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Ground surface settlement under subway tunnel construction is one of the

main sources of urban ground surface settlement, which may threaten the

safety of existing buildings. Therefore, it is necessary to study the influence of

subway tunnel construction on the safety and stability of surface subsidence. In

the current study, the ground settlement originating from the operation of a

tunnel-boring machine (TBM) while excavating a double-line tunnel that

underpasses existing buildings is studied. To this end, numerical simulations

were carried out and experimental data were analyzed. The boring parameters

for the underpass interval section were derived by simulating the construction

process and analyzing the TBM parameters in a real project. Then, the influence

of thrust force, grouting pressure, and frictional force was considered on the

surface settlement. For spatial locations between the existing buildings and the

tunnel in the underpass area, thewidth of the ground surface settlement caused

by different excavation sequences of the TBM two-line tunnel was analyzed.

The obtained results demonstrate that the performed calculations are

consistent with the monitoring data. It is found that the width and depth of

the ground surface settlement trough are affected by the distance between the

existing buildings and the TBM construction tunnel. However, the settlement

location is independent of the excavated sequence but depends on the location

of the TBM tunnel and the existing building.
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1 Introduction

With rapid development of urbanization and continuous promotion of urban rail

transportation, the surface settlement caused by metro tunnel construction has attracted

the attention of many scholars worldwide. Although the development, design, and

manufacturing techniques of tunnel boring machines (TBMs) have continually improved

and the excavating technology has improved rapidly in the past few decades, the ground

OPEN ACCESS

EDITED BY

Fanyu Zhang,
Lanzhou University, China

REVIEWED BY

Mohammed Y. Fattah,
University of Technology, Iraq
Nenad Milorad Vusovic,
University of Belgrade, Serbia

*CORRESPONDENCE

Hailong Zhang,
zhanghl@cqwu.edu.cn

SPECIALTY SECTION

This article was submitted to
Geoscience and Society,
a section of the journal
Frontiers in Earth Science

RECEIVED 06 May 2022
ACCEPTED 09 August 2022
PUBLISHED 05 September 2022

CITATION

Ren T, Zhang H, Guo Y, Tang Y and Li Q
(2022), Numerical simulation of ground
surface settlement of underpass
building in tunnel boring machine
double-line tunnels.
Front. Earth Sci. 10:937524.
doi: 10.3389/feart.2022.937524

COPYRIGHT

© 2022 Ren, Zhang, Guo, Tang and Li.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 05 September 2022
DOI 10.3389/feart.2022.937524

https://www.frontiersin.org/articles/10.3389/feart.2022.937524/full
https://www.frontiersin.org/articles/10.3389/feart.2022.937524/full
https://www.frontiersin.org/articles/10.3389/feart.2022.937524/full
https://www.frontiersin.org/articles/10.3389/feart.2022.937524/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.937524&domain=pdf&date_stamp=2022-09-05
mailto:zhanghl@cqwu.edu.cn
https://doi.org/10.3389/feart.2022.937524
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.937524


surface settlement caused by TBM excavation may damage the

existing buildings (Li et al., 2021). In order to resolve this enormous

problem, it is of significant importance to study the surface

settlement. In this regard, numerous numerical and experimental

investigations have been carried out to study the ground surface

settlement caused by TBM tunnel excavation (Zhang et al., 2002;

Dias andKastnher, 2013). In the field experiment, Huang andZhang

(2001) studied the ground subsidence caused by different

construction stages. Yu et al. (2014) carried out experiments and

demonstrated that the ground surface settlement is mainly

concentrated at the stage when the boring machine approaches

the monitoring section and the shield tail detaches from the

monitoring section. Moreover, Jin et al. (2018) studied eighteen

tunnels to analyze the deformation characteristics of the ground

surface in depth. Moreover, Chen et al. (2012) performed numerical

simulations and studied the influence of construction on the ground

surface settlement under different arrangements of multiple tunnels.

Meanwhile, the surface settlement characteristics were analyzed

using empirical expressions and the superposition principle.

Wang et al. (2013) considered the effects of grouting pressure

and palm surface thrust force and studied the ground surface

settlement caused by boring machines in the construction of

metro tunnels. Comodromos et al. (2014) and Qiu et al. (2017)

studied the influence of ground surface settlement caused by TBM

tunnel excavation and analyzed the interaction between the ground

and existing structures. Finally, an improved method was proposed

to predict the ground surface settlement in double-line tunnels. Yin

et al. (2018) demonstrated that the settlement of the overlying soil of

the tunnel is mainly affected by the existing structures and showed

that grouting is an effective method to control the ground surface

settlement caused by the excavation gap. Feng and Yu (2019)

showed that excavating the tunnel has a remarkable effect on the

surface deformation of the tunnel after excavation. It is worth noting

that this deformation may lead to uneven ground surface settlement

after the completion of double-line tunnel boring.

In order to study surface settlement laws, it is necessary to

investigate the surface settlement trough. The peck expression

has simple calculations, and the calculated curve is consistent

with the experimental data (Peck, 1969; Fang et al., 2021).

However, it is a challenge to obtain the parameter of the

width of the settlement trough. Han and Li. (2007) showed

that the settlement trough is related to the burial depth of the

tunnel and the stratum conditions. Moreover, Wei (2009)

showed that the width of the settlement trough is also affected

by the diameter of the tunnel and proposed an expression to

calculate the width of the settlement trough. Based on the peck

formula and the superposition principle, Liu et al. (2006), Ma

(2008), Chen et al. (2014), and Lu et al. (2019) studied the surface

settlement caused by the double-line tunnel and deeply analyzed

the width of the settlement trough caused by the left- and right-

line tunnels (Fattah et al., 2011a; Al-Damluji et al., 2011; Fattah

et al., 2011b; Fattah et al., 2012; Fattah et al., 2013; Fattah et al.,

2015).

The performed literature survey indicates that there is limited

knowledge about ground surface settlement caused by different

excavation sequences of TBM double-line tunnels that underpass

existing buildings. More specifically, the effects of TBM boring

parameters and the existing buildings on surface settlement

troughs and maximum settlement values under composite rock

stratum conditions have rarely been investigated so far. Aiming at

resolving this shortcoming, ChongqingMetro Line 9 was selected as

the research object of the current study. The influence of different

parameters, including the underpass interval, TBM boring

parameters, different excavation sequences, and the spatial

distance between the existing building and the tunnel, was

studied. The main objective of the present study is to predict the

ground settlement of an underpass interval section during the

construction of the TBM double-line tunnel using experimental

data and numerical simulation.

2 Project

The interval section between Congyan Temple Station (CTS)

and Central Park East Station (CPES) in Chongqing Metro Line

9 was selected as the research object. The studied area (hereafter

called Zhongcong Tunnel) is located in Yubei District, Chongqing,

and is under construction using the TBM excavation method. The

left line is 1952.037 m long and expands from K38 + 137.5 to K36 +

185.463. Furthermore, the right line is 1959.037 m long and expands

from K38 + 144.5 to K36 + 185.463. The interval of the tunnel is

85 m long and underpasses existing buildings fromK36 + 308 to k36

+ 223. The geological structure in the interval main is composite

strata, which is mainly composed of the Jurassic SystemMiddle and

Lower Artesian Well Group sandy mudstone, sandstone, and a 25-

m overburden layer. The tunnel diameter is 6.6 m, the distance

between the left and the right line is 10.5 m, and the existing building

is 7.5 m above the right side of the right line. The location of the

Zhongcong Tunnel in Chongqing Metro Line 9 and the underpass

existing building is shown in Figure 1.

Figure 2 shows the layout of monitoring points in the interval

that underpass the existing buildings. A transverse monitoring

section is placed every 50 m, and a ground surface settlement

monitoring point is placed every 10 m along the tunnel axis.

These monitoring points are directly found above the tunnel

between the left and right lines.

3 Calculation of shield frictional force
and palm surface thrust force

3.1 Frictional force between the shield and
the surrounding rock

To calculate the frictional force between the shield and the

surrounding rock using the frictional force expression (Shi et al.,
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2009) and experimental data, the frictional force between the TBM

shield sides was divided into upper and lower parts. In the upper

part, the frictional force was calculated by multiplying the friction

factor µ by the positive soil pressure at the tunnel top, whereas in the

lower part, the frictional force was calculated by multiplying the

friction factor µ by summing the positive soil pressure at the tunnel

top and the weight of the shield mainframe. The schematic of

friction calculation is presented in Figure 3, where Pe1 and Pe2 denote

FIGURE 1
Location of the Zhongcong Tunnel in Chongqing Metro Line 9, and the profile map of the underpass existing building.

FIGURE 2
Layout of monitoring points in the underpass area of the Zhongcong Tunnel.
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the pressure on the upper and lower shields, respectively. These

parameters can be calculated using the following equations:

Pe1 � K0γH (1)
Pe2 � Pe1 + PG (2)

where K0=1-sin φ is the static soil pressure coefficient in the

layered rock and φ is the internal friction angle. Moreover, γ is

the soil volume weight,H is the distance between the tunnel vault

and the ground level, and PG is the strength of the reaction force

produced by the shield self-weight on the shell.

Therefore, the frictional force between the shield shell and

the surrounding rock during TBM boring can be obtained from

the following expressions:

Ff � fs + fx (3)
fs � 1

2
μPe1 · Sc (4)

fx � 1
2
μPe2 · Sc (5)

where Ff is the total frictional force between the shield and the

surrounding rock; fs and fx are the frictional force between the

upper and lower parts of the shield, respectively; μ = tan (φ/3)-

tanφ denotes the frictional factor, which usually varies in the

range of 0.1–0.3; and Sc is the surface area of the shield shell.

3.2 The thrust force of the palm surface

In the current study, the total thrust force was divided into

four parts, namely, the frictional force Ff, the thrust force FN on

the tunnel face, the frictional force FS between the shield tail and

the segment, and other force FL originating from the traction

force of the rear supporting equipment and the change of

direction resistance (Guan, 2008). This classification can be

expressed as follows:

F � Ff + FN + FS + FL (6)

Studies (Guan, 2008) show that the sum of the frictional and

thrust forces in the tunnel face is 95–99% of the total thrust.

Consequently, Eq. 7 can be simplified in the form below:

FN � F − Ff (7)

4 TBM tunneling parameters

Figure 4 shows the distributions of the TBM total thrust,

grouting pressure, and volume against the excavating distance. It

is observed that the total thrust in the left line

(i.e., 5900 kN–11,200 kN) is slightly larger than that of the

right line (i.e., 5500 kN–10,200 kN). Meanwhile, the range of

the grouting pressure in the left line is 0.18–0.30 MPa, while that

of the right line is 0.28–0.33 MPa. It was found that the grouting

pressure in the right line is significantly larger than that in the left

line, and the simultaneous grouting volume in the two lines varies

in the range of 4–5 m3.

5 Numerical simulation for underpass
existing buildings

5.1 Calculating models

In order to reduce the influence of boundary effects on the

results, the axial and lateral directions are set to 135 and 120 m,

respectively. The upper part is assumed at the ground level, while

the lower part is set to 26.4 m, which is four times the excavating

diameter. Accordingly, the dimensions of the three-dimensional

computing model are 120 m × 135 m × 58 m. The boundary

conditions are horizontal constraint around the model, vertical

constraint into the bottom, and the ground surface being free

(Zhang et al., 2022). Figure 5 shows the establishedmodel and the

imposed boundary conditions.

FIGURE 3
Schematic of friction calculation.
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FIGURE 4
TBM tunneling parameters in underpass existing buildings: (A) total thrust; (B) grouting pressure; (C) grout volume.
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5.2 Simulating the tunnel boring machine
working in the tunnel

In this section, the shield shell, grouting layer, and the TBM

segment are assumed as elastic materials (Yin et al., 2018; Lai et al.,

2021). The equivalent load substitutionmethod (He et al., 2008) was

used to simulate the existing buildings. In this regard, the structural

unit in FLAC3D software was used to simulate the foundation piles

in the building, while the Mohr–Coulomb constitutive model was

used in the rock and soil layer. The physical and mechanical

parameters of strata and materials are presented in Table 1.

Moreover, the stiffness transfer method was used to simulate the

dynamic construction process of TBM. The thrust load in the

construction face, frictional force, grouting pressure, and total

thrust was applied to the palm surface, rock surface, shield shell

surface, and shield tail, respectively. According to the mechanical

parameters of the Zhongcong tunnel, the total thrust is 8,500 kN,

and the grouting pressure in the left and right lines is 0.25 MPa and

0.3 MPa, respectively. Based on Eqs. 4, 5, 7, the upper shield shell,

the frictional force in the lower part, and the thrust in the palm

surface are 1980 kN, 2,220 kN, and 4,300 kN, respectively. The

simulation process is shown in Figure 6.

5.3 Validation of the model

Figure 7 shows the vertical deformation contour of rock

strata after excavation in a double-line tunnel. Figure 8 illustrates

the vertical ground deformation contour in the underpass area. It

is found that the ground surface settlement in the underpass area

is remarkably affected by the existing buildings. Meanwhile, the

subsidence width and depth significantly increase with the tunnel

distance that underpasses the existing buildings. Figures 9, 10

show monitoring results, indicating that the actual value of the

ground surface settlement is slightly greater than that of the

calculated results. This may be attributed to the rock

anisotropicity, while the rock is assumed to be isotropic strata

in the established model. Accordingly, an error inevitably occurs

in the numerical simulation. However, the monitoring data and

the calculated results are consistent, thereby verifying the

calculations.

5.4 Ground surface settlement results in
different excavating sequences

TBM excavating sequences can be mainly divided into three

working conditions: working condition 1, wherein the right line

begins to excavate after completion of excavation in the left

tunnel; working condition 2, wherein the left line begins to

excavate after completion of excavation in the right tunnel;

working condition 3, wherein the double-line tunnels in the

left and right lines work simultaneously. It is worth noting that

working condition 1 was used in the Zhongcong tunnel.

5.4.1 Calculated results for the cross-section of
the ground surface settlement

Figure 11 shows the obtained results on the cross-section of

the ground surface settlement at K36 + 250 under working

conditions 1 and 2. It is observed that the maximum

settlement location always is the upper part of the tunnel axis.

Furthermore, it is found that the maximum settlement value

caused by the right line is significantly smaller, and the settlement

value of the ground surface caused by the right line is 64% of the

left line. Similarly, the width of the settlement trough in the right

line is significantly smaller than that of the left line. This is

because the right line is closer to the existing buildings and is

FIGURE 5
Established model.

TABLE 1 Parameters of strata and materials.

Material γ c φ E ʋ

kN·m−3 kPa ° MPa

Plain fill 18 11 11 4.2 0.38

Sandy mudstone 27.8 1720 35 1,620 0.32

Sandstone 27.2 7,560 43.8 4,100 0.22

Segment 25 27,600 0.2

Piles 24 31,000 0.2

Shield shell 75.83 210,000 0.26

Grouting layer (fluid) 18 200 0.25

Grouting layer (solidification) 18 1800 0.2
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FIGURE 6
Simulation process of the TBM tunnel construction.

FIGURE 7
Vertical deformation contour of rock strata in the double-line tunnel boring. (A) Settlement nephogram of the surrounding rock. (B) Settlement
nephograms at K36 + 250.
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more severely affected by the existing buildings. Lu et al. (2019)

showed that the diameter, burial depth, and stratum conditions

of the left and right line tunnels in the same cross-section are the

same, so the width of the settlement trough and the maximum

settlement value caused by the left and right lines can be

considered to be the same. However, the influence of existing

buildings was not considered in the study by Lu et al. (2019).

Therefore, the present study is expected to provide a reference for

the study of surface settlement caused by TBM double-line

tunnels underpass existing buildings.

Figure 12 shows the obtained results of the cross-section of

ground surface settlement at K36+250 for different working

conditions after completion of excavation in left and right

lines. It is found that the location at the extreme point for

subsidence is the same, while the ground settlement under

working conditions 1 and 2 has some deviations. More

specifically, the maximum value in working condition 2 is

2.6% larger than that in working condition 1. Meanwhile, it is

found that the subsidence width in working condition 3 is about

1.2 times larger than that in working conditions 1 and two. This

may be attributed to the disturbance effect on each other in the

simultaneous excavation of the left and right lines. After

completion of excavation in the left line, the ground

settlement at K36 + 250 points in the working condition 1 is

1.227 mm, which accounts for 73.2% of the completion of this

double-line construction. Moreover, the ground settlement in

working condition 2 after completion of excavation in the right

line is 0.307 mm, which accounts for 17.8% of the completion of

this double-line construction.

5.4.2 Results in the vertical section of the ground
surface settlement

Figure 13 shows the ground settlement at the centerline in

two tunnels under working conditions 1 and two. Figure 14

FIGURE 8
Vertical ground deformation contour in the underpass area.

FIGURE 9
Axial ground surface settlement in the left line of the tunnel in
the underpass area.

FIGURE 10
Cross-sectional ground surface settlement after the
completion of the double-line tunnel boring (K36 + 250).
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shows the ground settlement at the centerline in the two

tunnels after completion of excavation in three working

conditions. S1 is the interval section of the TBM tunnel

that underpasses existing buildings A and B, and S2 is the

interval section of the parallel tunnel that underpasses

building B. It is found that the ground settlement curves

caused by TBM construction at three working

conditions are affected by the existing buildings on

right. The S1 interval section absorbed the

deformation caused by excavation, so the TBM

disturbance decreases on theground surface. In

the S3 interval section, the distance between

the existing buildings and the tunnel

gradually increases, and the ground settlement increases

rapidly.

6 Conclusion

In the current study, the Zhongcong tunnel in Chongqing

Metro Line 9 was selected as the research object, and

the ground settlement was studied using numerical and

field real-time monitoring methods. Based on the

FIGURE 11
Ground settlement of the cross-section at K36 + 250 under
working conditions 1 and 2.

FIGURE 12
Ground surface settlement in cross-section after the
completion of double-line construction (K36 + 250).

FIGURE 13
Ground settlement at the centerline in two tunnels under
working conditions 1 and 2.

FIGURE 14
Ground settlement at the centerline in the two tunnels after
the excavation in three working conditions. S1 ~ S3 are the three
interval sections that underpass the existing buildings.
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obtained results, the main conclusions can be summarized as

follows:

1) The influence degree of the existing buildings is related to

the distance between the building and the tunnel. The

smaller the distance, the greater the influence degree,

and the smaller the width of this surface settlement

trough. As the distance between the building and the

tunnel gradually increases, the ground settlement

increases rapidly. The present study is expected to

provide a reference for the study of surface settlement

caused by TBM double-line tunnels underpass existing

buildings.

2) There are remarkable differences in the ground surface

settlement under simultaneous excavation and

excavation by steps. More specifically, the maximum

ground settlement under simultaneous

excavation is about 1.2 times larger than that of

excavation by steps.

3) The location of the maximum ground settlement

is independent of the excavation sequence, but its value

is affected by the location of the TBM tunnel and existing

buildings.

4) When excavating a single-line tunnel, the maximum

settlement occurs above the tunnel axis, while the

maximum settlement in three working conditions

occurs between the centerline of

tunnels and the left axis, which is away from the

existing buildings.
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