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Abstract: Cross-river twin tunnels are prone to deformation and uneven settlement of the surround-
ing soil due to the complexity of the strata crossed, which has a negative impact on the tunnel
structure. A numerical calculation model was established using the COMSOL Multiphysics to study
the effects of twin tunnel excavation in composite strata on the ground settlement and the ground
settlement pattern. The results indicated that after the construction of the twin tunnels is completed,
the ground settlement above the first tunnel is slightly larger than the ground settlement above
the second tunnel. The further the spacing between the two tunnels before and after excavation,
the smaller the amount of ground settlement and the impact on the surrounding soil. The ground
settlement value increases with the increase in burial depth, and the ground settlement curve gradu-
ally changes from a W-shaped curve to a V-shaped curve. As the distance between the two tunnels
increases, the maximum settlement value of the settlement curve gradually decreases, and the ground
lateral settlement curve changes from V-shaped to W-shaped. The higher the water level on the
riverbed side, the greater the settlement value of the ground.

Keywords: cross-river tunnel excavation; composite strata; ground settlement; numerical modeling

1. Introduction

Due to the further improvement of people’s requirements for an urban landscape
environment, the rational use of underground space and the construction of subways have
become an effective way to relieve urban traffic congestion, increase people’s travel mode
options and reduce travel time [1,2]. In the rapid development of subway construction, the
shield method has been widely used with high safety [3,4]. Meanwhile, in order to save time
for tunnel construction, most metro tunnels are excavated in two lines simultaneously [5].
However, shield construction will inevitably disrupt the original equilibrium of the soil
layer and cause ground settlement, especially for twin-tunnel construction, in which ground
settlement is more pronounced compared to a single tunnel. Excessive ground settlement
has a serious impact on existing buildings or roads on the surface. Therefore, it is important
to deeply study the ground settlement pattern caused by the construction of twin tunnels.

So far, there are many research results on ground settlement for tunnel construction,
including theoretical analysis methods, numerical simulations, field measurements and
other methods of analyzing the mechanism and law of ground deformation caused by the
tunnel excavation process. In the theoretical analysis method, the formula proposed by
Peck [6] based on a large amount of monitoring data can predict the ground settlement
trough curve caused by a single tunnel. New and O’Reilly [7] obtained the final profiles
for two and multiple tunnels by summing the same Gaussian curves but did not take into
account the interactions between the tunnels. The disturbance caused by the excavation of
the first tunnel affects the deformation of the surrounding rock in the vicinity of the second
tunnel, which can cause asymmetries in the settlement trough. Hence, Ma, L. et al. [8]
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provided a new settlement trough model for horizontally aligned twin tunnels and also
established a new method for calculating ground losses in twin tunnels. Zhou, Z. et al. [9]
introduced disturbance correction coefficients after analyzing the influence mechanism
of double tunneling excavation, thus obtaining a prediction formula for the influence of
double tunneling excavation on ground settlement, which was finally verified using an
actual engineering case of Changsha Metro Line 2 in Hunan Province, China. Fang, K.D.
et al. [10] improved the Peck by considering the tunnel axial depth and stratigraphic losses
to make it more suitable for modeling the ground settlement curve of fully overlapping
tunnels. The results show that the width of the settlement trough inside the settlement
curve is only affected by the downstream tunnel, and the maximum settlement values
caused by the stratigraphic losses and the upstream tunnel excavation are reduced by the
overlap effect between the tunnels. In the meantime, scholars have conducted extensive
studies based on engineering field measurements and monitoring data [11-14]. In a study
by Chingke, N. et al. [15], the ground settlement analysis of the urban rail transit tunnel in
Luoyang revealed that the ground settlement curve was affected by the post-excavation
tunnel and the curve shifted from V-shaped to W-shaped. Fu, C.Q. et al. [16] developed a
modified equivalent stiffness model based on field monitoring data from the Beijing metro
project and also investigated the effects of underpass angle, vertical spacing, and soil pa-
rameters on settlement. Fargnoli, V. et al. [17] analyzed the variation in the settlement curve
of Milan metro line 5 using a Gaussian empirical prediction method and summarized the
influence of twin tunnels on each other in excavation. Others have studied the mechanism
of influence between twin tunnels using a large physical-mechanical model [18-21].

In addition to the above methods, numerical simulation methods are also commonly
used to study the interaction between twin tunnels and the ground settlement caused by
them [22,23]. He, C. et al. [24] developed an analytical model in three dimensions and
validated the model by numerical simulation, and the results demonstrated that this model
can be accurately used to study the effect of the interaction between twin tunnels on ground
vibrations. Agbay, E. et al. [25] presented numerical simulations of different sections along
the twin tunnels considering the pre-support system, and the analysis presented that the
deformation modulus of the ground around the tunnel is the main factor determining
the ground settlement. Akbari, S. et al. [26] obtained four numerical models using FLAC
3D, with the models including single and twin tunnels, and found that the interaction
between the tunnels is related to the distance between the tunnels, with less effect at longer
distances. Similarly, Dibavar, B.H. [27] studied the effect of horizontal spacing between twin
metro tunnels on ground settlement and the results were consistent. In general, numerical
methods are a useful tool for studying the effect of twin tunnels on ground settlement by
simulating different construction scenarios and the relative tunnel location relationships.
However, studies on twin tunnels have generally focused on the horizontal spacing of the
tunnels and the vertical spacing of the tunnels, with little research on the distance between
tunnel excavation faces and the water level on the riverbed side. Moreover, most of the
existing studies are based on the assumption of the homogeneity of the strata and do not
build 3D models of complex strata according to the actual conditions.

Based on the Changsha metro tunnel project, this paper establishes a three-dimensional
finite element numerical model in a composite stratum based on the engineering back-
ground and uses fluid-solid coupled multi-physics fields to conduct the study. This paper
focuses on the analysis of the effect of twin tunnels on the ground settlement curve under
the influence of four different factors (tunnel excavation surface spacing, tunnel spacing,
tunnel depth and water level on the riverbed side) and summarizes the ground settlement
deformation law.

2. Project Description
2.1. Engineering Background

Construction of Changsha metro line 6 passes under the Liuyang River reach involved
the excavation of two single-track tunnels. The total length of the left tunnel is 1012.807 m,
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and that of the right tunnel is 1007.285 m. The tunnels were realized using two tunnel
boring machines, and the machine excavation rate is 1.5 m/r (r is ring). The twin tunnels
are almost parallel to the Guitang River Bridge above the Liuyang River, and the bridge
pile is 18.65 m away from the nearest part of the tunnel. Figure 1 shows a planar graph of
the Liuyang River, the Guitang River Bridge and the twin tunnels. The minimum radius
of a plane curve of the left tunnel and the right tunnel is 400 m, and the distance between
the left tunnel and right tunnel is 13.2~15.2 m. The minimum slope of the right tunnel is
15.797 %o, and the maximum slope is 26 %o. The minimum slope of the left tunnel is 15.953 %o,
and the maximum slope is 25.199 %o.. Therefore, longitudinal sections of the twin tunnels
are “V”-shaped slopes. The buried depth of the twin tunnels is 9.2 m~25.9 m, and they
can be regarded as typical shallow tunnels. The twin tunnels were built at the distance of
40.4045 km (DK40 + 404.5) to DK41 + 411.399. The DK40 + 400~DK40 + 620 sections pass
under or near some buildings, and the DK40 + 750~DK41 + 020 sections pass under the
Liuyang River.

Figure 1. Location of the Liuyang River, the Guitang River Bridge and the tunnels.

2.2. Geological Drilling

In order to investigate the detailed geological conditions of the tunnel area, the method
of geological drilling was adopted in the project. According to the results of geological
drilling, the rock strata can be divided into six layers, as shown in Figure 2. The (D layer
(miscellaneous fill) has a thickness of 2.7-2.9 m and is mainly composed of clayey soil and
weathered rock. The thickness of the () layer (silt clay) is 4.3—4.4 m; it is wet, and as the
depth increases, it changes into silt. The (3) layer (silt) is 2.1-2.2 m thick, with particle sizes
greater than 2 mm. The (@ layer (round gravel) has a thickness of 2.0-2.6 m, with particle
sizes of 0.2-2.0 cm. The (®) layer (strongly weathered argillaceous siltstone) has an obvious
weathering metamorphism, with particle sizes of 2-10 cm. In the horizontal direction, this
layer is sporadically distributed in the site of this section, and the distribution regularity
is not obvious, with an average thickness of 1.71 m. The (®) layer (moderately weathered
argillaceous siltstone) has a silty structure, medium-thick layered structure and argillaceous
cementation, with an average thickness of 17.97 m. The twin tunnels mainly pass through
moderately weathered argillaceous siltstone, and a few pass through strongly weathered
argillaceous siltstone.
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Figure 2. Geological cross-section of the tunnels.

2.3. Hydrogeology

In the sections of DK40 + 750~DK41 + 020, the Liuyang River and groundwater are
mainly recharged through the round gravel layer. There are two types of pore water in the
loose soil layer (phreatic water, pore confined water) and bedrock fissure water in the tunnel
site. However, because the gravel layer in most sections is directly connected with the
bedrock aquifer, the pore confined water and bedrock fissure water can be regarded as the
same groundwater. The main aquifer of groundwater in the tunnel site is bedrock fissure
water. Most of the tunnels in this area pass through the moderately weathered argillaceous
siltstone, and some of them are located in the strongly weathered argillaceous siltstone.
Pore phreatic water and pore confined water have little influence on the construction.
Strongly weathered argillaceous siltstone and moderately weathered argillaceous siltstone
have poor water permeability and poor water yield, which have little impact on tunnel
excavation. However, strongly weathered argillaceous siltstone is easy to soften when it
meets with water, and moderately weathered argillaceous siltstone’s strength decreases
when it is soaked for too long.

3. Numerical Simulations
3.1. Numerical Model and Boundary Conditions

COMSOL Multiphysics analysis was conducted to investigate the tunneling-induced
effect on the settlement of the overlying embankment. To simplify the calculation, each
stratum was considered homogeneous and isotropic in this paper. It was assumed that
the damage of moderately weathered argillaceous siltstone follows the Hoek-Brown crite-
rion [28] and the other strata follow the Mohr-Coulomb criterion [29]. The friction angle
was greater than 22 degrees, and the Mohr-Coulomb yield criterion was well adapted and
accurate, so it was used to model the mechanical behavior of the soil. Meanwhile, the
seepage field was assumed to satisfy Darcy’s law [30,31] because the pressure gradient of
groundwater flow was not large, and the coupling condition was assumed to satisfy the
Biot-Willis law [32,33]. A numerical model dimension of 80 m (length) x 200 m (width) x
30 m (height) was used to simulate the shield tunneling process, and the radius of the two
tunnels was 3.1 m. The mesh and the whole 3D model used in the simulations are depicted
in Figure 3. The mesh parameters of this model were maximum size 10 m, minimum size
0.6 m, maximum growth rate of adjacent cells 1.5, curvature factor 0.6 and thin domain
resolution 0.02.
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(b)

Figure 3. The whole 3D model and detailed mesh shape in the simulation (unit: m). (a) The whole
3D model. (b) The mesh of the 3D model. (¢) The mesh of the twin tunnels.
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The model was treated with roll support all around, so the normal direction on both
sides was fixed and could only move in the vertical direction. The bottom of the model was
fixed and constrained and could not be moved. The top surface of the model was free. The
gravity field was set and applied to the numerical model, considering a lateral pressure
coefficient of 1.5. According to the perennial water level of Liuyang River, the water level
on the bank side and the riverbed side was set to 29 m. In addition to providing the osmotic
pressure on the riverbed surface, the gravity of the water body flowing in the river channel
also acts as pressure on the riverbed surface, and the water body in the river channel was
applied as an applied load on the riverbed surface. It was assumed that water has no
flow exchange on any other surface or outside the model except for the ends of the tunnel
and the bed surface, and the remaining surfaces were set as no flow. Borehole samples
were taken at the construction site, and a professional organization was commissioned
to experimentally determine the parameters of each stratum. Thus, Table 1 lists the main
parameters of the surrounding strata used in the numerical model.

Table 1. The main parameters of the strata.

Filling Bulk Shear
The Strata Density p Modulus K Modulus K Porosity Permeability c (kPa) @ (0)
(kg/m®) (MPa) (MPa)
Miscellaneous fill 2.01 6.72 423 0.09 7.09 x 10714 24 16
Silt clay and silt 2.05 6.38 3.83 0.1 9.45 x 10712 18 23
Round gravel 22 33.33 25 0.3 1.12 x 101 2 35
Moderately weathered 2.45 393.80 415 0.225 177 x 10713 12 38

argillaceous siltstone

3.2. Numerical Modeling Procedure

In this paper, the modeling process consists of two stages: continuous excavation of
the tunnel through the river and coupled solution of the groundwater seepage and stress
fields. In COMSOL Multiphysics, excavation could be implemented using the “activation”
function, as shown in Figure 4. The principle was to set an activation multiplier for the
part of the model that needs to be excavated. When the excavation operation was required,
the elasticity matrix of the computational node was multiplied by the activation multiplier
and the density was multiplied by the square of the activation multiplier, thus causing the
loss of the bearing capacity at that location and achieving the excavation effect. In order to
control the progress of the tunnel excavation, this can be achieved by controlling the length
of the tunnel excavation (defined as depth_l). Then, depending on the length at which
the node was calculated with respect to the size of the parameter, it was decided whether
the node was activated or not, and the excavation progress can be controlled simply by
changing the value of depth_L. In order to achieve continuous excavation, the result of the
previous excavation step was assigned as the initial condition for the next excavation step.

7



Appl. Sci. 2022, 12, 5479

7 of 18

40
30
20

20

40

60 80 100 140 160 180 200 220 240 m

§>
i

Y&

depth 1

Figure 4. Schematic diagram of “activation” treatment.

The excavation procedure was as follows:

In the first step, the pressure expressions on the grid points at different elevations
were obtained based on the water level of 29 m on the bank side and the riverbed side.
The water level pressure added to the numerical model takes into account the effect of
water level changes in the Liuyang River. The gravity of the water body in the river
was applied to the surface of the riverbed as an applied uniform load.

In the second step, the ground stress equilibrium was performed for the whole
model. For the finite element model involving the joint action of groundwater and
geotechnical body, the initial ground stress field was obtained by coupling the gravity
field with the seepage field for equilibrium. At this point, the initial deformation
was zero because the deformation has been completed before the construction of the
new tunnel.

In the third step, the “activation” function was used to simulate tunnel excavation.
The numerical simulation took into account four factors: the tunnel excavation surface
spacing, the tunnel depth, the tunnel spacing and the water level on the riverbed side.
The tunnel boring process is in the x-direction of the model (see Figure 3a) and is
simulated using a stepwise excavation method with a step length of 10 m. The newly
excavated part of prestressing is zero, and the remaining part of prestressing is the
stress field after excavation stability in the previous step.

4. Analysis of Numerical Results

In this section, the numerical simulation results are analyzed and the influence of the

four factors (the tunnel excavation surface spacing, the tunnel depth, the tunnel spacing
and the water level on the riverbed side) on the settlement of surface are mainly studied,
as shown in Table 2. Numerical simulations can easily obtain results that are not easily
observed in model tests, and they can also well complement and verify the conclusions of
physical models. Numerical simulation can visually reveal the degree of influence caused
by different factors on the settlement of embankment projects and further obtain the general
law of influence of different factors on settlement.
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Table 2. Working conditions of four factors.
The Tunnel The Water
. Excavation The Tunnel The Tunnel Level on the
Number  Working Number Surface Depth (m) Spacing (m) Riverbed
Spacing (m) Side (m)
1 J100H25D13.2W29 100 25 13.2 29
2 J75H25D13.2W29 75 25 13.2 29
3 J50H25D13.2W29 50 25 13.2 29
4 J25H25D13.2W29 25 25 13.2 29
5 JOH25D13.2W29 0 25 13.2 29
6 J100H22D13.2W29 100 22 13.2 29
7 J100H28D13.2W29 100 28 13.2 29
8 J100H31D13.2W29 100 31 13.2 29
9 J100H34D13.2W29 100 34 13.2 29
10 J100H25D7.2W29 100 25 7.2 29
11 J100H25D10.2W29 100 25 10.2 29
12 J100H25D16.2W29 100 25 16.2 29
13 J100H25D19.2W29 100 25 19.2 29
14 J100H25D13.2W23 100 25 13.2 23
15 J100H25D13.2W26 100 25 13.2 26
16 J100H25D13.2W32 100 25 13.2 32
17 J100H25D13.2W35 100 25 13.2 35

4.1. Influence of Tunnel Excavation Surface Spacing

During tunnel construction, tunnels that are dug one after another are prone to mutual
disturbance. In order to speed up the construction process, the two tunnels are often
excavated to be kept at a certain distance from each other, so that the structural and rock
interaction between the two tunnels should be kept within an acceptable range. At the
same time, the two shield machines in the actual construction of the twin tunnels usually do
not go hand in hand, because the disturbance to the surrounding rock is too large and the
stress at the palm surface is sharply concentrated, which may cause too much deformation
of the tunnel and jam the shield machine.

In this section, we analyze the spatial effects of tunnels in the special terrain conditions
of river tunnels, numerically simulate shallow buried tunnels with different excavation
surface distances between the left and right lines, and propose a reasonable distance
between excavation surfaces. In the simulation, it is assumed that the right line is the first
hole and the left line is the later hole. Five working conditions of tunnel excavation surface
spacing (0 m, 25 m, 50 m, 75 m and 100 m) were selected for the simulation of stepwise
excavation, numbered 1-5 as shown in Table 2.

4.1.1. Ground Settlement Analysis

Figure 5 presents the lateral variation curves of ground settlement for different tun-
neling surface spacing at the position of 10 m in the excavation direction, and the curves
roughly conform to the form of “normal distribution”. The curve was large in the middle
and small at the ends, symmetrically distributed along the distribution center. When the
distance between tunnel excavation surfaces gradually increases, the degree of mutual
influence of the two line tunnels is smaller, and each tunnel tends to be constructed inde-
pendently from the other. However, this influence does not increase with the spacing of
the tunnel excavation surface; when the distance increases to a certain value, the influence
on ground settlement is close to equilibrium. When the tunnel excavation surface spacing
is small, the stress on the surrounding rock is larger, so when is later tunnel is excavated,
the first tunnel surrounding rock deformation is not yet stable enough to share part of the
surrounding rock stress, resulting in the cave perimeter and the ground surface producing
a large displacement deformation.
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Figure 5. Lateral variation curve of ground settlement for different tunneling surface spacing at 10 m
depth in excavation direction.

Figure 6 shows the three surface monitoring points set at the position of 10 m depth in
the excavation direction, which is numbered and presented in the figure. Figure 7 shows
the variation curve of the displacement at different monitoring points with the spacing of
the tunnel excavation surface. From Figure 7, we can see that the larger the spacing of the
excavation surface, the smaller the ground settlement value, and the maximum settlement
values of 4.93 mm, 4.57 mm, 4.058 mm, 3.658 mm and 3.508 mm corresponding to 0 m,
25m, 50 m, 75 m and 100 m spacing of the tunnel excavation surface, respectively, and the
maximum settlement point occurs at the centerline of the tunnel. According to the above
settlement law, it can be concluded that in the excavation stage of the right cavern first,
the excavation load is mainly borne by the surrounding rock of the right cavern, and after
the excavation of the left cavern, the load is shared by the left and right caverns, and the
settlement trough is biased in the direction of the right cavern.

[F5]

O———-———"— —_—

2
|
|
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|
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e

Figure 6. Arrangement of surface monitoring points at the position of 10 m depth in excavation direction.
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Figure 7. Variation curve of displacement at different monitoring points with the spacing of tunnel
excavation surface.

4.1.2. Excavation Process Displacement Analysis

Figure 8 shows the effect of different progress differences on the variation in displace-
ment at monitoring point 1. Monitoring point 1 is located at the location of the right tunnel
under the embankment. The two tunnels cross the dike at the same time when the spacing
between the tunnel excavation faces is 0. The displacement curve at the monitoring point
is steeper, indicating that the displacement rate of the overlying rock layer is large when
the double tunnels are dug simultaneously. The displacement tends to stabilize when
the tunnel palm surface crosses the embankment. When the tunnel excavation surface
spacing is 25 m, the displacement curve of monitoring point 1 during excavation is still
continuously rising. However, it can be found that the slope of the rising section decreases
more than before at this time, indicating that the displacement rate of the overlying rock
layer decreases as the excavation progress difference increases during the expansion of the
double tunneling progress difference from 0 to 25 m. When the tunnel excavation surface
spacing is 50 m, the displacement increases with the increase in excavation distance, and
the curve appears to slow down at the stage when the tunnel excavation distance reaches
near 100 m and then continues to grow again. This indicates that the influence area of
the palm faces of the two tunnels has started to separate when the distance between the
tunnel excavation faces is 50 m. The curve already shows a more obvious step surface at
75 m distance from the tunnel excavation, which means that the influence area of the palm
surface of the two tunnels has been roughly separated at 75 m difference in the progress of
excavation. At a distance of 100 m, the curve is similar to that at 75 m, but the step surface is
more obvious. At this point, the palm face of the later tunnel is already located outside the
influence area of the palm face of the first tunnel, and the influence on ground settlement
is similar to that of the two tunnels excavated separately. It can be seen that the further
the spacing between the two tunnels before and after excavation, the smaller the amount
of ground settlement and the impact on the surrounding soil. Therefore, synchronous
excavation with a spacing of 100 m between the two tunnels can be chosen for this project
in order to reasonably shorten the construction period.
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Figure 8. Variation curve of displacement of monitoring point 1 with tunnel excavation surface spacing.

4.1.3. Plastic Area Analysis

From the contour distribution of the plastic zone at the top of Figure 9, it can be
seen that the difference in the distance between the tunnel excavation faces affects the
distribution of the plastic areas in the strata above the tunnel. The plastic zone of the right
line tunnel is larger than that of the left line, which shows that the first excavated tunnel
caused more plastic deformation than the later excavated tunnel. The largest plastic area
appears at the location of the sidewalls on both sides of the cavern, and the plastic area
in the left line is affected by the excavation in the right line increases with the decrease in
the distance of the tunnel excavation face. The plastic area of the overlying rock forms a
complete funnel over the smaller distance between the two tunnel excavation faces, and
the central location directly above the two tunnels will not generate large shear stress due
to the overall subsidence. The plastic area becomes asymmetric as the distance between the
tunnel excavation faces increases. After a small funnel-shaped plastic area is generated in
the first tunnel, the plastic strain generated in the second tunnel expands in the area close
to the side of the second tunnel and eventually becomes an asymmetric funnel shape.

o

m
x10° x107
10 20

(a)

Figure 9. Cont.
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Figure 9. Contour map of plastic strain area (tunnel excavation surface spacing 0 m/25 m/50 m/
100 m). (a) A distance of 0 m. (b) A distance of 25 m. (c) A distance of 50 m. (d) A distance of 100 m.
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After the excavation of the right line tunnel, a settlement area and plastic areas are
formed above the tunnel as shown in Figure 10a. Shear areas occur between the settlement
area and the surrounding unsettled area due to the incompatibility of displacements, and
the plastic strain in the overlying soil layer occurs mainly in this area. When the left
line passes through the tunnel, the part of the settlement area formed by the left line and
the settlement zone formed by the right line overlap because the settlement has already
occurred, so the shear area formed after the excavation of the left line mainly occurs on the
left side of the left settlement ellipse, which is further expanded on top of the plastic strain
area formed by the right line as seen from the plastic strain contour map. Moreover, the
plastic area generated by the surrounding soil of the first tunnel is larger than that of the
later tunnel because the stresses in the surrounding rock are released after the excavation
of the first tunnel.
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Figure 10. Distribution diagram of settlement area and plastic area. (a) Before the excavation of the
left tunnel. (b) After the excavation of the left tunnel.

4.2. Influence of the Tunnel Depth

Five working conditions of the tunnel depth (22 m, 25 m, 28 m, 31 m and 34 m) were
selected for the simulation of stepwise excavation, as shown in Table 2.

Figure 11 shows that the ground settlement curve changes from a W-shaped curve to
a V-shaped curve, and the maximum value of the ground settlement is shifted from the
surface above the right hole vault to the vertical centerline. At the same time, the ground
settlement value increases with the increase in burial depth, as shown in Figure 12. When
the burial depth of the tunnel increases, the maximum settlement values of the ground
surface are 2.745 mm, 3.508 mm, 3.735 mm, 3.851 mm and 4.084 mm. The maximum
sedimentation value increased by 27.80%, 6.47%, 3.11% and 6.05%. As the tunnel depth
increases from 22 m to 25 m, the ground settlement value increases significantly, but when
the tunnel depth is 28 m, 31 m and 34 m, the maximum ground settlement value is closer,
and the sensitivity of ground settlement to the tunnel depth decreases. This is due to the
fact that when the tunnel depth reaches a certain level, a soil arch will form. The soil arch
effect is formed when the tunnel depth reaches a certain level and can mitigate the ground
settlement effect.
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Figure 11. Lateral variation curve of ground settlement for different tunnel depths at 10 m depth in
excavation direction.
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Figure 12. Variation curve of displacement at different monitoring points with the tunnel depth.

The ground settlement deformation is smaller when the tunnel is at a depth of 22 m.
This is mainly because the thickness of the overburden above the tunnel is relatively small
when the tunnel is shallow, and the load acting on the tunnel structure is smaller, which
causes less ground loss, and the final surface soil settlement is smaller. When the tunnel
depth is greater than 25 m, the tunnel is in a moderately weathered argillaceous siltstone
layer. Due to the high strength of the surrounding rock, the ground loss that occurred
during excavation is smaller, so the impact of the burial depth growth on the ground
settlement is also smaller.

4.3. Influence of the Tunnel Spacing

Five working conditions of the tunnel spacing (7.2 m, 10.2 m, 13.2 m, 16.2 m and
19.2 m) were selected for the simulation of stepwise excavation, as shown in Table 2.

With the increase in tunnel spacing, the lateral ground settlement curve changes
from V-shape to W-shape, the ground settlement range expands and the settlement trough
becomes shallow, as shown in Figure 13. The maximum settlement was shifted from the
right tunnel which was excavated first to the centerline of the two tunnels. As the tunnel
spacing increases, the settlement of the strata above the tunnel gradually decreases, as
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shown in Figure 14. When the two tunnels are close together, the area of superimposed
ground settlement caused by the twin-tunnel construction is larger, forming a V-shaped
settlement curve, and the maximum settlement is larger than the maximum settlement at
the surface of the single-lane tunnel excavation. This is due to the fact that the ground
settlement curve of the twin tunnels is obtained by superimposing the ground settlement
caused by the excavation of two single-lane tunnels, so the settlement values are larger
than those caused by the construction of a single tunnel. As the tunnel spacing becomes
larger, the area of superimposed ground settlement caused by the twin-tunnel construction
becomes smaller, forming a W-shape settlement curve with more obvious characteristics.
The twin tunnels are considered to be small spaced construction when the settlement curve
is V-shaped, and the degree of mutual disturbance during excavation is strong. Meanwhile,
the twin tunnel is considered a large spacing construction when the settlement curve is
W-shaped, and the mutual disturbance is weak at this time.
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Figure 13. Lateral variation curve of ground settlement for different tunnel spacing at 10 m depth in
excavation direction.
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4.4. Influence of the Water Level on the Riverbed Side

Five working conditions of the water level on the riverbed side (23 m, 26 m, 29 m, 32 m
and 35 m) were selected for the simulation of stepwise excavation, as shown in Table 2. In
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the annual flood season, the water level of the Liuyang River will rise significantly. In order
to study the influence of the change in riverbed water level on the surface displacement
after excavation, different water level values are set in the working condition, and the
settlement changes of each monitoring point under different water level conditions are
recorded; the results are shown in Figure 15 below.
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—164
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Figure 15. Variation curve of displacement at different monitoring points with the water level on the
riverbed side.

From Figure 15, it can be seen that the higher the water level is, the larger the settlement
value of the strata is, and the settlement at the centerline of the two tunnels is the largest.
As the water level on the riverbed side rises, the lateral and vertical pressures in each part
of the tunnel increase almost linearly with the water level, and the difference between the
two increases is small. However, the increase in both is smaller than the increase in river
pressure, which is because the river pressure added to the surrounding rock changes the
lateral pressure coefficient of each part. With the increase in water level on the riverbed side,
the ground settlement increases, but its settlement difference is smaller than the difference
under the influence of the other three factors, which indicates that the ground settlement is
less affected by the change in water level. This is due to the fact that the river water weight
is smaller than the unit weight of soil, so the effect of tunnel settlement is less affected by
the change in water level. In conclusion, the tunnel construction period should be chosen
during the river dry period as much as possible when building the tunnel through the river.

5. Conclusions

In this study, the construction process was numerically simulated by establishing a
multistratum-tunnel 3D elastoplastic finite element model, and an in-depth investigation of
the ground settlement pattern and deformation influencing factors during the construction
of a two-lane tunnel was conducted to analyze the mutual influence mechanism between
the two tunnels during construction. The main conclusions are as follows:

1. When the distance between tunnel excavation faces gradually increases, the degree
of mutual influence of the two-lane tunnel is smaller, resulting in smaller ground
settlement values and greater influence on the surrounding soil. Because the exca-
vation load is mainly borne by the surrounding rock of the right tunnel during the
excavation stage of the right tunnel first, and the load is shared by the left and right
tunnels after the excavation of the left tunnel, the settlement value in the direction
of the right tunnel is slightly larger. When the spacing between tunnel excavations
is greater than 75 m, there is little interaction between the tunnels. Therefore, it is
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recommended that the spacing be greater than this distance so that the settlement can
be kept within acceptable limits.

2. For the tunnel depth, when the tunnel depth increases, the ground settlement curve
changes from a W-shaped curve to a V-shaped curve, the maximum value of ground
settlement moves from the surface above the right hole vault to the vertical centerline
and the number of ground settlement increases. However, the ground settlement will
show a trend of a large increase first and then a gentle increase, which is caused by
the soil arch effect.

3. As the tunnel spacing increases, the ground lateral settlement curve changes from
V-shaped to W-shaped. The final ground settlement curve is obtained after the
superposition of two single-line tunnel excavations, so when the tunnel spacing
becomes larger, the degree of mutual interference during excavation becomes weaker,
resulting in a smaller superposition area of ground settlement caused by the twin-
tunnel excavation.

4. The higher the water level on the riverbed side, the greater the settlement value of
the ground, with the maximum settlement occurring at the centerline of both tunnels.
The ground settlement is less affected by changes in water level, due to the fact that
the weight of the river water is less than the unit weight of the soil. Nevertheless,
when a tunnel through a river is excavated, the period when the river level is low
should be chosen.

5. By comparing the values of maximum surface settlement between different factors,
it can be found that the distance between tunnel excavation faces has the greatest
influence on surface settlement, followed by the tunnel spacing and the tunnel depth
and finally the water level on the riverbed side. This can give some useful suggestions
for better control of surface settlement during the actual construction of the project.
In the actual construction, more attention needs to be paid to the distance between
tunnel excavation faces.
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