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Abstract: The practice of deep-braced excavation in congested urban environments involves fre-
quently buried pipelines, which can exert a significant effect on the performance of the excavation.
The objective of this paper is to investigate the performance of a 12.5-m-deep-braced excavation
spanned by two shallowly buried large-diameter pressurized pipelines. A suspension structure is
installed within the excavation to protect the in situ pipelines during the construction. The excavation
performance is investigated by performing a three-dimensional finite element analysis. The finite
element method is verified based on the observations at the site. The results indicate that, as expected,
the excavation support structures displace together with varying degrees of deformation toward
the excavated area. The strut shear forces are found to be distributed axially in linear manners,
while the strut bending moments are in symmetric manners. The benefit of using the proposed
pipeline suspension structure is demonstrated. By using this structure, pipeline deformation can be
well controlled, and the structural integrity and safety of the pipelines can be ensured. This benefit
depends on the convenient operation in that the elevation of the cork base of the pipeline suspension
structure is stably lowered during the construction process.

Keywords: deep excavation; structural response; urban environment; buried pipeline; deformation analysis

1. Introduction

Deep-braced excavation is an important part of human civil engineering activities,
playing an irreplaceable role in promoting the development and progress of human society.
In recent years, with the continuous acceleration of urbanization and the rapid develop-
ment of underground space development and utilization, deep-braced excavations for
constructing high-rise buildings [1,2], metro stations [3–6], underground shopping cen-
ters [7], railway stations [8], three-dimensional underground garages [9], underground
passages [10], bridge foundations [11], underground substations, and other infrastructures
are booming. In order to meet the needs of large-scale engineering construction, the exca-
vation depth, excavation scale (area, length), and other aspects of deep-braced excavation
projects constantly refresh records.

At present, although the theory and technology in deep-braced excavations have made
great progress [12,13], the collapse of deep-braced excavation and the instability and de-
struction of adjacent existing structures caused by various reasons are still common [14–16]
and even serious casualties and economic property losses can happen. This is partially
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because the complicated performance of deep-braced excavation, which depends on count-
less factors and thus varies from case to case, has not been well understood by designers,
engineers, and researchers [17–19]. In general, the performance of deep-braced excavation
involves the behavior of the excavation support system, ground movements induced by
excavation, and response of preexisting structures or facilities affected by the excavation.

The performance of deep-braced excavation has been extensively investigated by
many investigators during the past several decades. The methods commonly used for
investigating the performance of deep-braced excavation include mainly field monitoring
data analysis [20–22], numerical simulations [23–25], an analytical method [26–28], and
empirical or semiempirical methods [29–31]. It has been found based on these methods
mentioned above that the performance of deep-braced excavation is affected by many fac-
tors, including excavation dimensions (e.g., depth, width, and shape), excavation support
system, geological and hydrological conditions, and relative positions between excavation
and preexisting structures or facilities (e.g., high-rise buildings, railways, metro tunnels,
piles, and buried pipelines).

In the engineering practice of deep-braced excavations involving buried pipelines, the
relative position between excavation and buried pipelines falls into two categories: one
is the spanning case in which the excavation is spanned by the pipelines, and the other is
the non-spanning case in which the pipelines are outside the excavation. Among them,
the latter case is not rare in practical engineering, and relevant investigations into that
case have been carried out. By performing finite element analysis, Hu et al. [32] investi-
gated the influence of excavation-induced soil disturbance on pipeline displacement and
proposed a practical measure for protecting the pipeline. Based on field monitoring data,
Jiang et al. [33] numerically analyzed the response of buried gas pipelines to blasting exca-
vation. Zhang et al. [34] proposed a stress-controlled method for estimating the deformation
and bending moment of pipelines induced by deep excavation. In addition, measured
results from typical case histories have also been reported to investigate the behavior of
deep-braced excavation with buried pipelines located nearby and the response of the buried
pipelines [35–38]. However, to the best of the authors’ knowledge, the spanning case has
not been reported in the literature. Moreover, the performance of deep-braced excavation
spanned by buried pipelines still remains unclear due to a lack of relevant investigation.

This paper reports a deep-braced excavation case history in which the excavation is
spanned by two shallowly buried large-diameter pressurized pipelines. The performance of
this deep-braced excavation is investigated by adopting the finite element method verified
based on the part of the observations at the site. Meanwhile, the effectiveness of the pipeline
supporting structure for protecting the pipeline during excavation is discussed.

2. Project Overview
2.1. The Excavation Project

The Excavation Project is located at the intersection of YF Road and CS Road in Suzhou
city, China. The Project serves as an independent deep-braced excavation engineering for
the WY Tunnel, which is an open trench expressway tunnel with a length of 3450 m. This
deep excavation is 38 m in length, 30.8 m in width, and 12.5 m in depth and is spanned by
two shallowly buried large-diameter pressurized pipelines, i.e., DN1800 and DN1400. The
angle of intersection between the pipelines and the excavation is approximately 80◦. The
DN1800 is the only sewage pipeline, while the DN1400 serves as one of the important clean
water pipelines in the XC District. These two pipelines cannot be removed from the site
due to their importance in ensuring the normal life of the residents as well as the limitation
of the construction period for this project, and they need to be protected in situ during the
construction of the YRNE Project. Table 1 summarizes some of the characteristics of the two
pipelines. The positions of the two pipelines relative to the structure of the WY Tunnel are
schematically presented in Figure 1. Figure 2 presents a photograph of the two pipelines in
the YR Project.
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Table 1. Summary of some of the typical characteristics of the pipelines in the YRNE Project.

Pipeline Material Cover Depth
(m)

Diameter
(m)

Wall Thickness
(mm)

Internal Pressure
(MPa)

DN1800 steel 1.45–1.55 1.8 16 0.3
DN1400 steel 1.60–1.74 1.4 14 0.2
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2.2. Excavation Support System

The deep excavation is supported by diaphragm walls of 0.6 m in thickness on its
general segments of the perimeter, while on the specific segments of the perimeter with
the interruption of the buried pipelines, the deep excavation is supported by the Metro Jet
System (MJS) retaining wall. The MJS retaining wall extends to a distance of 8.5 m away
from the excavation side. The net distance between the MJS retaining wall is no less than
0.5 m, and the net distance between the diaphragm wall and the pipelines is no less than
0.8 m. In addition, the excavation support system also includes concrete struts, steel struts,
cast-in-situ bored (CISB) piles, lattice columns, and high-pressure jet grouting (HPJR) piles.
A schematic diagram showing the excavation support system is presented in Figure 3.
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Figure 3. Schematic diagram of the excavation support system.

2.3. Pipeline Suspension Structure

During the construction of the deep excavation, the pipelines are protected in situ by
using the suspension method. The pipeline suspension structure takes advantage of the
excavation support system. Three of the concrete struts are used as the bearing system
of the pipeline suspension structure, and the pipelines are suspended from the selected
concrete struts by using the finely rolled rebars, as depicted in Figure 4. In order to achieve
sufficient flexural rigidity of the three concrete struts being parts of the pipeline suspension
structure, twelve lattice columns are installed below them. The longitudinal distance
between two adjacent lattice columns is 6 m. The 32a U-bar and steel plate are combined
to serve as the cork base of the pipeline suspension structure. The cork base is connected
to the concrete struts through the fine-rolled rebars. A schematic diagram of the pipeline
suspension structure is shown in Figure 4. Compared to the traditional ones, this pipeline
suspension structure has the following advantages: (1) it reduces the construction cost
by taking advantage of the excavation support system, and (2) the deformation of the
protected pipeline can be dynamically adjusted during the excavation by controlling the
length of the fine rolled rebar.
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dinal section.

2.4. Geological and Hydrologic Conditions

The soil layers involved in the YRNE Project, from the ground surface to the bottom
of the MJS retaining wall, are, respectively, miscellaneous fill, plain fill, clay, silty clay,
floury soil, silty clay, and clay, as schematically shown in Figure 5. The excavation bottom
is mainly located within the floury soil layer. By performing in situ and laboratory tests,
the basic properties of the soil are obtained. Table 2 summarizes the thickness and the
basic properties of these soil layers. Note that the soil layer number has been depicted in
Figure 5. The groundwater that has an effect on this project primarily includes phreatic
aquifer, feeble confined water, and confined water. The groundwater table is about 5.0 m
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below the ground surface. The bottom of the deep excavation is mainly located within the
feeble confined water layer.
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Table 2. Summary of the thickness and properties of the soil layers.

Soil Layer
Number

Thickness
(m)

Unit Weight
(kN/m3)

Elasticity Modulus
(MPa)

Poisson’s Ratio
(-)

Friction Angle
(◦)

Cohesion
(kPa)

1©2 1 18.5 3.5 0.23 12 5
1©3 1.2 19 4 0.2 10 12
3©1 3.5 19.3 25 0.3 16.0 33.1
3©2 4.3 18.6 20 0.33 17.0 19.8
4©1 2 18.8 22 0.36 19.2 19.6
4©2 1 18.4 30 0.25 17.7 17.2
5© 4 18.5 20 0.33 15.9 39.4

6©1 9.5 19.8 20 0.3 18.5 17.6

3. Numerical Modelling
3.1. Finite Element Analysis Software

The commercial software for finite element analysis (FEA), Midas GTS NX, is adopted
in this study. It is characterized by real 3D geometry modeling, a powerful mesh generator,
a fast analysis solver, and outstanding post-processing. This FEA software has been widely
used for advanced geotechnical analysis in terms of geomaterial deformation and stability,
groundwater flow, dynamic vibrations, and soil-structure interactions in 2D and 3D.

3.2. Meshing and Boundary Conditions

The meshing of the finite element analysis model established in this study is presented
in Figure 6. Considering the three-dimensional size of the deep-braced excavation, the
dimension of the overall model is selected as 200 m × 150 m × 40 m, which has eliminated
the boundary effect. To simulate the deep-braced excavation in a reasonable way, the
boundary conditions of the finite element analysis model are set as free at the top surface,
rolled on the four vertical sides, and fixed at the bottom surface.
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3.3. Parameters Used for Finite Element Analysis

The Mohr–Coulomb (MC) model is used for simulating the constitutive behavior of
the soil in the YRNE Project. The MC model is the most widely used constitutive model in
geotechnical simulations, thanks to the simplicity and the easy availability of the model
parameter. The yield criterion of the MC model can be written as

σ1 − σ3

2
=

σ1 + σ3

2
sin ϕ + c cos ϕ (1)

where σ1 and σ3 are the major and the minor principal stresses, respectively; c is the
cohesion; and ϕ is the angle of internal friction.

The soil parameters required for the MC model are summarized in Table 2. As for
the excavation support system and the pipeline suspension structure, the linear elastic
model is used to simulate their behavior, considering that the stress–strain relations of these
structural components are always within the elastic domain during the construction of the
deep-braced excavation. Table 3 summarizes the parameters required for the simulations
of the excavation support system and the pipeline suspension structure.

Table 3. Parameters required for the simulation of the excavation support system and the pipeline
suspension structure.

Structure Unit Weight
(kN/m3)

Elastic Modulus
(MPa)

Poisson’s Ratio
(-) Remark

Diaphragm wall 25 3 × 104 0.2 Thickness = 0.6 m; Depth = 25 m
MJS wall 20 1 × 104 0.2 From ground surface to −21.4 m
CISB pile 20 3 × 104 0.2 Diameter = 0.8 m; Length = 30 or 38 m

Ring beam 25 3 × 104 0.2 Sectional dimension = 1 m × 0.8 m
Concrete strut 25 3 × 104 0.2 Sectional dimension = 0.8 m × 0.8 m

Steel strut 78.5 2 × 105 0.25 Diameter = 609 mm; Wall thick. = 16 mm
Lattice column 78.5 2 × 105 0.25 Longitudinal interval = 6 m

Cork base 78.5 2 × 105 0.25 Using 32a U-bar
Fine rolled rebar 78.5 2 × 105 0.25 Diameter = 25 mm
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3.4. Excavation Sequence Simulation

According to the actual excavation sequence, the construction process of the deep-
braced excavation can be simulated in the following ten Excavation Steps:

Excavation Step 1: Reproduce the ground state of stress, and eliminate the
ground displacement;

Excavation Step 2: Activate the excavation support structures, including the di-
aphragm wall, MJS retaining wall, and CISB piles;

Excavation Step 3: Excavate to the bottom of the concrete struts, and activate the ring
beam and the concrete struts;

Excavation Step 4: Excavate to the elevation of 0.5 m below the pipelines, and activate
the pipeline suspension structure;

Excavation Step 5: Excavate to the elevation of 0.5 m below the first-level steel struts,
and activate the first-level steel struts;

Excavation Step 6: Excavate to the elevation of 0.5 m below the second-level steel
struts, and activate the second-level steel struts;

Excavation Step 7: Excavate to the elevation of 0.5 m below the third-level steel struts,
and activate the third-level steel struts;

Excavation Step 8: Excavate to the bottom of the excavation, and activate the cushion
and the tunnel floor;

Excavation Step 9: Activate the side walls, middle walls, and roof of the tunnel
structure; and

Excavation Step 10: Deactivate the pipeline suspension structure and the lattice
columns, and backfill the soil.

4. Validation of Finite Element Method

The monitoring data for the performance of the deep-braced excavation observed at
the site can be used to validate the finite element method adopted in this study. During the
construction process, the monitored items include the ground surface settlements, pipeline
displacements, displacements at the diaphragm wall top, lattice column displacements,
groundwater level, and axial forces in concrete and steel struts. A plan view showing the
arrangement of these monitored items is presented in Figure 7, where DB59-1–DB59-5 and
DB60-1–DB60-5 denote ten monitoring points for ground surface settlements, JS1-1–JS1-15
denote fifteen monitoring points for DN1800 pipeline displacements, JS2-1–JS2-15 denote
fifteen monitoring points for DN1400 pipeline displacements, P117 and P118 denote two
monitoring points for displacements at diaphragm wall top, LZ58 denotes one monitoring
points for lattice column displacements, W57 and W58 denote two monitoring points for
groundwater level, ZL29 denotes one monitoring point for axial forces in concrete strut,
and GL29 denotes one monitoring points for axial forces in steel strut. The devices used for
monitoring these items and their versions are summarized in Table 4.

Table 4. Summary of the monitoring devices used in this deep-braced excavation and their versions.

Monitored Item Device Used Version

Horizontal disp. at diaphragm wall top Total station instrument TCRA1201
Vertical disp. at diaphragm wall top Total station instrument TCRA1201

Pipeline displacements Total station instrument TCRA1201
Ground surface settlements Single-point settling meter YH02-A20

Axial forces in struts Vibrating string-type steel bar meter GJJ10
Groundwater level Pneumatic water level gauge YH04-A06

In order to validate the finite element method adopted in this study, a comparison is
made between the simulated results by the finite element method and the monitored results
in the field in terms of displacements at diaphragm wall top, lattice column displacements,
axial forces in struts, and ground surface settlements, as shown in Figure 8. The comparison
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indicates that the simulated results by the finite element method agree well with the
monitored results, demonstrating the validity of the finite element method adopted in this
study. Moreover, the slight difference between the simulated and the monitored results
are caused by various factors, such as the simplification of the excavation support system,
the inability of the MC model to describe the true behavior of the soil, and the complex
geological conditions that cannot be reproduced in the finite element analysis.
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5. Results and Discussion

The simulated results describing the performance of the deep-braced excavation by
the validated finite element method are presented in this section. In detail, this section
analyzes the deformation characteristics of the diaphragm wall and the MJS retaining wall,
the distribution of the internal forces in the concrete struts and steel struts, and the vertical
displacements of the pipelines. In addition, a brief discussion of the supporting effect of
the pipeline suspension structure is also presented.

5.1. Deformation Characteristics of Diaphragm Wall and MJS Retaining Wall

Figure 9 presents the displacement contours of the diaphragm wall and MJS retaining
wall at four different Excavation Steps (i.e., Excavation Steps 3, 5, 6, and 8). A description
of these Excavation Steps has been given in Section 3.4. It can be seen from Figure 8 that
both the diaphragm wall and the MJS retaining wall tend to move towards the excavation
with advancing excavation. The deformation of the diaphragm wall and the MJS retaining
wall increases with increasing the excavation depth. When the final excavation depth (i.e.,
12.5 m) is reached at Excavation Step 8, the maximum deformation of the diaphragm wall,
14 mm, is achieved.

Water 2022, 14, x FOR PEER REVIEW 10 of 16 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 9. Displacement contours of diaphragm wall and MJS retaining wall at: (a) Excavation Step 

3; (b) Excavation Step 5; (c) Excavation Step 6; (d) Excavation Step 8. 

5.2. Distribution of Internal Forces in Concrete Strut 

Figure 10 presents the contours of the internal forces in the concrete strut at Excava-

tion Step 8. The internal forces include axial force (Figure 10a), shear force in the Y direc-

tion (Figure 10b), shear force in the Z direction (Figure 10c), the bending moment in the Y 

direction (Figure 10d), and bending moment in the Z direction (Figure 10e). The results 

indicate that the maximum magnitudes of the axial force, shear force in the Y direction, 

the bending moment in the Y direction, shear force in the Z direction, and bending mo-

ment in the Z direction in the concrete strut are, respectively, 269 kN, 397 kN, 79 kN·m, 

24.5 kN, and 896 kN·m. Moreover, the distribution of the shear forces in the Y and Z di-

rections along the axis of the concrete strut is in a linear manner, while the distribution of 

the bending moments in the Y and Z directions is in a symmetric manner. 

  
(a) (b) 
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5.2. Distribution of Internal Forces in Concrete Strut

Figure 10 presents the contours of the internal forces in the concrete strut at Excavation
Step 8. The internal forces include axial force (Figure 10a), shear force in the Y direction
(Figure 10b), shear force in the Z direction (Figure 10c), the bending moment in the Y
direction (Figure 10d), and bending moment in the Z direction (Figure 10e). The results
indicate that the maximum magnitudes of the axial force, shear force in the Y direction, the
bending moment in the Y direction, shear force in the Z direction, and bending moment in
the Z direction in the concrete strut are, respectively, 269 kN, 397 kN, 79 kN·m, 24.5 kN, and
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896 kN·m. Moreover, the distribution of the shear forces in the Y and Z directions along
the axis of the concrete strut is in a linear manner, while the distribution of the bending
moments in the Y and Z directions is in a symmetric manner.
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5.3. Distribution of Internal Forces in Steel Strut

Figure 11 presents the contours of the axial force, shear force in the Y direction, shear
force in the Z direction, the bending moment in the Y direction, and bending moment in the
Z direction in the steel strut at Excavation Step 8. It can be indicated that the maximum axial
force in the steel strut is 237 kN. The shear force in the Y direction is of linear distribution
along the axis of the steel strut. The maximum shear force in the Y direction is located at the
third steel strut, with its magnitude being 149 kN. However, compared to the magnitude of
the maximum shear force in the Y direction, the maximum shear force in the Z direction
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is negligible, with its magnitude being merely 8.11 kN. The distribution of the bending
moments in both Y and Z directions is almost symmetric with regard to the middle of the
steel strut. The maximum magnitudes of the bending moments in Y and Z directions are,
respectively, 23 and 315 kN·m, which are both reached at the third steel strut.
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5.4. Vertical Displacements of Pipelines

Figure 12 presents the contours of the vertical displacements of pipelines at five
different Excavation Steps (i.e., Excavation Steps 4, 5, 6, 7, and 8). It can be seen that at
Excavation Steps 4 and 5, settlements of the pipelines occur for the entire length of the two
pipelines, with the maximum settlement being 3 mm. This is attributed to the fact that
the pipeline suspension structure has not taken much effect during the early phase after
installation. At the following Excavation Steps, a heave of the pipelines occurs. The heave



Water 2022, 14, 3867 12 of 15

of the pipelines is primarily caused by the basal heave of the excavation after soil removal.
Due to the occurrence of the basal heave, the lattice columns move upward, which raises
the concrete struts. The rise of the concrete struts is eventually transferred to the pipelines
by virtue of the pipeline suspension structure. With an increase in the excavation depth, the
heave of the pipelines increases due to an increase in the basal heave of the excavation. The
maximum heave of the pipelines, 13 mm, is achieved when the final excavation depth (i.e.,
12.5 m) is reached. In addition, the maximum heave of pipeline DN1400 is 1 mm greater
than that of pipeline DN1800, which may be attributed to the lighter weight of pipeline
DN1400.
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5.5. Discussion of Supporting Effect of Pipeline Suspension Structure (PSS)

The effectiveness of the supporting system is discussed by comparing the results
of two cases: one is the above-mentioned YRNE Project, where PSS is installed, and the
other is the same project but without PSS. By performing finite element analysis using
the material parameters, constitutive models, and excavation simulation sequence for the
case with PSS, the results for the case without PSS are also obtained. Figure 13 compares
the contours of the vertical displacements of pipelines at Excavation Step 8 between the
cases with and without installing the pipeline suspension structure. The distributions of
the vertical displacements of the pipelines along the distance from the excavation edge are
compared in Figure 14 for the two cases described above.

From the results presented in Figures 13 and 14, it can be inferred that settlements
of pipelines will occur for the case without installing PSS due to the action of gravity.
The pipeline settlements peak in the middle of the excavation. Under the condition of
no suspension support, both of the two pipelines exhibit a tendency for settlement. The
maximum settlement of pipeline DN1400 is 9 mm, which is slightly greater than that of
pipeline DN1800 (i.e., 6 mm). Under the condition where the PSS is installed, both of the
two pipelines tend to be uplifted during the following Excavation Steps. The maximum
heave of the pipeline occurs at pipeline DN1400 with a magnitude of 13 mm, which is
slightly greater than that occurred at pipeline DN1800. During the construction process,



Water 2022, 14, 3867 13 of 15

the heave of the pipelines for the case with installing PSS can be eliminated by lowering
the elevation of the cork base of the pipeline suspension structure. This operation should
be slow and of uniform velocity, with the help of a chain hoist. Therefore, because of the
existence of the pipeline suspension structure, the initial deformation pattern and stress
state of the pipelines before the commencement of the construction can be maintained after
the completion of the construction. However, in the case without PSS, the pipelines will
always be in a curved state of deformation pattern during the operation life cycle of the WY
Tunnel, which will jeopardize the structural integrity and the durability of the pipelines.
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6. Conclusions

An unusual deep-braced excavation case history in Suzhou, China, is reported. This
excavation is spanned by two shallowly buried large-diameter pressurized pipelines. As
the pipelines need to be protected in situ during the construction of the excavation, a
pipeline suspension structure is installed in addition to the excavation support system.
Three-dimensional finite element analysis is performed to capture the performance of this
deep-braced excavation at different stages. Based on the part of the field monitoring data,
the validity of the finite element method adopted has been demonstrated. The conclusions
drawn from this study can be summarized as follows.
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(1) Both the diaphragm wall and the MJS retaining wall have a tendency to deform
towards the excavation with proceeding the Excavation Step. The deformation of
these walls constantly increases with an increase in the excavation depth.

(2) When the final excavation depth is reached, the distribution of the shear forces in
the Y and Z directions along the axis of the concrete strut is in a linear manner,
while the distribution of the bending moments in the Y and Z directions is in a
symmetric manner.

(3) At the final excavation depth, the shear force in the Y direction is of linear distribution
along the axis of the steel strut, and the distribution of the bending moments in both
Y and Z directions is almost symmetric with regard to the middle of the steel strut.
The magnitude of the maximum shear force in the Z direction is negligible compared
to the magnitude of the maximum shear force in the Y direction.

(4) With an increase in the excavation depth, the heave of the pipelines increases due
to an increase in the basal heave of the excavation. The maximum heave of pipeline
DN1400 is 1 mm greater than that of pipeline DN1800, which may be attributed to the
lighter weight of pipeline DN1400.

(5) The installation of the pipeline suspension structure is beneficial for the structural
integrity and the safety of the pipelines during both the construction phase and the
operational phase of the tunnel. This benefit is obtained by implementing conveniently
the operation that the elevation of the pipeline suspension structure cork base is stably
lowered during the construction period.
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