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The construction of city intersection tunnels cause multiple redistribution of
surrounding rock stress, resulting in the engineering disasters such as instability
in existing tunnels and collapses of ground buildings. To mitigate formation
disturbances effectively, the Center Cross Diagram (CRD) method is employed
in city tunnel construction. In this study, a numerical model for a city intersection
tunnelis developed based on an underground circular roads project in Chongging,
China, to analyze the safety of the tunnel structure and the stability of ground
buildings under the CRD method. The numerical simulation results obtain that the
excavation of pilot-tunnel @ will reduce the surrounding rock stress and control
the rock strata subsidence, and reveal that the excavation of pilot-tunnel @ is the
key step of CRD method. The maximum compressive stress and tensile stress of
surrounding rock first increase and then decrease during the excavation of pilot-
tunnels @, @, @, and @. Simultaneously, the deformation of the ground building
experiences a slow initial increase followed by a rapid rise before stabilizing.
Furthermore, the excavation of the main tunnel leads to an increase of 0.73, 0.35,
and 0.52 times in the vault subsidence value, left haunch convergence value, and
right haunch convergence value of branch tunnel #1, respectively. Finally, the
convergence process of branch tunnel #1 is discussed through the in-situ
monitoring, which is divided into three stages: rapid deformation, deceleration
deformation, and stable deformation. The final horizontal convergence value and
subsidence value of cross-section KO+360 are respectively 84% and 78% of those
at cross-section KO+395.

KEYWORDS

city intersection tunnel, CRD method, engineering disasters, numerical simulation, in-situ
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1 Introduction

Since the 21st century, China has experienced remarkable growth in underground
engineering construction, solidifying its position as a global leader in terms of scale, quantity,
complexity of geological conditions, and the rapid advancement of construction technologies
in the field of underground engineering (Xu et al., 2022). Major cities like Beijing, Shanghai,
and Chonggqing are actively undertaking large-scale city underground projects, including
subway systems and underground passages, as shown in Figure 1. In this pursuit,
maximizing the utilization of underground space resources within the constraints of
complex urban environments and limited space is crucial. Consequently, the coexistence
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FIGURE 1
The distribution of city tunnels in China by 2021.

of multiple tunnels in the same narrow area has led to the emergence
of a new tunnel structure known as the intersection tunnel.

In contrast to single-hole tunnels, intersection tunnels possess
unique characteristics, including complex structures, larger
excavation sizes, and intricate spatial relationships (Lai et al,
2016; Chang et al, 2020; Yuan et al, 2022). Moreover, the
complexities of city environments, such as intricate geological
conditions, dense ground surface structures, and a network of
criss-cross pipelines, expose intersection tunnel construction to
significant safety risks (Huang et al, 2020a; Ma et al, 2021;
Zhang et al, 2022). The process of constructing intersection
tunnels inevitably involves repeated stress redistributions in the
surrounding rock, exacerbating the instability of the rock and
supporting  structures. Consequently, this poses potential
engineering disasters, such as the instability of existing tunnels
and the collapse of ground buildings, thereby posing serious
threats to urban safety. In response, scholars have undertaken
research to ensure the safety and stability of intersection tunnel
construction in cities, aiming to prevent engineering disasters and
foster sustainable urban development.

To mitigate the engineering disaster risks associated with tunnel
instability due to repeated disturbances in surrounding rock,
scholars have diligently researched various aspects of tunnel
excavation through theoretical analysis, numerical simulation,

and on-site measurements (Ng et al., 2018; Yang et al., 2018; Xue
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et al.,, 2021). Some notable studies have focused on the mechanical
behavior of surrounding rock, excavation methods, intersection
angles, and spatial position relationships.

Wang et al. (Wang et al., 2020a; Wang et al., 2020b) delved into
the mechanical behavior of surrounding rock during the excavation
of branch tunnels. Their analysis led to the conclusion that the
intersecting section represented the weakest part of the entire
project, with its influence extending up to 40 m on the acute
angle side and 20m on the obtuse angle side from the
intersection. Jin et al. (2018) conducted simulations on the
construction process of deep buried intersection tunnels in areas
with high ground stress, and discussed the mechanical behavior of
surrounding rock and primary support structures under two distinct
construction schemes. Additionally, Jin et al. (2009) compared and
analyzed the mechanical characteristics of surrounding rock in
intersecting and non-intersecting sections before and after
transverse tunnel excavation, drawing insights from the Yangjiao
tunnel project and establishing stress distribution patterns in cross-
sections. Chen et al. (2015) performed dynamic monitoring
measurements on both the excavating tunnel and existing tunnel
during cross-section tunnel construction. Their findings provided
valuable information on the mechanical behavior of surrounding
rock and the stability of supporting structures in the tunnels. In
another study, Liu et al. (2011) utilized the Juyunshan tunnel project
as a case study for three-dimensional numerical simulations. They
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emphasized that ground stress and structural stress concentration
were key factors influencing the stability of the crossing section.

By leveraging these research efforts, scholars aim to enhance the
understanding of intersection tunnel construction, minimize risks of
engineering disasters, and ensure the overall safety and stability of
such complex projects.

To prevent the engineering disaster of ground buildings
collapsing, researchers have thoroughly analyzed the deformation
characteristics of structures through a combination of numerical
simulation, on-site measurement, and monitoring techniques
(Wang et al.,, 2018; Ayasrah et al,, 2021; Ren et al.,, 2022; Wang
et al., 2023). Fu (2021) utilized MIDAS/GTS software to assess the
impact of shield tunneling on overlying buildings. Through this
analysis, they obtained positive distribution curves of sedimentation
tanks, providing valuable insights into potential settlement effects.
Ding et al. (2019) developed a series of finite element models that
considered the interaction between buildings, soil, and tunnels
during the tunneling process. They analyzed the influence of
structural stiffness and layout on the 3D deformation
characteristics, providing a comprehensive understanding of how
these factors affect structures. Lueprasert et al. (2017) focused on the
evaluation of tunnel diameter and radial shrinkage as key indexes.
They investigated the impacts of an adjacent loaded pile on an
existing tunnel by varying the pile tip positions concerning the
tunnel and soil stratum through three-dimensional elastic-plastic
numerical analyses. Son (2015) conducted research using the
discrete element method to study the influence of upper and
adjacent buildings during tunnel construction, considering tunnel
dimensions and construction conditions at various buried depths.
They established relationships between these variables and the
degree of building damage. Kuan et al. (Kuan et al, 2007; Kuan
and Yang, 2008) established a numerical calculation model of
shallow-buried tunnels using FLAC3D analysis software. They
studied the effects of different factors on the characteristics of
shallow-buried tunnels and surface settlement. Additionally, they
explored the interactions between tunnels and surface structures
under varying conditions.

These studies collectively contribute to the understanding of
potential risks to ground buildings during tunnel construction,
allowing for better-informed engineering decisions to mitigate the
risk of collapse and enhance the safety of urban environments.

Numerous research studies have demonstrated that the center
cross diagram (CRD) construction method offers several advantages,
including uniform structure stress, minimal deformation, and high
support stiffness (Jiang et al., 2018; Huang et al., 2020b; Huang et al.,
2020c). These characteristics effectively reduce the degree of repeated
disturbance to the surrounding rock during the construction of city
intersection tunnels, thereby mitigating potential engineering
disasters. Huo et al. (2019) focused on the selection of the
construction method for urban tunnel and conducted numerical
simulation and on-site monitoring on the construction of
Shenyang Metro Line 9. They compared the settlement laws of the
station baseplate under four construction methods (the full-face
excavation method, the benching tunneling method, the side
heading method and the center diaphragm method). It was
concluded that the center diaphragm method is more suitable for
urban tunnel engineering. Wang et al. (2020c) analyzed the stress
characteristics of each excavation step and temporary supporting
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structure in the construction process of Re Shuitang No. 3 tunnel with
CRD method, and put forward the key construction steps to control
CRD method well. Strengthening the surrounding rock of the vault in
advance is beneficial to ensure the construction safety. Zhang et al.
(2023) analyzed the variation law of surface settlement during four
excavation processes of CRD excavation method based on Yiian
1 railroad tunnel project, and believed that advance grouting could
control the influence of CRD excavation method on surface
settlement.

To assess the safety of tunnel structures and the stability
of ground surface buildings during the construction process of
city intersection tunnels using the CRD method, this paper
presents a case study based on an underground circular roads
project in the central business district (CBD) of Chongqing,
China. The research investigates the variations of surrounding
rock, the deformation of ground-affected buildings and the
effects of the late excavation on the intersection tunnel
through numerical simulation and on-site monitoring. By
gaining insights from this study, it becomes possible to make
informed decisions regarding the construction method selection
for city intersection tunnels.

2 The CRD method

The CRD method adheres to the principle of “small blocks, short
steps, multiple cycles, and quick closure,” making it particularly
suitable for soft surrounding rock or long-span tunnels. The
construction process involves step-by-step excavation on one side
of the tunnel, followed by the implementation of the median lamella
and diaphragm. Subsequently, the same procedure is applied to the
other side of the tunnel, and the diaphragm is finalized (Jing et al.,
2011; Wang et al,, 2020¢; Song et al., 2020). The detailed construction
process of the CRD method can be divided into four steps, as
illustrated in Figure 2. First step, the construction commences with
the excavation of pilot-tunnel @, which is preceded by the
reinforcement of the surrounding rock using advanced small pipes.
Once the excavation is complete, the initial support is established.
Second step, the pilot-tunnel @ is excavated and the corresponding
initial support is put in place. Third step, the pilot-tunnel @ is
excavated after reinforcing the surrounding rock, and the initial
support is then completed. Fourth step, the construction advances
to pilot-tunnel @, and the corresponding initial support is installed.

The construction process of CRD method has the characteristics
of short time for each pilot-tunnel to close and form a ring, uniform
structure stress, small deformation and large support stiffness.
Therefore, the tunnel overall deformation, the strata settlement
and the influence on the ground building all are small during
construction. Meanwhile, CRD method adopts small span
construction making the disturbance range of each excavation
step to the strata small, and the influence on the existing tunnel
is reduced. Besides, temporary invert and median lamella wall not
only increase the stiffness of tunnel structure, but also effectively
restrain the deformation of the intersecting section. In summary, the
CRD method’s construction process is well-designed to minimize
disturbances to the surrounding environment, promote tunnel
stability, and ensure the safety of adjacent structures during the
building of city intersection tunnels.
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CRD method construction process. The @, @, @and @ represent the pilot-tunnel numbers.

3 Project overview

A significant underground circular roads project was undertaken
in a CBD of Chongqing, China, aimed at resolving issues of traffic
congestion and inadequate parking spaces. The project encompassed
a total tunnel length of 2,580 m, comprising the main tunnel, as well as
branch tunnels #1, #2, #3, #4, and #5. Notably, mileage segment
K0+380 ~ K0+420 of branch tunnel #1 and mileage segment K1+000
~ K1+160 of the main tunnel were buried at a depth of 40 m and
intersected vertically at an angle close to 90°, as shown in Figure 3.

The main tunnel was 9.5 m in width and 5.5 m in height, while the
branch tunnel #1 was 7 m in width and 5.5 m in height. There was a
ground building with 7 floors on the ground and 2 floors
underground, and the minimum distance between it and the
ground projection of intersecting 5m. The
hydrogeological conditions in the project area were relatively

section was

straightforward, with groundwater primarily comprising bedrock
fissure water. The surrounding rock of the intersection tunnel
primarily consisted of sandstone with two groups of fractures,
categorized as soft rock of grade IV. Additionally, there was a 4 m-
thick surface plain fill. The physical and mechanical parameters of
each soil layer were shown in Table 1.
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To avoid engineering disasters, the CRD method was employed
for the construction of the intersecting section. The tunnel
excavation sequence followed an order of upper left — lower left
— upper right — lower right. The main tunnel would be excavated
after the branch tunnel #1 was completed. The excavation interval of
the pilot-tunnels is 7 m, for instance, the construction of the next
pilot-tunnel begins when the previous pilot-tunnel is excavated 7 m.
The excavated length of the pilot tunnel is 0.6 m each time. In the
process of construction, some measures such as setting up anchor
bolt, laying steel mesh, installing steel frame and spraying concrete
are taken to strengthen the stability of surrounding rock.

4 Numerical simulation of city
intersection tunnel

4.1 Numerical model creation

To conduct numerical simulations, a physical model
representing the intersection tunnel was established using ANSYS
simulation software, as shown in Figure 4. The model covered

mileage segment KI1+000 ~ KI1+160 of the main tunnel and
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Intersection tunnel in the underground circular roads project.

TABLE 1 Stratigraphic physical and mechanical parameters.

Internal friction angle ()  Cohesion (kPa)

Volumetric weight (kN/m?)

Elasticity modulus (MPa)  Poisson ratio

Plain fill 11.5 233

18.5 17 0.16

Sandstone 329 744.0

mileage segment K0+380 ~ K0+420 of branch tunnel #1. The
dimensions of the model were 240 m in length, 160 m in width,
and 70 m in height. The intersection tunnel had a depth of 40 m, and
its cross-section shape was a semicircular arch. The main tunnel and
branch tunnel #1 intersected vertically, forming a “T” shape. An
affected building was located at a minimum distance of 5 m from the
ground projection of the main tunnel on the ground surface. The
building was simplified as a double-layer sheet structure. According
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to the geological survey report, the ground structure load of the
affected ground building was 30 kN/m* per floor, and the building
had 7 floors on the ground. Therefore, its load-bearing capacity on
the ground was represented by a uniformly distributed load of
210 kN/m>.

In the model, the X-axis direction was perpendicular to the
centerline of the main tunnel and pointed towards branch tunnel #1.
The Y-axis direction was opposite to gravity, and the Z-axis
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Affected building
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FIGURE 4
Numerical model of the city intersection tunnel.

direction was aligned with the centerline of the main tunnel. The
upper boundary of the model was set to the ground surface.

The materials used in the model, such as rock, concrete, and soil,
were considered granular materials with compressive strengths
significantly higher than their tensile strengths. Additionally,
when subjected to tensile forces, these materials exhibited
expansion of their particles. To capture these characteristics, the
Drucker-Prager yield criterion (Oztekin et al., 2016) was adopted as
the constitutive relationship of materials in the numerical model.
Given that the thickness of the plain fill was much smaller than the
depth of the tunnels, it was disregarded in the model. The initial
support structure was represented using a shell structure approach,
and the materials for the surrounding rock and initial support were
sandstone and C30 concrete, respectively, as shown in Table 2. The
CRD method was adopted as the construction method, with an
excavation sequence of upper left — lower left — upper right —
lower right.

To ensure reality during the simulation, displacement
constraints were applied. Specifically, a displacement constraint
in the Z-direction was enforced on the boundary surface around
the model, while a displacement constraint in the negative
Y-direction was applied to the bottom surface of the model.

4.2 Results analysis

4.2.1 Influence of the main tunnel excavation on
the ground building

After the completion of branch tunnel #1, the main tunnel
construction commenced. After excavation of pilot-tunnel @, the
maximum compressive stress and the maximum tensile stress of

10.3389/feart.2023.1264140

surrounding rock respectively were 2.80 MPa and 0.93 MPa.
Besides, surrounding rock sank, resulting in the ground building
to tilt 0.00123%o to the right side. The maximum settlement value of
the ground building was 0.193 mm, as shown in Figure 5. After the
excavation of pilot-tunnel @, the maximum compressive stress and
the maximum tensile stress of surrounding rock were both
increased, which were 2.86 MPa and 0.97 MPa, respectively. The
maximum settlement value of the ground building increased to
0.214 mm, and the slope to the right increased to 0.00136%o, as
shown in Figure 6. After the excavation of pilot-tunnel ®, the
maximum compressive stress and the maximum tensile stress of
surrounding rock increased to 3.81 MPa and 0.99 MPa. The
maximum settlement value of the ground building increased to
0.552 mm, and the slope increased to 0.00351%o, as shown in
Figure 7. After the excavation of pilot-tunnel @, the maximum
compressive stress and the maximum tensile stress of surrounding
rock suddenly decreased, which were 3.56 MPa and 0.76 MPa. The
maximum settlement value of the ground building altered little,
which was 0.556 mm. While the slope degree remained stable at
0.00354%o, as shown in Figure 8.

On the other hand, the deformation variation of the ground
building showed a tendency of slow increase, sharp increase, and
eventual stability during the excavation process of the main tunnel,
as shown in Figure 9. This characteristic could be attributed to the
structure form of the main tunnel in the construction process with
CRD method. In the excavation process of the pilot-tunnel from @
to @, the main tunnel presented an incomplete semicircular arch
and remained in a relatively stable structure, resulting in a slow
settlement of the strata and ground building. However, in the
excavation process of the pilot-tunnel from @ to ®, the
semicircular arch form was destroyed, and the tunnel structure
became unstable, leading to a rapid settlement of the rock strata and
ground building. After the completion of pilot-tunnel @, the main
tunnel restored to a stable, complete semicircular arch structure,
causing the strata and ground affected building to stabilize as well.

4.2.2 Influence of the main tunnel excavation on
the branch tunnel #1

The excavation of the main tunnel had significant effects on the
stability of branch tunnel #1, leading to vault subsidence and arch
haunch convergence, as shown in Figure 10. Before the excavation of
the main tunnel, the vault subsidence of branch tunnel #1 gradually
increased with the distance from the intersecting section and
eventually stabilized at 1.449 mm at a distance of 14 m from the
intersecting section.

The vault subsidence value at the intersecting section was the
smallest, which was 1.025 mm, as shown in Figure 10A. However,
the excavation of the main tunnel altered the vault subsidence
tendency of branch tunnel #1. After excavation, the vault
subsidence gradually decreased with the distance from the

TABLE 2 Physical and mechanical parameters of surrounding rock and initial support material.

Internal friction angle () Cohesion (kPa)

Volumetric weight (kN/m?3)

Elasticity modulus (GPa) = Poisson ratio

Surrounding rock 32.9 744.0

Initial support - -
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FIGURE 5

Influence of pilot-tunnel ® on surrounding rock and ground building. (A) The maximum principal stress of surrounding rock, (B) the minimum
principal stress of surrounding rock, (C) displacement of ground building in Y-axis.

intersecting section and stabilized at 14 m from the intersecting
section. The vault subsidence value at the intersecting section was
the maximum, which was 2.514 mm.

Regarding the horizontal convergence of the left and right arch
haunches of branch tunnel #1, the main tunnel excavation did not
change the convergence tendency, but it increased the maximum
convergence values by 0.35 and 0.52 times, respectively. The
horizontal convergence values of the left and right arch haunches
increased first, then decreased, and eventually stabilized with an
increase in distance from the intersecting section. The maximum
values of horizontal convergence occurred at 6 m from the
intersecting section, measuring 0.954 mm for the left arch
haunch and 0.928 mm for the right arch haunch, as shown in
Figure 10B.

These changes were primarily attributed to the alterations in
the supporting structure of branch tunnel #1 at the intersection
section. Before the excavation of the main tunnel, the intersecting
section (K0+420) consisted of surrounding rock, which had a
robust ability to limit deformation. However, after the main
tunnel excavation, the intersecting section (K0+420) became a

Frontiers in Earth Science

cavity with support materials, which had a relatively weaker ability
to limit deformation.

The excavation of the main tunnel had significant effects on the
rock strata stress situation of the branch tunnel #1, as shown in
Figure 11. The rock strata near the vault of the branch tunnel #1 was
mainly in compression state while the rock strata near the floor of
the branch tunnel #1 was mainly in tension state. Although the
excavation of the main tunnel did not affect the stress characteristics,
it intensified the stress concentration. Before excavation of the main
tunnel, the maximum compressive stress and tensile stress of rock
strata were 2.50 MPa and 0.73 MPa, respectively. The maximum
compressive stress and tensile stress of rock strata increased to
3.56 MPa and 0.76 MPa under the influence of the main tunnel
excavation.

5 Field monitoring

The occurrence of existing tunnel instability is a unique
engineering disaster in intersection tunnel projects. To analyze
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FIGURE 6

Influence of pilot-tunnel @ on surrounding rock and ground building. (A) The maximum principal stress of surrounding rock, (B) the minimum
principal stress of surrounding rock, (C) displacement of ground building in Y-axis.

the influence of main tunnel construction under the CRD method
on the stability of branch tunnel #1, the horizontal convergence and
vault subsidence of the branch tunnel #1 were monitored through
electronic total station, as shown in Figure 12. A continuous
monitoring was conducted on cross-sections K0+395 and
K0+360 when the reached the
intersecting section (K1+120 section). Cross-sections K0+395 and

main tunnel excavation
K0+360 were located 25 m and 60 m away from the intersecting end
face, respectively.

The cumulative deformation characteristics of both cross-
sections exhibited similar patterns, which could be categorized
three rapid deformation stage,
deformation stage and stable deformation stage, as shown in
Figure 13.

into stages: deceleration

Rapid deformation stage: During the initial monitoring period of

0-5days, the cumulative deformation curves (horizontal
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convergence and vault subsidence) of the two cross-sections
showed a steep upward trend with a large daily deformation rate.
The deformation during this stage accounted for approximately 57%
of the total deformation. Deceleration deformation stage: From day
6 to day 16 of monitoring, the cumulative deformation curves of the
two cross-sections displayed a gradual upward trend with a reduced
daily deformation rate. The deformation during this stage accounted
for about 32% of the total deformation. Stable deformation stage:
After 17 days of monitoring, the cumulative deformation curves of
the two cross-sections reached a stable state, with a daily
deformation rate remaining at a small value (daily horizontal
convergence rate of 0.04 mm/d and daily subsidence rate of
0.05 mm/d). The deformation during this stage accounted for
approximately 11% of the total deformation. The maximum arch
subsidence value of branch tunnel #1 monitored through electronic
total station was 2.39 mm while the value calculated by numerical
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simulation was 2.51 mm. The difference of results is 4.7%, which is
within the margin of error. It could be proved that the numerical
simulation results were reliable.

The deformation characteristic of the three stages was inferred
to be related to the dynamic distance between the construction face
and the monitoring cross-sections. During the rapid deformation
stage, the construction face was in close proximity to the monitoring
cross-section, resulting in significant rock mass breakage and
crumpling due to construction disturbance. As a result, the
deformation at the monitoring sections was substantial. As the
construction face moved away from the monitoring cross-section
during the deceleration deformation stage, the construction
disturbance effect on the monitoring cross-section gradually
decreased. In the stable deformation stage, the construction face
was far away from the monitoring cross-section, and the
construction disturbance had no significant impact on the
monitoring cross-section.

Additionally, it was observed that both the deformation
convergence value and convergence rate of cross-section
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K0+360 were consistently smaller than those of cross-section
K0+395at each stage of monitoring. The final horizontal
convergence value and subsidence value of cross-section
K0+360 were measured at 2.25 mm and 1.92 mm, respectively.
These values were approximately 84% and 78% of those observed
at cross-section K0+395, which had a final horizontal convergence
value of 2.68 mm and a final subsidence value of 2.45 mm, as
shown in Figures 13A, C. The characteristic accorded with the
regulation obtained in Section 4.2.3 that the horizontal
convergence value and vault subsidence value decreased with
an increase in distance from the intersecting section. This
characteristic was inferred to be related to the absolute
distance between the construction face and the monitoring
cross-section. Cross-section K0+360, being further away from
the construction face, experienced less disturbance and was thus
less affected by the construction activities. In contrast, cross-
section K0+395, being closer to the construction face, experienced
a higher degree of disturbance, resulting in more significant
deformation.
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6 Conclusion

This paper analyzed the influences of CRD construction
processes on the stress and displacement of surrounding rock
based on an underground circular roads project in Chongging,
China. It was revealed that the excavation of pilot-tunnel @ would
reduce the surrounding rock stress and control the rock strata
subsidence. The excavation of pilot-tunnel @ was the key step of
CRD method.

(1) The stress variation in the surrounding rock during the CRD
method excavation exhibited a trend of increasing and then
decreasing due to the structural form of the tunnel after
excavation. The maximum compressive stress and maximum
tensile stress increased gradually with the excavation of the
pilot-tunnels @ to @, but decreased after the excavation of the
pilot-tunnel @.

The deformation of the ground building during the CRD
method excavation showed a progression from slow increase
to sharp increase and finally to stability. The ground building
experienced slow sinking and tilting to the right during the
excavation of the pilot-tunnels @ to @, followed by rapid
sinking and sharp tilting during the excavation of the pilot-
tunnels @ to ®, and eventually stabilized after the excavation of
the pilot-tunnel @.

(3) The excavation of the main tunnel had significant effects on the
vault subsidence and arch haunch convergence of branch tunnel
#1. The main tunnel excavation resulted in an increase of
0.73
0.35 times in the maximum left arch haunch convergence
value, and 0.52 times in the maximum right arch haunch

times in the maximum vault subsidence value,

convergence value of branch tunnel #1.

The cumulative deformation the cross-sections K0+395 and
K0+360 was divided into three stages of rapid deformation,
deceleration deformation, and stable deformation, which was
attributed to the dynamic distance between the construction
face and the monitoring cross-section. Additionally, the final
horizontal convergence value and subsidence value of cross-
section K0+360 were approximately 84% and 78% of those
observed at cross-section K0+395, respectively, due to the
absolute distance between the construction face and the
monitoring cross-section.
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