it is necessary to take measures to reinforce the existing pipe
gallery.

4.2 Impact of soil quality on existing pipe
gallery

The subsection compares the influence of tunnel excavation on the
stability of existing pipe gallery under different soil properties when

FIGURE 10
Vertical displacement diagram under different tunnel burial depths (unit: m).
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the tunnel depth is constant. Figure 12 and Figure 14 show that the
vertical displacement curves of monitoring points in the existing pipe
gallery under different tunnel buried depths.

It can be seen from Figure 12 that the excavation of subway tunnel
in the first-level alluvium fan area has the smallest impact on the
existing pipe gallery, with a vertical displacement of pipe gallery of
about 9.5 mm, followed by that in the loess tableland, with a vertical

displacement of about 10.5 mm. According to the standard for
deformation control of utility tunnel, the stability of pipe gallery in
these two areas can satisfy the deformation criterion. The excavation
of the subway tunnel on the first-level terrace of Weihe River has the
greatest impact on the pipe gallery, and the maximum vertical
displacement of pipe gallery is 23 mm. According to the standard
for deformation control of utility tunnel, the pipe gallery stability in
this case cannot meet the deformation criterion. This is because the
soil in the lower part of the Weihe first-level terrace is alternately
distributed with silty clay andmedium sand, and the tunnel is basically
in the medium sand layer with poor soil conditions. Thus, the
excavation has the greatest impact on the structure above.

As shown in Figure 13, the excavation of subway tunnel in the
Loess tableland area has the smallest impact on the existing pipe
gallery, and the vertical displacement of pipe gallery is basically 8 mm.
According to the standard for deformation control of utility tunnel,
the stability of the pipe gallery can roughly satisfy the deformation
criterion. The subway tunnel excavation in the fist-level alluvial fan
area has the second smallest impact on the pipe gallery stability, with a
vertical displacement of 17 mm. In this case, the stability of the pipe
gallery cannot meet the deformation criterion. This is because when
the buried depth is 18 m, the tunnel is in the layer consisting of silty
clay and coarse sand, and the soil property is poor. As a result, the
excavation has a great impact on the structure above. The excavation
of the subway tunnel in the first-level terrace of Weihe River has the
greatest impact on the existing pipe gallery, and the maximum vertical
displacement of pipe gallery is 20.1 mm. According to the standard for
deformation control of utility tunnel, the stability of the pipe gallery
cannot satisfy the deformation criterion. This is because the lower soil
layer of the first-level terrace ofWeihe River is alternatively distributed
with silty clay and medium sand, and the tunnel is basically located in
the silty clay layer. Additionally, the overall soil property of the first-
level terrace of Weihe River is poor, and the upper and lower layers are
medium sand, so the excavation has the greatest impact on the
structure above.

It can be seen from Figure 14 that the excavation of subway tunnel
in the loess tableland and the first-level alluvial fan area has almost the
same impact on the existing pipe gallery, with a vertical displacement
of pipe gallery of about 6.5 mm. According to the standard for
deformation control of utility tunnel, the stability of the pipe
gallery in these two areas can satisfy the deformation criterion. The
lower soil layer in the first-level alluvial fan area is alternatively

FIGURE 11
Vertical displacement curves of monitoring points in the pipe
gallery.

FIGURE 12
Vertical displacement curves under a 12 m tunnel buried depth.

FIGURE 13
Vertical displacement curves under an 18 m tunnel buried depth.

FIGURE 14
Vertical displacement curves under a 24 m tunnel buried depth.
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distributed with silty clay and coarse sand, but the subway tunnel is in
the thick layer of silty clay. Thus, tunnel excavation has a small
influence on the existing pipe gallery. The tunnel excavation in the
first-level terrace of Weihe River has the greatest impact on the pipe
gallery, and the maximum vertical displacement of pipe gallery is
21 mm. The pipe gallery stability in this case does not meet the
deformation criterion. This is because the lower soil layer of the
Weihe first-level terrace is alternatively distributed with silty clay and
medium sand, and the tunnel is located between the two soil layers of
silty clay and medium sand. Moreover, the overall soil quality of the
Weihe first-level terrace is poor, so the excavation has the greatest
impact on the structure above.

5 Conclusion

According to the simulation analysis in different regions of Xi’an,
the supporting measures such as cushion and bolt play a crucial role in
reinforcing the existing pipe gallery when it is subjected to the influence
of the excavation of subway tunnel beneath it. For this reason, the lateral
displacement of the pipe gallery is quite small, and thus can be ignored.
And the pipe gallery is mainly affected by settlement deformation. The
major conclusions of this paper are as follows.

(1) When the regional soil quality is relatively stable and the
difference of soil parameters is small, the settlement of pipe
gallery declines with the rising spacing (buried depth of
subway tunnel), such as the loess tableland. When the regional
soil quality is unstable and the soil parameters differ significantly,
the settlement of pipe gallery is greatly affected by the soil layer
where the tunnel is located, such as the first-level terrace of Weihe
River and the first-level alluvial fan area.

(2) In the loess tableland area, when the buried depth of subway
tunnel is greater than 12 m, the settlement deformation of the
existing pipe gallery does not exceed the allowable limit of 10 mm,
which meets the deformation criterion. In the first-level terrace of
Weihe River, when the tunnel depth is less than or equal to 24 m,
the deformation criterion is not met. In the first-level alluvial fan
area, when the tunnel burial depth is 12 m and 24 m, the
deformation criterion is met; whereas when the tunnel burial
depth is 18 m, the settlement deformation of the existing pipe
gallery exceeds the allowable limit of 10 mm, so the deformation
criterion is not met.
Therefore, to reduce the disturbance of tunnel excavation to the
existing pipe gallery, the influence of soil parameters and the

spacing between the tunnel and the pipe gallery should be
considered first. In addition, various supporting methods such
as soil layer grouting (to improve the soil properties) and cushion
can also be considered.
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