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With the continuous development of urban underground spaces, new underground engineering approaches are becoming more
similar to existing operating tunnels. Existing research is typically concerned with the impact of a single project, such as a new
tunnel or deep excavation, on existing shield tunnels. There are few studies on the influence of both excavation and overcrossing
tunneling on operational tunnels. Taking a section ranging from the Chengzhan Station to the Jiangcheng Road Station of
Hangzhou Metro Line 7 as a case study, this study analyzes the automatic monitoring data of the existing tunnel within this
section. Through data analysis, the influences of deep excavation and shield tunneling on the vertical settlement, horizontal
displacement, segment convergence, and differential settlement of the tunnel ballast of the adjacent existing line segment are
assessed. The influence of deep excavation and overcrossing tunneling on multiple disturbances of existing line tunnels is
summarized. This study will be useful for similar projects involving deep excavation next to existing tunnels and overcrossing
tunneling, as it will help clarify the protection range of existing lines and determine the displacement alarm value of existing

structures.

1. Introduction

With the rapid development of urban rail transit in China,
the density of subway line networks has gradually increased
[1]. All kinds of deep excavations are inevitably adjacent to
the rail transit structure, and it is unavoidable that new tun-
nels and existing tunnels overlap with each other when the
construction of new projects or the reconstruction of old
projects is implemented [2]. Owing to its fast construction
speed, high safety performance, small environmental inter-
ference, and small surface deformation, the use of a shield
has become the main method of underground space devel-
opment in densely populated and congested cities. Therefore,
the scope of the discussion in this study is limited to existing
and new tunnels constructed using a shield. The tunnel
structure comprises prefabricated segments assembled by
bolts, which endow it with many joints, weak integrity, and
low overall stiffness. The stress change and soil deformation
caused by construction activities near the operation line
are likely to have adverse effects on the subway structure.
In terms of engineering, many studies have shown that

improper construction leads to excessive displacement, defor-
mation, segment damage, and even engineering accidents in
adjacent subway tunnels [3-7]. Some scholars have also pro-
posed quantitative analysis and evaluation approaches for
possible damage to existing tunnels [8]. Therefore, it is critical
to investigate the deformation and displacement of existing
tunnels [9].

Several studies have been conducted on the construction
of deep excavations near existing lines. The main research
methods include numerical simulation [10-13], analysis of
measured data [14-16], theoretical calculation [17-19], and
model test [20-22]. Zhang et al. [15] investigated the defor-
mation of adjacent subway segments caused by different
block parameters during deep excavations at the side and
directly above the tunnel. Huang et al. [8] investigated the
change characteristics of the additional bending moment and
deformation of a tunnel at different buried depths under
deep excavation through a centrifugal model test. The results
show that the influence of the deep excavation on the tunnel
is within 2.5 times the excavation width from the boundary
of the deep excavation and the vertical deformation of the
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FiGure 1: Plan view layout of the project.

tunnel decreases exponentially with an increase in the dis-
tance between the pit bottom and the tunnel. When this
distance is greater than 1.5 times the excavation depth, the
additional bending moment generated by excavation unload-
ing on the tunnel section can be ignored [20]. Nie et al. [23]
analyzed the influence of excavation unloading on the verti-
cal and horizontal displacement of existing tunnel segments
under the side using FLAC 3D. Gao et al. [24] analyzed the
development law of the overall displacement of a tunnel and
the deformation of the tunnel structure during excavation
and structural load construction in different areas on the side
and above the tunnel. Wei et al. [25] hypothesized that
changes in the confining pressure of the side tunnel cross-
section are caused by deep excavations.

Currently, there are mainly studies on the impact of
shield tunneling on existing tunnels based on various meth-
ods, such as the empirical formula method [26, 27], theoreti-
cal research method [28-30], simulation experiment method
[31, 32], field measurement method [12, 33, 34], and numer-
ical simulation method [35-37]. Li [38] regarded an existing
subway tunnel as an Euler—Bernoulli beam model placed
on a Riftin foundation model. On the basis of the “two-stage
analysis method,” Li [38] proposed a calculation method for
the uplift displacement of the existing tunnel caused by the
new tunnel overcrossing project. Chen et al. [32] used Shang-
hai Metro Line 8 short-distance overcrossing subway Line 2
as the research background and analyzed the variation char-
acteristics of longitudinal settlement of the large-angle over-
crossing existing tunnel in the short distance according to
field monitoring data. Ding et al. [39] concluded that the
influence of shield crossing on an existing tunnel is mainly
due to uplift deformation and that the deformation curve is
parabolic based on field measurement data. Yang et al. [40]
analyzed the influence of a shield on an existing tunnel and

stratum in the shield tunneling process under different stra-
tum loss rates through numerical simulations.

However, currently, there are few studies on the effects of
both excavation unloading and overcrossing disturbances of
new tunnels on existing lines, and similar engineering cases
are uncommon. The displacement, deformation, and inter-
nal force of an existing tunnel subjected to multiple distur-
bances are more complicated than those of an existing tunnel
subjected to a single disturbance. Therefore, it is necessary to
investigate the displacement and deformation of an existing
tunnel structure under multiple disturbances.

An existing tunnel, adjacent to a deep excavation exca-
vated at a final depth of 16.67 m in the downtown area of
Hangzhou and straddled by a new shield tunnel, was exten-
sively instrumented. Subsequently, the site conditions, geol-
ogy, instrumentation, and construction sequence were first
reported. Then, the vertical and horizontal displacement and
convergence of the tunnel segment and differential settle-
ment of the ballast bed, induced by excavation, were ana-
lyzed. Finally, the above features were analyzed again for
shield tunneling.

2. Project Description

The underground line adopted was the SG7-2 section of
Hangzhou Metro Line 7 engineering civil construction
from the Chengzhan Station to the Jiangcheng Road Station.
The shield tunneling machine begins from the Chengzhan
Station to the Jiangcheng Road Station. The Chengzhan Sta-
tion is designed as an underground two-storey island station.
Figure 1 shows the excavation depth of the shield initiation
well at the Chengzhan Station is 16.7 m, and the depth of the
diaphragm wall is 33.3 m. Because the shield initiation well is
close to an existing tunnel (the nearest place is only 21.35 m),
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FiGure 2: Layout diagram of the new pit and tunnel and the existing tunnel.

to prevent excessive disturbance to the existing line caused by
the deep excavation, a diaphragm wall of isolation is added
between the shield initiation well and the standard section.
The separation wall will be broken during the construction of
the main structure. The retaining structure of the main foun-
dation pit of the Chengzhan Station adopts an 800-mm-thick
diaphragm wall at a depth of 33.04 m. The length, width, and
depth measurements of the shield initiation well excavation
are 25.8, 18.1, and 16.67 m, respectively. Figure 2 shows soil
excavation is performed in five steps to levels of —4, —6.45,
—10.95, —14.15, and —16.67 m. Consequently, two layers of
concrete struts are designed at the levels of —0.5 and —5.95 m,
and three layers of steel struts are designed at the levels of
—3.5, —10.45, and —13.65m, with a thickness of 16 mm and
an outer diameter of 800 mm. The width and height of the
first layer of concrete struts are 1,000 and 800 mm, respec-
tively. The width and height of the second layer of concrete
struts are 800 and 1,000 mm, respectively. The main structure
of the shield initiation well comprises the bottom, middle, and
top plates. The material is C35 reinforced concrete, and the
thicknesses are 1,000, 400, and 800 mm, respectively, at depths
of —11.67, —7.48, and —2.04 m, respectively. In addition, the top
and bottom concrete materials have waterproof requirements.
The distance between the entrance and exit of C and the
nearest place of the existing tunnel is ~21 m, and the depth of
the foundation pit is 8.2-11.2m. The diaphragm wall is
600mm thick, and the depth of the standard section is
22.5m. Soil excavation is performed in three steps to levels
of —3.9, —6, and —8.25 m. Consequently, one layer of con-
crete struts is designed at a level of —0.4m with 800 mm
width and 800 mm height, and two layers of steel struts are
designed at levels of —3.4 and —5.5m, with a thickness of
16 mm and an outer diameter of 609 mm. The structure
consists of a bottom plate and a top plate. The material is
C35 reinforced concrete. The top plate is 600 mm thick, the

bottom plate is 700 mm thick, and the top and bottom con-
crete materials have waterproof requirements.

The distance between the entrance and exit of D and the
nearest place of the existing tunnel is ~13 m. The excavation
depth of the foundation pit is 9.09-12.09 m. An underground
diaphragm wall of 600 mm thickness is adopted in the enclo-
sure structure, and the underground diaphragm wall of the
standard section is 23.2m. Soil excavation is performed in
three steps to levels of —3.4, —6.5, and —8.25m. Conse-
quently, one layer of concrete struts is designed at a level
of —0.4 m with 800 mm width and 800 mm height, and two
layers of steel struts are designed at levels of —2.9 and —6m,
with a thickness of 16 mm and an outer diameter of 609 mm.
The structure consists of a bottom plate and a top plate. The
material is C35 reinforced concrete. The top plate is 600 mm
thick, the bottom plate is 700 mm thick, and the top and
bottom concrete materials have waterproof requirements.

Because both the initiation and reception of shield tunnel-
ing are high-risk working conditions, it is typically necessary
to adopt a triaxial mixing pile for reinforcement within 9 m of
the shield initiation well. In this case, to prevent excessive
disturbance to the existing operating tunnel, the starting sec-
tion was strengthened using a TRD cement mixing wall, and
the interior was strengthened using a triaxial deep cement
mixing pile, as shown in Figure 1.

The soil should have good uniformity, independence, and
water retention, and its unconfined compressive strength
should not be less than 1 MPa after reinforcement. The thick-
ness of the cement mixing wall is 850 mm, and the depth is
25.5m, which is 3m lower than the bottom of the existing
tunnel. The three-axis mixing pile is reinforced with a diame-
ter of 850 mm and a spacing of 600 mm and is constructed
according to the nesting and one-hole method. The reinforce-
ment depth of the three-axis mixing pile is 17.4 m, which is
3 m lower than the bottom of the new tunnel. At the sides of
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TasLE 1: Physical and mechanical parameters of soil.
Strata sequence Soil Natural unit weight, y (kN/m3) Cohesion, ¢ (kPa) Angle of friction, ¢ (°)  Soil thickness (m)
1-1 Miscellaneous fill 17.5 8 15 3.1
3-2 Sandy silt 19.5 6 29 14
3-3 Powder sand 19.3 5 33 7.0
3-5 Silty sandy silt 19.2 5 33 4.0
3-7 Sandy silt 19.6 6 28 34
6-2 Muddy silty clay 19.2 25 15 1.7
7-2 Silty clay 19.1 28 18 2.6
8-1 Clay 19 25 19 4.8
8-2 Silty clay 18.8 20 20 25

the C and D entrances close to the existing line, groove wall
reinforcement is set at the diaphragm wall. The reinforcement
process also adopts the reinforcement process of the triaxial
cement mixing pile. The reinforcement depth is the same as
the depth of the diaphragm wall. In addition, in this case,
dewatering wells are established inside and outside the foun-
dation pit. However, because the dewatering wells inside and
outside the pit are within the range of concrete sealing, they
have little influence on the existing tunnel. The influence of
groundwater dewatering is not considered in this study.

The distance between the upline and downline tunnels of
the shield section from the Chengcheng Station to the Jiang-
cheng Road Station is ~14.6-16.2 m, and the buried depth of
the tunnels is 8.3-20.6 m. The Chengzhan Station is adjacent
to the section tunnel of Metro Line 1, which is operational.
The proposed tunnel will cross Line 1, which is already
operational, at an oblique angle of 80°. The minimum verti-
cal distance between the two tunnels is 1.95 m.

Both the new and existing tunnels are excavated using
earth pressure balance shield machines. Concrete segments
are assembled with staggered joints. The inner and outer
diameters of the tunnel are 5,500 and 6,200 mm, respectively.
The thickness of the segments is 350 mm, and the width
of the prefabricated reinforced concrete segments is 1,200 mm.
The strength grade of the segment is C50, which is divided into
six pieces in the circumferential direction. Figure 2 shows the
buried depth of the existing tunnel of Line 1 is ~16.4 m, and the
spacing between the left and right lines is ~16.0 m. The
buried depth across the existing tunnel section of the new
tunnel is ~8.2m. The distance between the left and right
lines is ~15.8 m.

3. Geology and Soil Parameters

According to the geotechnical investigation report of Hang-
zhou Metro Line 7, the basic and model parameters of soil
mass are obtained by combining the results of the indoor soil
test, in situ test, and hydrogeological test.

Table 1 shows that the topsoil layer is a miscellaneous fill
(layer 1) with a thickness of 3.1 m, which is underlain by
sandy silt (layer 2) with a thickness of 1.4 m. The third layer
is a 7-m-thick layer of powder sand (layer 3) containing iron
oxide spots and mica debris, with a thin layer of clay. The
following layer is silty sandy silt (layer 4) with a thickness of

4 m, which is saturated, medium dense, and locally slightly
dense. It contains mica debris with a small amount of clay
clump locally. The next layer is a 3.4-m-thick layer of sandy
silt (layer 5) consisting of mica debris. Below this layer is a
1.7-m-thick layer of muddy silty clay mixed with silt (layer
6). The seventh layer is a 2.6-m-thick silty clay layer (layer 7),
and plastic, local hard plastic, and dry shrinkage cracks can
be observed after water loss. The next layer is a 4.8-m clay
layer (layer 8), mainly composed of soft plastic and local fluid
plastic containing organic matter. The final layer is a 2.5-m-
thick silty clay layer (layer 9). It is soft plastic, local fluid
plastic with a silt content of ~10%-30%, viscoplastic, and
contains mica debris.

From the soil weight analysis, the soil weight of the
hybrid fill is small (17.5kN/m?), whereas the soil weight of
other soil layers is between 18.8 and 19.6 kN/m?, which is
large, mainly because of the existence of groundwater. Soil
2m below the surface is saturated. The cohesiveness of the
soil in the first five layers is less than 10kPa, whereas the
cohesiveness of the soil in the subsequent layers is between
20 and 25kPa. This is mainly because, with the change of
strata, the nature of the soil gradually changes from sandy to
cohesive, resulting in a sharp increase in cohesion. The inter-
nal friction angle of the second to fifth layers is large, ranging
from 28° to 33°, whereas that of the remaining layers, includ-
ing the hybrid layer, is not larger than 20°, which is mainly
caused by the difference between sandy and cohesive soil, as
shown in Table 1.

4. Automatic Monitoring Arrangement and
Monitoring Content

The automatic monitoring method was used to monitor the
existing tunnel immediately after the soil reinforcement con-
struction began. The existing tunnel was continuously mon-
itored throughout the construction cycle, including the
construction of the envelope structure, excavation of the
foundation pit, and the overcrossing period of the new
shield.

The automatic monitoring system mainly comprises a
small prism, rearview control prism, total station, transmis-
sion module, and client. As monitoring points, small prisms
are buried in tunnels or stations. The rearview control prism
is used as a reference point, and the borehole is buried in a



Advances in Civil Engineering

iB y
Datum mark A GPRS communication | [3 : _:S’
- YN S i >
e i -
Total station  Transport module Data processing

Monitoring point

FiGURE 3: Automatic monitoring system.

stable position. The total station adopts a fixed instrument
table for 24-hr automatic measurements and is supplemen-
ted by manual retesting. The transmission module is used for
real-time data transmission and control. Real-time control
and data processing using a computer are achieved by the
user. This project adopts the TM50 total station produced by
Leica of Switzerland, which has the highest accuracy in the
world at present. The angle measuring accuracy is “0.5,” and
the ranging accuracy is 0.6 mm + 1 ppm. With ATR auto-
matic aligning technology, a new spot analysis method is
used to optimize the prism verification method. It can auto-
matically learn target prisms at ultra-long distances, auto-
matically identify effective prisms with one key, eliminate
interference factors in the environment (light, moisture, sun-
shine, etc.) and invalid targets, and effectively improve the
distance, accuracy, and efficiency of automatic measurements.

Automated monitoring is performed using the Leica
GeoMoS software, which consists of two main parts: a mon-
itor and an analyzer. The monitor has a mature measure-
ment and calculation program that provides an ideal solution
for applications requiring extremely high accuracy. Profilers
can graph and digitally present data, as illustrated in Figure 3.

According to the characteristics and relevant require-
ments of the project, automatic monitoring systems are
established in the track running areas of the upline and
downline, with monitoring lengths of ~200 m, respectively.
Considering the accuracy of automatic measurements of the
total station, monitoring alarm value, and site conditions,
two total stations each are established in the upline and
downline tunnels, totaling four total stations, and two auto-
matic monitoring networks are constructed.

The monitoring facilities are set up as follows:

(1) The total station and rearview prism extend along the
tunnel to reduce the plane displacement error caused
by distance measurements.

(2) On both sides of the measuring area outside the
influence range of the foundation pit, large rearview
prisms are set up as control points, and at least four
large prisms are set up at the large and small mileage
ends.

(3) Each monitoring section is provided with four small
prisms, which are located near the two steel rails of
the ballast bed and on both sides of the lining seg-
ment as monitoring points.

(4) The automatic monitoring network is arranged as a
3D network, and the plane coordinates and elevation
values are simultaneously measured.

Automatic monitoring is employed during the upper
span of the shield tunnel. A monitoring section is set at
1-15m outside the projection range of the shield tunnel at
2-3-ring intervals. A monitoring section is set at 15-55m
outside the projection range of the shield tunnel at 5-ring
intervals. Two sets of monitoring prisms are set on both sides
of the lining segment and the ballast bed. The vertical and
horizontal displacements of the tunnel segments, the conver-
gence of the segments, and the differential settlement of the
ballast bed are monitored. The upline and downline moni-
toring ranges have 31 sections each. The monitoring range of
the upper and lower line segments of the existing tunnel is
435-595 rings, as shown in Figure 1.

The monitoring content is the vertical displacement of
the ballast bed, i.e., the average of the vertical displacements
of prisms 1 and 2. A positive sign indicates uplift, and a
negative sign indicates settlement. The horizontal displace-
ment of the ballast bed is the average of the horizontal
displacements of prisms 1 and 2. A positive sign indicates
movement toward the foundation pit, whereas a negative
sign indicates movement away from the foundation pit. Seg-
ment convergence is the distance between prisms 3 and 4. An
increase in the distance indicates a positive value, and a
decrease indicates a negative value. Similarly, the differential
settlement of the ballast bed is the difference between prisms 1
and 2. An increase in the distance indicates a positive value,
and a decrease indicates a negative value.

During the construction process, the survey team con-
ducted 24 joint measurements of the datum point and man-
ually reviewed the automatic monitoring data 84 times. The
results showed that the maximum difference between the
automatic and manual monitoring results of the upline and
downline was #£2.1 mm, which is small and meets the
requirements. Furthermore, the automatic monitoring data
were authentic and credible. The monitoring arrangement is
shown in Figure 4.

5. Construction Process

The construction factors affecting the existing tunnel are
divided into five aspects: (1) soil reinforcement of the starting
section and construction of the underground diaphragm
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wall; (2) foundation pit excavation and structure construc-
tion of the shield initiation well of the Chengzhan Station; (3)
upper span of the left line shield of the new tunnel; (4) upper
span of the right line shield of the new tunnel; and (5) exca-
vation and structure construction of the foundation pit of the
attached entrance and exit. Note that, due to land planning,
only groove wall reinforcement was performed at entrance
D, and the subsequent construction of an underground dia-
phragm wall, foundation pit excavation, and structural works
were canceled. The specific construction process is detailed
in Table 2.

6. Analysis of Monitoring Data of
Existing Tunnels

Here, the main foundation pit of the station was excavated,
and the left and right lines of the shield of the new tunnel
were driven twice. The deep excavation of the entrance and
exit of C repeatedly affected the existing tunnel. In this study,
the displacement and deformation of the existing line tunnel
are analyzed from four perspectives: vertical displacement,
horizontal displacement, segment convergence, and differen-
tial settlement of the ballast bed.

6.1. Analysis of the Entire Process Data Change Law of
Monitoring Points

6.1.1. Vertical Displacement. It can be observed from Figure 5(a)
that the existing tunnel is slightly disturbed at the stage of soil
reinforcement of the starting section, foundation pit excava-
tion, and construction of the station main structure, and each
segment has a small settlement, with the 528-ring settlement
being the largest, with a value of 1.45 mm. This measurement
result is consistent with those of Zheng et al. [41] and Meng
et al. [42]. At the stage where the right line shield crosses the
existing line tunnel, which is affected by soil unloading, the
435-518-ring segment uplifts, and the maximum value of
the 508-ring uplift is 2.85 mm compared with the previous
stage, as shown in Figure 6. However, the 525-535 rings still
have slight settlement, mainly because the existing tunnel
segment is a longitudinal integral structure. When a section

is uplifted to a significant extent, there is slight settlement in
the adjacent section. At the stage where the left line shield
crosses the existing line tunnel, the 515-545 rings exhibit an
obvious uplift trend and the 475-513 rings have a slight set-
tlement compared with the previous stage. These measure-
ment results are consistent with those of Chen et al. [4] in the
uplift trend of segments but are slightly different in the set-
tling part of existing lines [32]. The theoretical conclusion of
Liang et al. [43] can better explain this phenomenon, as illustrated
in Figure 6. During the foundation pit excavation of the entrance
and exit of C, the 545-595 rings of its influence area have an
obvious settlement, and the maximum value appears at the 575
ring with a settlement of 2.85mm. The remaining points are
consistent with the vertical displacement in the previous stage.

Figure 5(b) also shows at the stage of soil reinforcement
of the starting section and foundation pit excavation of the
main station, the existing tunnel segments are slightly
affected within the range of 1 mm. At the stage of construc-
tion of the main structure of the station, 485-528 rings
exhibit a settlement trend, and the maximum value appears
at the 510 ring with a settlement of 1.40 mm. At the stage of
right line shield construction across the existing tunnel,
which is affected by soil unloading, the annular lining seg-
ments of the existing tunnel 485-520 rings appear to be
uplifted. However, compared with the initial value, the uplift
is not obvious, and the vertical displacement of other seg-
ments is consistent with that of the previous stage. At the
stage where the left shield crosses the existing line, the settle-
ment trend of 533—-595 rings is obvious, while the settlement
of 475-500 rings is drastic, and the settlement value of the
480 ring reaches 3.55 mm. This measurement result is highly
consistent with that of Chen et al. [4] in terms of the varia-
tion trend and degree of vertical displacement of existing
tunnel segments [31]. Compared with the previous stage,
the existing tunnel is less affected during the foundation
pit excavation of the entrance and exit of C, and there is
no change compared with the previous stage.

6.1.2. Horizontal Displacement. In Figure 7(a), it can be inter-
preted that at the stage of soil reinforcement of the starting
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FiGUrE 5: (a, b) Vertical displacement of existing tunnels under multiple disturbances.

New tunnel of Line 7

Liang et al. [44]

This paper

Ficure 6: Slightly differences from previous studies on vertical displacement.

section, the horizontal displacement of the existing tunnel is
slightly affected. At the stage of foundation pit excavation of
the station, the segments of the existing tunnel significantly
move toward the foundation pit, which is reflected in the
range of 490-545 rings, with a maximum value at the 530
ring and a displacement value of 1.85 mm. At the stage of
main structure construction, the existing tunnel is consistent
with the previous stage without significant horizontal dis-
placement. Similar to vertical displacement, this measure-
ment result is consistent with the research conclusions of
Yang et al. [40], Zheng et al. [41], and Meng et al. [42]. At
the stage where the right line shield crosses the existing line
tunnel, the 500-545 rings exhibit significant displacement
away from the foundation pit, with a maximum value at
the 528 ring and a displacement value of 3.80 mm. This is

mainly because when the shield tunneling machine is driv-
ing, the shield shell exerts a dragging force on the soil in the
tunneling direction, resulting in the surrounding soil and
structure moving toward the shield tunneling machine.
Compared with the previous stage, the segment of the exist-
ing tunnel did not experience significant disturbance in the
horizontal direction. This is because the surrounding soil was
strengthened by the synchronous and secondary grouting of
the new tunnel segment, which reduced the influence of the
shield tunneling machine. During the excavation of the
entrance and exit of C, the 520-555 rings of the segment
exhibit a displacement toward the foundation pit, and the
horizontal displacement is ~2 mm compared with the previ-
ous stage. Finally, the horizontal direction of the existing
tunnel segments did not change significantly, and the stop
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FIGURE 7: (a, b) Horizontal displacement of the existing tunnel under multiple disturbances.

value data were consistent with the data after the deep exca-
vation of the entrance and exit of C.

Figure 7(b) shows that at the stage of soil reinforcement of
the starting section, deep excavation, and main structure con-
struction of the station, the downline segments of the existing
tunnel move slightly toward the foundation pit with a maxi-
mum value at the 500 ring and a displacement value of
1.54 mm. At the stage where the right shield crosses the exist-
ing line tunnel, the horizontal displacement of the 490-585
rings is opposite to that in the previous stage and moves away
from the foundation pit, as illustrated in Figure 8. The maxi-
mum displacement value appears at the 570 ring, which is
3.7mm and is due to the drag force exerted by the shield
machine on the soil. The horizontal displacement of the seg-
ments 505-555 rings sharply falls and oscillates around the
initial value at the stage where the left shield crosses the existing
line. At the excavation stage of the entrance and exit of C, the
segments of the existing tunnel are not significantly affected,
which is the same trend as in the previous stage, except that the
565-595 rings in the influence range of the entrance and exit
of C move toward the foundation pit. The maximum value
appears at the 595 ring, and the displacement is 2.3 mm.

6.1.3. Segment Convergence. From inspection of Figure 9(a),
the soil reinforcement of the starting section does not have a
significant effect on segment convergence. At the stage of
foundation pit excavation, the 508-545-ring segments of
the upline of the existing tunnel produce vertical compres-
sion and transverse tension. The maximum tensile value is at
the 523 ring, and the convergence value is 1.9 mm. At the
stage of station structure construction, the existing tunnel is
unaffected and the convergence value is consistent with that
in the previous stage. At the stage of right and left line shield
tunneling across the existing line, the convergence value of

Excavation stage

Existing tunnel of Line 1

Ficure 8: Horizontal displacement trend of the existing tunnel
under multiple disturbances.

segments slightly decreases in the range of 500-535 rings and
slightly increases in the range of 540-555 rings. The maxi-
mum value appears at the 545 and 555 rings, and the con-
vergence value is 2.4 mm. However, the existing tunnel
remains in a state of vertical compression and transverse
tension. At the excavation stage of the entrance and exit of
C, the convergence value of the existing tunnel segments is
the same as that in the previous stage, and only a significant
oscillation occurs in the range of 505-515 rings.



10
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FIGURE 9: Segment convergence of existing tunnel under multiple disturbances.
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Figure 10: Differential settlement of ballast bed of existing tunnel under multiple disturbances.

In Figure 9(b), at the stage of soil reinforcement of the
starting section, foundation pit excavation, and construction
of the station main structure, the existing tunnel segments
are vertically compressed and horizontally stretched. How-
ever, the convergence is slight, most of the values are below
1.0 mm, and some points reach 1.2mm. The convergence
value of 540-595 rings of segments slightly increases at the
stage of right line shield tunneling across the existing line.
The convergence values of 508-530 rings slightly decrease
compared with that in the previous stage, and the other

ranges are consistent with the results of convergence values
after foundation pit excavation. During the foundation pit
excavation of the entrance and exit of C, the existing tunnel
is slightly affected, and the convergence value is the same as
that in the previous stage. In general, the downline segment
exhibits a state of vertical compression and transverse tension.

6.1.4. Differential Settlement of Ballast Bed. In Figure 10(a), at
the stage of soil reinforcement of the starting section, foun-
dation pit excavation, and construction of the station main
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structure, the differential settlement of existing tunnel seg-
ments is not obvious and oscillates around the initial value.
In the subsequent construction phase, only the 465- and 510-
ring segments exhibited obvious segment torsion, and the
maximum value appeared at the 465 ring, with a different
settlement of 2.2 mm. The other segments were not signifi-
cantly affected.

Similar to the upline, From inspection of Figure 10(b),
the differential settlement of the existing tunnel segments is
not obvious at the stage of soil reinforcement of the starting
section, deep excavation, and construction of the main struc-
ture of the station. At the stage of right line shield tunneling
over the existing line tunnel, the 465-508 rings in the influ-
ence area of the right line shield exhibit obvious differential
settlement; some parts of the segment twist right, while
others twist left. The 520 and 540 rings also exhibit significant
differential settlement, with the maximum value appearing at
the 508 ring and the differential settlement being 2.5 mm.
Compared with the previous stage, the differential settlement
of the tunnel ballast bed exhibits no significant changes at the
stage of left line shield tunneling over the existing line, partly
because of the reinforcement of the soil after synchronous
grouting. Furthermore, this is because the disturbed segments
have reached a state of equilibrium; thus, secondary shield
tunneling can no longer significantly twist the segments. At
the deep excavation stage of the entrance and exit of C, the
differential settlement of the ballast bed of the existing tunnel
is consistent with that in the previous stage, and there is no
significant change.

6.2. Comparative Analysis of Data Changes at Typical Section
Monitoring Points. Here, six typical sections are selected: the
S513 and S528 sections intersecting the upline of Line 7 and
Line 1; the S520 section corresponding to the middle part of
the excavation face of the foundation pit; the X510 and X518
sections intersecting the downline of Line 7 and Line 1; the
X523 section corresponding to the middle part of the excava-
tion face of the foundation pit. By analyzing the monitoring
data of typical sections at different construction stages, the
deformation law of the existing tunnel is further investigated.

6.2.1. Vertical Displacement. As shown in Figure 11, during
the soil reinforcement of the starting section period, each
point has a slight settlement, but the upline is more obvious
than the downline. During the excavation of the foundation
pit, the points of the upline are consistent with those in the
previous stage, whereas the downline has a significant settle-
ment. At the construction stage of the main structure, the
individual sections have a significant settlement, and gener-
ally, all points are still in the settlement trend. At the stage
where the right shield crosses the existing line, S513 and
X510 intersecting the new tunnel on the right line signifi-
cantly uplift, with the upline uplift being higher than the
downline uplift. However, sections S528 and X523 at the
far end of the existing tunnel do not uplift, and even S528
still has a slight settlement. With the left line shield tunnel-
ing, there is a significant rise in all sections, especially $528,
which intersects with the new tunnel on the left line. How-
ever, sections S513 and X510 at the far end of the existing

11
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FiGURE 11: Vertical displacement at typical section.

tunnel settle and return to their original positions. At the
subsequent construction stage, after several disturbances,
each section still exhibits an uplift, and the value slightly
increases toward the peak value.

6.2.2. Horizontal Displacement. According to the monitoring
data of each typical section, during the soil reinforcement of
the starting section period, each point exhibits a slight dis-
placement toward the foundation pit. At the excavation
stage, each point continues to move toward the foundation
pit, and the value is between 1 and 2 mm. At the construction
stage of the main structure, the horizontal displacement of
each point is consistent with that in the previous stage. At the
stage where the right shield crosses the existing line, horizon-
tal displacement far away from the foundation pit appears at
all points across the stage. The trend of each monitoring
section on the upline is significantly higher than that on
the downline, and the maximum value far away from the
direction of the foundation pit is —3.8 mm. Regarding the
left line, the trend of moving toward the foundation pit is
slightly eased; however, in general, the trend of moving up
the line is still more obvious than that of moving down the
line. At the subsequent construction stage, all monitoring
points are kept within the range from —1 to —2mm, and
the horizontal displacement values of the upper and lower
sections are consistent, as shown in Figure 12.

6.2.3. Segment Convergence. As shown in Figure 13, soil rein-
forcement has little effect on segment convergence. The
excavation results in the obvious convergence of each section
segment, and the upline is significantly larger than the down-
line. During the construction phase of the main structure, the
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FIGURE 13: Segment convergence at typical section.
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FiGure 14: Differential settlement of ballast bed at typical section.

convergence of segments does not change significantly. At the
stage where the right shield crosses the existing line, segment
convergence decreases; however, overall, the upline is still
higher than the downline. When the new tunnel of the left
line crosses over the existing tunnel, the segment convergence
trend is further reduced, bringing it close to the initial state,
and there is no significant difference between the upper and
lower lines. After the construction phase of the entrance and
exit of C, the section close to entrance C again exhibits seg-
ment convergence with a maximum value of 1.1 mm.

6.2.4. Differential Settlement of Ballast Bed. Differential set-
tlement of the ballast bed is manifested as torsion of the
segment. According to the monitoring data in Figure 14,
excavation of the foundation pit causes slight torsion in the
positive direction of the S513 section. During the right line
shield tunneling, segments far from the downline are twisted
in a positive direction. When the left shield is driven, the
monitoring section at the far end exhibits positive torsion. At
the entrance and exit of C and the later stage, the torsion
of the segment gradually returns to the initial state. In gen-
eral, the influence of different construction stages on the
differential settlement of the ballast bed is small.

6.2.5. Change Proportion of Typical Sections. After the exist-
ing tunnel is disturbed multiple times, the changing trends of
segments in vertical displacement, horizontal displacement,
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TasLe 3: Change proportion of the typical section of the upline.

Typical section segment

number of the upline Content of monitoring

excavation of foundation pit

Disturbance caused by
new tunnel tunneling

Disturbance caused by Proportion of

change (%)

(mm) (mm)
Vertical displacement -1.3 —-0.1 -92.3
3513 Horizontal displacement 1.7 -24 —241.2
Segment convergence 1.6 0.1 -93.8
Differential settlement of ballast bed 0.5 0.8 60.0
Vertical displacement -0.8 0.8 —200.0
$520 Horizontal displacement 1.7 -1.1 —164.7
Segment convergence 1.7 0.7 —58.8
Differential settlement of ballast bed -0.6 0.4 —-166.7
Vertical displacement -0.7 0.7 —200.0
3508 Horizontal displacement 1.7 -1.8 —205.9
Segment convergence 1.8 0.4 -77.8
Differential settlement of ballast bed 0.0 0.3 /

TasLE 4: Change proportion of the typical section of the downline.

Typi ion segmen o
ypical section segment Content of monitoring

Disturbance caused by

Disturbance caused by new  Proportion of

ring of the downline excavation of foundation pit/mm tunnel tunneling/mm change
Vertical displacement —-0.6 0.6 —200.0%
Horizontal displacement 0.9 -0.2 —122.2%
X510 Segment convergence 0.9 0.0 —100.0%
Differential settlement of
ballast bed 0.0 02 /
Vertical displacement -0.9 -0.9 0
Horizontal displacement 0.9 -0.8 —188.9%
X518 Segment convergence 1.1 0.7 —36.4%
Differential settlement of
ballast bed -0.3 —0.2 —33.3%
Vertical displacement —-0.8 0.2 —125.0%
Horizontal displacement 1.0 -12 —220.0%
X523 Segment convergence 1.0 0.1 —90.0%
Differential settlement of —05 —0.7 40.0%

ballast bed

segment convergence, and differential settlement of the track
bed are shown in Tables 3 and 4.

As shown in Tables 3 and 4, the vertical and horizontal
displacements of the existing tunnel caused by foundation pit
excavation and shield tunneling are opposite, and the influ-
ence is drastic, with the maximum range of change reaching
220%. Despite the obvious difference points of the downline
ring X518, the vertical and horizontal displacements of the
existing tunnel changed by 100%-200% in the opposite
direction after the second disturbance. Pit excavation and
shield tunneling also caused opposite changes in the conver-
gence of existing tunnel segments; however, the influence is
small, with a range of 36%—100%. Foundation pit excavation
and shield tunneling have positive and negative effects on the
differential settlement of the existing tunnel ballast bed; how-
ever, the overall effect is not significant.

7. Conclusions

(1) The vertical settlement of the existing tunnel is
caused by deep excavation of the lateral top founda-
tion pit. When the shield crosses over the existing
tunnel for the first time, the underlying tunnel is
uplifted because of soil unloading. When the shield
machine disturbs the existing tunnel for the second
time, the tunnel exhibits an uplift trend in some areas
and a settling trend in others.

(2) The excavation of the foundation pit causes the hori-
zontal displacement of the existing tunnel segments
to move toward the foundation pit, and the crossing
over of the shield causes the horizontal displacement
of the existing tunnel toward the driving direction.
The horizontal displacement of the existing tunnel
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caused by shield tunneling is significantly larger than
that caused by foundation pit excavation.

(3) The excavation of the foundation pit causes slight
convergence of segments, and crossing over of the
shield further aggravates the change in the conver-
gence value, with some ranges increasing and some
ranges decreasing. In general, excavation of the foun-
dation pit and crossing over of the shield cause verti-
cal compression and transverse stretching of the
existing tunnel segments.

(4) The excavation of the foundation pit has little influ-
ence on segment torsion. The shield crossing over the
existing line for the first time causes partial segment
torsion of the existing line, and the direction of tor-
sion cannot be determined. The second disturbance
does not significantly affect segment torsion.

(5) In the foundation pit construction stage, the moni-
toring points on the typical section appear settled,
and the settlement value of the points near the foun-
dation pit is larger. When the new tunnel shield
crosses over the existing tunnel, the existing tunnel
segment corresponding to the overcrossing segment
uplifts, while the distant segment settles. The excava-
tion of the foundation pit causes the existing tunnel
to move horizontally toward the foundation pit, and
the tunneling causes the existing tunnel to move far
away from the foundation pit. After several distur-
bances, the horizontal displacement of the existing
tunnel away from the foundation pit is finally generated.
Excavation of the foundation pit causes convergence of
the existing tunnel segments. The convergence value of
the point near the foundation pit is larger, and the
overcrossing tunnel reduces the convergence of the
segments. For differential settlement of the tunnel
bed, regardless of the excavation of the foundation
pit or overcrossing tunneling of the shield, the influ-
ence is slight.

(6) According to the analysis results of the monitoring
data, the changing trend caused by multiple distur-
bances from the construction process to the existing
tunnel is different. The deformation of the existing
segment may dramatically change within a certain
range; however, the displacement still fails to reach
the alarm value. Therefore, during the excavation of
the foundation pit, attention should be paid to the
vertical settlement of the existing tunnel and the hor-
izontal displacement toward the foundation pit.
Monitoring of the uplift rate of the existing segment
and the horizontal displacement rate away from the
foundation pit should be strengthened during shield
tunneling. The convergence of existing tunnel seg-
ments mainly occurs at the stage of foundation pit
excavation and should be monitored. The excavation
of the foundation pit and the overcrossing shield
have little influence on the torsion of the existing
segments, which cannot be taken as the key monitor-
ing factor during construction.
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