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Abstract: The excavation of a deep foundation pit adjacent to an existing tunnel may lead to the
large deformation and induce damages in the tunnel structure. However, the influence on existing
tunnel structure from nearby excavations has not been understood clearly, since it is affected by
complex influencing factors of not only the geological and topographical conditions but also the
construction method and positional relationship of the adjacent structures. This paper presents a
numerical investigation into an existing underground rail transit line during the excavation of an
adjacent deep foundation pit, in which the behavior of the existing tunnel structure from excavating
the aforementioned foundation pit is clarified, and the effectiveness of the adopted three-dimensional
model is confirmed by comparison between the numerically calculated and field-measured ground
settlement of the monitoring point. The results demonstrate that the deformation of the existing
tunnel structure is mostly induced by the excavation of the deep foundation pit. This study can
provide a reference of deep excavations adjacent to existing infrastructures.

Keywords: behavior influence; structure safety; adjacent existing tunnel; foundation pit excavation;
numerical investigation

1. Introduction

Urban railway transportation systems have been widely developed and utilized with
the acceleration of urbanization in China. However, there are still many problems and
challenges of constructing underground engineering, in which many foundation pits are
inevitably adjacent to existing tunnel lines. The clear distance between the foundation
pit and the existing tunnel lines is becoming smaller, may be even less than 1 m [1]. The
relationship between the foundation pits of new engineering and adjacent existing tunnels
is becoming more and more complex, as the excavation of new foundation pits may change
the stress state of the surrounding soil not only by the disturbance of surrounding soil but
also by the reduction in underground water, causing large deformations to the existing
nearby tunnels through uneven settlement [2]. Severe damage through segment cracking,
leakage and even longitudinal distortion of railway tracks may likely occur when the tunnel
deformation and internal forces exceed the capacity of tunnel structures [3,4]. Therefore,
it is important to study the influence on and ensure the safety of the existing tunnel lines
from excavating the adjacent foundation pits, by controlling the deformation of tunnel
structures and the settlement of the ground surface.

In recent years, much research has focused on the behavior of existing tunnel structure
during adjacent excavations by theoretical analysis, field monitoring, and numerical simu-
lation. In theoretical analysis and numerical simulation, analytical models using Mindlin’s
displacement solutions and fuzzy mathematics theory have been developed for the the-
oretical and numerical analysis of tunnel deformation creating optimized procedures for
constructing foundation pits, and practical engineering has verified the effectiveness and
success of this method [5,6]. Moreover, two-stage analysis methods have been proposed for
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rationally simplifying the additional loads acting on the existing tunnel and introducing
the existing tunnel as an elastic beam on a Pasternak foundation [7-9], in which case the
modified subgrade coefficient is employed in the Pasternak foundation [10,11]. These theo-
retical and numerical methods are used to evaluate the disturbance effect of surrounding
soil, model the collapse process of the deep foundation pit, and determine the deformation
behavior of the existing tunnel as well as analyzing the influencing factors of the tunnel
deformation caused by the excavation of the adjacent foundation pit [12-14].

Field monitoring is generally implemented alongside numerical simulation [15]. In
previous studies, the three-dimensional finite difference method in combination with on-site
test data is employed to analyze the deformation and stability of existing tunnel structure
as well as predict weak areas during excavating the adjacent deep foundation pit [16-18].
The finite element method combined with on-site monitoring is utilized to analyze the
law of stress and deformation in the process of deep foundation pit excavation [19]. There
are many case studies of the performance variation of different infrastructures during
excavating adjacent foundation pits, and reasonable strengthening measures are studied
and proposed. The reinforcement mechanisms and reinforcement depths of surrounding
soil that may influence tunnel deformation and uplift are studied with respect to controlled
stress relief [20]. The response of six existing buildings from excavating the deep foundation
pit of a subway station has been numerically investigated, in which the proposed method
of modifying the lateral deflection of the retaining wall to reduce ground settlement proved
a more cost-effective alternative [21].

There are many studies on the behavior of existing tunnels and foundation pit sup-
porting structures. However, the behavior of the tunnel structure induced by excavating
an adjacent foundation pit have not been understood clearly, since it is affected by com-
plex influencing factors of not only geological and topographical conditions but also the
construction method and positional relationship of the adjacent structures. Therefore,
further study is required on the influence of existing tunnels from excavating adjacent
foundation pits, which is expected to provide a basis for rationally adopting protective
measures in excavating the foundation pit. In this paper, a case study is presented of the
investigation using numerical simulation into the existing rail transit line 7 during exca-
vating an adjacent deep foundation pit, in which the deformation of tunnel structure and
stresses of underground continuous wall are studied, and the effectiveness of the adopted
three-dimensional numerical model is validated by comparison between the numerical
results and field measures.

2. Engineering Background
2.1. Engineering Profile

A deep foundation pit was excavated to build the Fumin Station of rail transit line 10,
which is adjacent to the existing left-line and right-line tunnels in rail transit line 7. The
thickness of the covering soil ranged from 5.15 m to 5.61 m, the width of the foundation pit
ranged from 21.9 m to 27.9 m, with a width of 21.9 m in the standard section, and the depth
of the foundation pit ranged from 19.26 m to 21.64 m, in which the shield launching shaft
of 27.9 m width and 21.5 m excavation depth was set at the south end of the station. The
outer edge of rail transit line 7 is only 7.85 m away from the foundation pit at the south end
of Fumin Station. The project plan and the positional relationship between the tunnel and
foundation pit are shown in Figures 1 and 2, respectively.

2.2. Hydrogeological Conditions

The foundation pit of Fumin Station in the project mainly crossed the complex soil
layers from top to bottom, including plain soil, silty clay soil, round gravel, sand-like
strongly weathered granite, moderately weathered granite, and slightly weathered granite.
There were two main types of groundwater around the station: loose rock pore water
and bedrock fracture water, which are mainly found in the strongly weathered block and
moderately weathered zone with slight compression. There was no differential weathering



Sustainability 2023, 15, 9740 3o0f12

of the strata during the survey process, that would result in the formation of solitary stones
or weathered deep grooves with soft and hard layers, and the ground surface water was
not abundant and mainly consisted of accumulated water in potholes. After the excavation
of soil slopes formed by residual granite soil and completely weathered rock, the unloading
action caused the soil on the free surface to easily slide along the primary or secondary
structural planes due to the geotechnical characteristics of the granite formation, and it was
prone to collapse due to the residual soil of granite and completely weathered rock being
soaked in water, since there was a very long rainy season around the construction period.
Moreover, river water was drained during the processes of excavation and reinforcement
of the deep foundation pit, which was expected to ensure the safety of the deep foundation
pit slope and surrounding environment.
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Figure 1. Plan of the project.
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Figure 2. Profile of the existing tunnel and the foundation pit.

2.3. Reinforcement Measure outside the Foundation Pit

Reinforcement measures in the passive zone were used to reinforce the deep founda-
tion pit for safe excavation, and the specific reinforcement measures are shown in Figure 3,
in which the labels A, B and D are the width, length and depth of the reinforcement zone,
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respectively, and label C is the elastic modulus of the reinforced soil surrounding the deep

foundation pit.
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Figure 3. Reinforcement zone diagram.

The foundation pit was excavated in six layers, in which the depths of the excavated
layers were —1.8 m, —4.7 m, —8.7 m, —12 m, —17 m and —21.5 m, respectively. Moreover,
the support structures were constructed with the excavation of every layer.

3. Proposal and Validation of the Numerical Investigation Model
3.1. Three-Dimensional Numerical Model and Material Properties

Figure 4 shows the three-dimensional numerical model used to calculate the deforma-
tion and internal force of the tunnel structure while excavating the adjacent deep foundation
pit, in which the numerical model sets each layer as horizontal due to the relatively small

ground fluctuation at the construction site. Moreover, the deep foundation pit of Fumin

Station, the double-line shield tunnel of the existing rail transit line 7 and the surrounding
soil are included in the numerical model, in which the excavation area of the foundation

pit is within a range of 50 m near the operation area of the existing rail transit line 7.

Figure 4. Three-dimensional model of numerical calculation.

The size of the entire model is about three times that of the excavated founda-
tion pit, in which the calculated ranges in longitudinal, vertical and side directions are
200 m, 50 m and 100 m, respectively. There are some assumptions regarding the boundary
conditions of the numerical model: the four sides are horizontally constrained, the bottom
is horizontally and vertically constrained, and the upper boundary is a free boundary.
The hexahedral reduced integral element is used for simulating surrounding rocks, shield
tunnel segments and the underground continuous wall, and the two-nodes spatial linear
beam element is used for simulating the concrete supporting system. In the model, the
connection of surrounding rocks and grouting layer, grouting layer and shield tunnel
segment, underground continuous wall, and concrete supporting system are simulated
using a binding constraint, and the surface-to-surface contact with normal hard contact
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and tangential friction is set between the underground continuous wall and surrounding
rocks. In the numerical simulation, the existing rail transit line 7 is constructed first due to
the actual construction time sequence, and the balance of crustal stress is carried out after
the construction is completed to avoid the interference on the operation area of the existing
rail transit line 7.

The numerical model is meshed using structural and scanning techniques in Midas FE
software as shown in Figure 4, in which the soil contains 101,127 elements and 109,320 nodes,
the underground continuous wall contains 4284 elements and 6858 nodes, and the concrete
supporting system with five total layers contains 409 elements and 416 nodes. Moreover, the
influence of excavating the deep foundation pit adjacent to the operation area of the existing
rail transit line 7 is considered, in which the stress release process of the surrounding soil
for the shield tunnel in rail transit line 7 is simulated using the softening modulus method,
and the hardening of the grouting layer is simulated employing the changes of temperature
field stress. The excavation and supporting of the foundation pit are implemented using
activating and killing elements in the numerical simulation. The foundation pit is also
excavated with six layers in the numerical simulation, and the excavation depths of the
excavated layers also are —1.8 m, —4.7 m, —8.7 m, —12m, —17 m and —21.5 m, respectively,
corresponding to field observations.

The three-dimensional numerical model sets every layer as horizontal and assumes
that every layer of the surrounding soils has homogeneous material properties in the
numerical analysis. The surrounding soil is considered as ideal elastic-plastic material with
a Mohr—Coulomb yield criterion in the numerical simulation [22], and the main parameters
of surrounding rocks are shown in Table 1.

Table 1. Parameters of surrounding rocks.

Depth Unit Weight Nﬂ:lslﬁis Po[izst(i): S Cohesive Force F::itllo n
Soil Layer gle
m kg/m3 MPa kPa °

plain soil 4.5 1790 6 0.4 10 10
silty clay soil 11.5 1730 6 0.43 14 10
round gravel 4 2000 28 0.25 0 30
strongly weathered granite 3 2050 96 0.22 35 28
moderately weathered granite 15 2530 500 0.22 3000 38
slightly weathered granite 25.5 2610 5000 0.22 6000 52

3.2. Numerical Model Validation

To verify the reliability of the adopted three-dimensional numerical model, the sim-
ulated calculation values are selected to compare with those obtained from field mea-
surements. Figure 5 shows the total deformation of the existing tunnel from starting the
excavation of the deep foundation pit to completing the excavation work, in which the
elastic model is used for simulating the segments of the shield tunnel structure, and the con-
nections of the contact surfaces are treated with hard contact. The numerically calculated
deformation of the existing tunnel is mainly distributed around the area adjacent to the
deep foundation pit, the calculated and field measured maximum tunnel deformations are
0.74 mm and 0.7 mm, respectively, and there is an error of 5.26% between the numerically
calculated and field-measured results. This can reflect the feasibility and accuracy of the
adopted three-dimensional numerical model.

Figure 6 compares the calculated and field-measured ground settlements of the moni-
toring point around the deep foundation pit, in which the field monitoring point is marked
as monitoring point M in the numerical model as shown in Figure 4, and the numerically
calculated values of the monitoring point are fitted using spline curves. The field-monitored
ground surface experienced nonlinear settlement with the gradually increased excavation
depth of the deep foundation pit, in which the initial excavation to 5 m depth of the deep
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foundation pit resulted in the most increase in settlement, with significant disturbance to
the soil surrounding the deep foundation pit. It can be clearly seen that the numerically
calculated values of the monitoring point around the foundation pit are larger than those
obtained from field measurement, and the results calculated by the constitutive model used
in the simulation are more conservative, whereas the fitted curve of the calculated value is
smooth and has a similar trend to the field-measured settlement curve of the monitoring
point, which can reflect the surface subsidence law of the monitoring point in the practical
engineering. Moreover, Figure 7 demonstrates the calculated and field-measured strain
variation of the underground continuous wall during excavation. The calculated and field-
measured maximum strains of the underground continuous wall are 160.9 pe and 173.8 pe,
respectively, with an error of 7.4% between the numerically calculated and field-measured
results. This also confirms the feasibility and accuracy of the adopted three-dimensional
numerical model.

U, Magnitude
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Figure 5. Tunnel deformation after excavating the bottom of the deep foundation pit (unit: m).
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Figure 6. Calculated and field-measured ground settlements of the monitoring point.
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Figure 7. Calculated and field-measured strain variation of underground continuous wall during the

excavation of the deep foundation pit.

4. Numerical Behavior Discussion of the Existing Tunnel Influenced by Excavating
Adjacent Foundation Pit

4.1. Stress Analysis of Underground Continuous Wall

Figure 8 shows the stress distribution of the underground continuous wall during
construction of the deep foundation pit. After completing the enclosure structure, small
tensile stresses appeared at the corners of the underground continuous wall near the
existing tunnel structure, whereas the other parts of the underground continuous walls
were subjected to the compressive stresses under the constraint of the surrounding rocks,
in which the stress state of the underground continuous wall showed tension on the inner
side and compression on the outer side with the excavation of the deep foundation pit.
The dominant stresses were located at the centerline of the underground continuous wall
and decreased along the shape of the radiation circle, the maximum principal stresses
were positioned on the west and south of the underground continuous wall, and the north
connection of the underground continuous wall continued to decrease until the excavation
depth of the deep foundation pit reached the fifth layer. The maximum principal stress
on the underground continuous wall stabilized at the excavation depth of 13.75 m. When
excavating to the bottom of the deep foundation pit, the position of the maximum principal
stress on the underground continuous wall remained unchanged, and the maximum
principal stress value decreased compared to the excavation of the fifth layer due to the
good lithology of the soil surrounding the deep foundation pit. The maximum values of
the principal stress appeared at the corner of the underground continuous wall during
the excavation processes of the deep foundation pit, which can easily cause the corner
concrete of the underground continuous wall to break and crack, leading to water seepage
and damage in the enclosure structure of the deep foundation pit. This implies that it is
reasonable to reinforce the corner of the adjacent tunnel structure.

4.2. Tunnel Structure Deformation

Figure 9 shows the deformation distribution of the existing tunnel structure during
the construction stages of the deep foundation pit. It can be clearly seen that the dominant
deformations of the existing tunnel structure occurred along the normal direction of the
tunnel segment surface during the excavation of the deep foundation pit, in which the
maximum deformation of the existing double-track tunnel structures was 0.7 mm, which
is less than the control value of 10 mm. The deformation of the left-line tunnel structure
is significantly greater than that of the right-line tunnel structure, and the maximum
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deformation of the tunnel structure is increased within the unchanged position during the
excavation process of the deep foundation pit.
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Figure 8. Stress in underground continuous wall during the construction process (unit: kPa). (a) After
building continuous wall; (b) After excavating first layer; (c) After excavating third layer; (d) After

excavating bottom of foundation pit.
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Figure 9. Tunnel deformation during the construction stages of excavating foundation pit (unit: m).
(a) After building continuous wall; (b) After excavating first layer; (c) After excavating third layer;

(d) After excavating pit bottom.



Sustainability 2023, 15, 9740

9of 12

As demonstrated in Figure 9, the deep foundation pit is located in the significant
influence area of the left-line tunnel structure belonging to existing rail transit line 7, at
the shortest distance between the deep foundation pit and the existing double-track tun-
nel structures. The excavation of the deep foundation pit created less disturbance to the
right-line tunnel structure belonging to the existing rail transit line 7. The deformation
of the existing left-line tunnel structure reached its maximum value and gradually de-
creased outward starting from excavating the first layer of the deep foundation pit, and
the deformation of the left-line tunnel structure was not symmetrical along the central
axis, in which the deformation of the tunnel segment near the deep foundation pit was
greater than the deformation of the tunnel segment on the other side. The increase in tunnel
deformation caused by excavating the first, second and third layers of the deep founda-
tion pit was greater than that caused by excavating the following three layers of the deep
foundation pit.

Figure 10 shows the horizontal deformation of the left-line tunnel structure during
the construction stages of excavating the deep foundation pit, in which the red area in the
middle of the circle corresponds to the area seriously affected by the excavation. From the
construction of the underground continuous wall to excavating the bottom of the deep
foundation pit, the lateral displacement of the upper part of the left-line tunnel structure
around the excavation side of the deep foundation pit was significantly greater than that
of the lower part due to stress unloading in the left-line tunnel structure. The left-line
tunnel structure is not in a uniform geological environment and the lower part of the left-
line tunnel structure is constrained by medium to slightly weathered granite layers with
good lithology, resulting in relatively small lateral displacement. Moreover, the maximum
lateral deformation of the left-line tunnel structure is always located in a 45° clockwise
deviation of the central axis of the tunnel structure, which has a maximum deformation
value of 0.7 mm and an increase of 8.83 times, compared to building the underground
continuous wall. Moreover, the increases in lateral deformation of the left-line tunnel
structure during excavating the first, second and third layers are significantly greater than
that of the excavation of the following three layers. The maximum lateral deformation
of the right-line tunnel structure far from the deep foundation pit has an increase of
8.87 times compared to build the underground continuous wall, whereas the maximum
lateral deformation is only 0.1 mm until excavating the bottom of the deep foundation pit.
The maximum lateral deformation of the right-line tunnel structure is significantly less
than that of the left-line tunnel structure near the deep foundation pit.

Figure 11 shows the vertical deformation of the left-line tunnel structure during the
construction stages of excavating the deep foundation pit. The left-line tunnel structure
has the most vertical deformation on the side near the deep foundation pit during the
excavation, and the excavation of the deep foundation pit caused the side of the existing
left-line tunnel structure to deform laterally and upwards. Moreover, the maximum positive
vertical deformation of the left-line tunnel structure near the deep foundation pit is located
at the arch foot of the tunnel structure during the excavation of the first and second layers,
and that is always located at the center axis of the tunnel structure with a 45° clockwise
deflection during the subsequent construction stages, in which the maximum positive
vertical deformation is 0.35 mm with an increase of 73.48 times compared to build the
underground continuous wall. The maximum negative vertical deformation of the left-line
tunnel structure near the deep foundation pit is always located at the center axis of the
tunnel structure with a 15° counterclockwise deflection, in which the maximum negative
vertical deformation is 0.12 mm with an increase of 2.62 times compared to building
the underground continuous wall. The maximum vertical deformation of the right-line
tunnel structure far away from the deep foundation pit was significantly less than that of
the left-line tunnel structure close to the deep foundation pit by an order of magnitude,
which implies that the deformations of the existing tunnel structure were induced by the
excavation of the deep foundation pit.
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Figure 10. Tunnel deformation during various construction stages of excavating deep foundation pit

(unit: m). (a) After building underground continuous wall; (b) After excavating first layer; (c) After
excavating third layer; (d) After excavating bottom of foundation pit.
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Figure 11. Vertical deformation of the left-line shield tunnel during each construction stage of

excavating foundation pit (unit: m). (a) After building continuous wall; (b) After excavating second
layer; (c) After excavating third layer; (d) After excavating pit bottom.

5. Conclusions

In this paper, the behavior of an existing underground rail transit line during exca-
vating an adjacent deep foundation pit is numerically investigated in consideration of the
very small distance between the deep foundation pit and the existing tunnel structure
by employing a three-dimensional model. In the numerical analysis, the behavior of the
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existing tunnel structure from excavating the aforementioned foundation pit is studied,
and the following conclusions can be drawn:

(1) The three-dimensional numerical model used is effective for evaluating the practical
performance variation of the existing tunnel structure during excavating the adjacent deep
foundation pit, with an error of 5.26% between the numerically calculated and field-
measured maximum tunnel deformations of the existing tunnel structure. The numerically
calculated settlement curve of the monitoring around the foundation pit is smooth and has
a similar trend to the field-measured settlement curve of the monitoring point.

(2) The deep foundation pit is located in the significant influence area of the left-line
tunnel structure belonging to existing rail transit line 7, in which the field-monitored ground
surface experiences the nonlinear settlement with the gradually increased excavation depth
of the deep foundation pit. The initial excavation to 5 m depth of the deep foundation pit
resulted in the greatest increase in settlement with significant disturbance to the surround-
ing soil. Moreover, the excavation of the deep foundation pit created less disturbance to
the right-line tunnel structure belonging to the existing rail transit line 7.

(3) The deformation of the left-line tunnel structure was significantly greater than that
of the right-line tunnel structure, and the maximum deformation of the tunnel structure
increased within the unchanged position during the excavation process of the deep foun-
dation pit, whereas the horizontal and vertical displacements of the tunnel structure are
within the range of the required control values, and the tunnel structure was safe during
the excavation of the foundation pit.

(4) The left-line tunnel structure had the greatest vertical deformation on the side near
the deep foundation pit during the excavation of the deep foundation pit, and the maximum
lateral deformation of the right-line tunnel structure was significantly less than that of the
left-line tunnel structure near the deep foundation pit, which implies that the excavation of
the deep foundation pit caused the side of the existing left-line tunnel structure to deform
laterally and upwards, and the deformations of the existing tunnel structure were more
induced by the excavation of the deep foundation pit. Moreover, the increase in lateral
deformation of the left-line tunnel structure during excavating the first, second and third
layers was significantly greater than that of the excavation of the thereafter layers.
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