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 e accuracy of the initial ground stress balance determines the accuracy of the �nite element analysis of geotechnical problems.
 e traditional ground stress balance method has a good balance e�ect for simple geotechnical models but has strong limitations
when the structure and soil interact with each other, the geometry of the model is complex, or the constraints are complicated. To
deal with such problems, this paper proposes a general ground stress balance method based on geometric tracing by iteratively
superimposing the static displacement �eld of the numerical model with the initial node coordinates of the numerical model. Two
commonly used methods as well as the proposed method were tested with a model which contains both soil elements and
structural elements and a case study. Test results show that the proposed method is capable of dealing with a complex model in
which the commonly usedmethods fail to. Furthermore, the proposed ground stress balancemethod was demonstrated to be clear
and has rapid convergence and high accuracy for complex stratum-structure geotechnical problems.

1. Introduction

Ground stress is the natural stress that exists in the Earth’s
crust undisturbed by engineering, also known as the geo-
static stress, absolute stress or original rock, and soil stress,
which is the fundamental force that causes the deformation
and damage of underground engineering [1–4].  erefore,
in the numerical simulation process involving geotechnical
materials, the ground stress balance should usually be
performed on the �nite element numerical model �rst.  e
purpose of ground stress balance is to �nd the ground stress
�eld that can make the initial displacement �eld close to zero
under the action of initial load and boundary conditions
[5–7].  e accuracy of the ground stress balance process
determines the accuracy of numerical simulation results.

 e commonly used ground stress balance techniques
include the automatic method, keyword de�nition method,
ODB import method, and nodal force method. e pros and
cons of each method are clear [8, 9]. Using these methods or
their variants, scholars have conducted a lot of fundamental
research. Wang et al. [10] proposed a method for stratum-
structure geotechnical problems, which is applicable to the

problems that have a contact feature. Zavriyan [11] derived a
theoretical formulation for the initial stress of rod element in
ground stress analysis. He et al. [12] and Xiao et al. [13] use
the element birth and death technique to achieve ground
stress balance in ABAQUS, which e�ectively alleviates the
convergence di£culties of the ground stress balance prob-
lem. Xu [14] proposed a method by applying nodal loads
directly to the �nite element model. Guo [15] carried out a
�nite element analysis of the ground stress �eld process with
stress concentration problem. Yu et al. [16] established a
convenient superposition model that can be used to simulate
the stress and displacement �elds around cracks. Fu et al.
[17], Zhang et al. [18], Xie et al. [19], and Meng et al. [20]
performed regression inversion analysis of the ground stress
�eld for di�erent types of models.  e above studies on the
ground stress balance are mostly dealing with simple
models, and the application of their methods is limited.
When the interaction between structures and soil is involved
or the constraints are complex, the existing methods often
fail to work or have low accuracy [21].

To address the above-mentioned problem, this paper
discards the conventional idea of adding a stress �eld to the
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model or applying nodal force to mesh nodes and proposes a
more general method based on geometric tracing to quickly
achieve ground stress balance for complex finite element
models. +e basic idea of this method is that the displace-
ment field after the static analysis of the numerical model is
superimposed with the initial node coordinates of the nu-
merical model and reconstructed the model iteratively until
it meets the citation, so as to achieve the purpose of setting
the displacement field to zero. +e proposed method can
avoid the failure of ground stress balance due to the diffi-
culties of too many structures and complex interactions in
the model, since it only reconstructs the node coordinates
and did not change the original stress field.

2. Analysis of Commonly Used Ground Stress
Balance Methods

In ABAQUS, four types of ground stress balance methods
are often used, including the automatic method, keyword
definition method, ODB import method, and nodal force
method. For the numerical model with few materials and
simple boundary conditions, the calculation results of all
four methods can meet the requirements. Among them, the
results obtained by the automatic method are the most ideal
and should be preferred when available [22]. In practical
engineering, structures such as underground diaphragm
walls or buildings coexisting with foundations are often
involved and interact with the soil foundation. +ese
problems can be collectively referred to as stratum-structure
geotechnical problems [23], for which commonly used
methods are often unable to converge or have poor balance
results. [24].

To demonstrate stratum-structure geotechnical prob-
lems, a ABAQUS model is established as shown in Figure 1.
+e basic size of the foundation is 50m× 50m× 50m
(X×Y×Z). +e foundation material is clay. A concrete
frame structure is set on the foundation. +e foundation soil
adopts the elastic-plasticity model using the Mohr-Coulomb
yield criterion, while the concrete adopts the linear elasticity
model. +e material parameters are shown in Table 1. +e
frame structure is bound with the foundation using TIE
constraints in ABAQUS, so that the upper surface of the
foundation is fully coupled with the frame structure in all
degrees of freedom (fully constrained displacement in x, y,
and z directions). Normal displacement at the sides of the
soil cube is constrained, while the bottom has pined. +e
automatic method and the ODB import method were used
to perform the ground stress balance for the established
model since these two methods have been proved to be the
most effective and adaptive.

According to the test results, the automatic method fails
to converge during the calculation because of the complexity
of the model. Figures 2 and 3 show the calculation results of
the ODB method in the static analysis stage and the ground
stress balance stage, respectively. Figure 4 shows the rela-
tionship curve between the iteratively import times and the
maximum absolute displacement.

It can be seen from Figures 2 and 3 that the maximum
absolute value of displacement of the result of the import

method is 3.9×10−4m, which is barely acceptable. But the
stress results changed dramatically before and after the
balance process. +is happens because the concept of the
ODB import method is to apply the initial load and
boundary conditions to the model, obtain the stress field
through static analysis, and import the obtained stress field
into the ground stress balance process as the initial stress
field with one or more iterations. +is process may con-
stantly alter the initial stress state of the model, which is
contrary to the original purpose of ground stress balance and
affects the accuracy of subsequent calculations of the model.
From Figure 4, it can be seen that with the increase in the
number of ODB import, the absolute value of the maximum
displacement of the model decreases rapidly before 15 times,
changes slowly afterwards, and tends to converge at
3.9×10−4m at the 35th iteration. +is phenomenon shows
that the ODB import method may converge at a nonzero
value of the maximum absolute value of displacement. After
certain iteration times, the results may not become better
afterwards, which makes the method very tedious and has
strong limitations.

3. Ground Stress Balance Method Based on
Geometric Tracing

3.1. Steps of the Proposed Method. When dealing with geo-
technical engineering problems in ABAQUS, there are often
cases where soil and structures exist at the same time and
interact with each other, such as the foundation excavation
deformation analysis, pile-soil interaction analysis, and
simulation of tunneling under existing buildings [25]. For
these so-called stratum-structure geotechnical problems, the
existing commonly used ground stress balance methods may
converge slowly or even unable to converge. Traditional
methods usually use external loads or add stress fields to the
numerical model in the ground stress balance process [15].
+erefore, they can handle simple problems because the
stress field is simple and can converge easily. But when the
model is complex, the stress field will be complex too, and
convergence problem may take place.

Considering the above shortage of the traditional
methods, we discard the stress-based concept and proposed
a ground stress balance method based on geometric tracing,

Figure 1: Finite element model of a stratum-structure geotechnical
problem.
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in which the position coordinates of the nodes in the model
change iteratively which will be referred to as the recon-
struction process since the model is altered after each it-
eration. After a few iterations, the model would be different
from the original one since the node coordinates have been
altered. By adding loads and boundary conditions, the model
will deform to a state that is similar to the original model.
When the deformation difference between nodes is small
enough, the ground stress balance can be considered
established. +e proposed method generated the initial
ground stress of the model without changing the stress field
of the model and can better simulate the initial stress state of
the finite element model even though the model is complex.
+e proposed method is demonstrated based on FEM
software ABAQUS, but the concept can be used for any
other software. Specific steps of the method are as follows .

Step 1. Using ABAQUS to establish the geometric
model of the engineering structure. Apply loads and
boundary conditions to the numerical model. +en,
run a static analysis to obtain the displacement field of
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Figure 2: Calculated results of static analysis of the stratum-structural model. (a) Stress nephogram. (b) Displacement nephogram.
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Figure 3: Ground stress balance calculation results of the stratum-structural model using ODB import method. (a) Stress nephogram.
(b) Displacement nephogram.
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Table 1: Material parameters of the numerical model.

Materials Modulus of elasticity (kPa) Poisson’s ratio Cohesion (kPa) Angle of friction (°) Gravity load (kN/m3)
Clay 1.5×104 0.3 32 14 20
Concrete 3.15×107 0.2 — — 25

Advances in Civil Engineering 3



the model. Meanwhile, record the initial position co-
ordinates of all nodes as L

j
i from the INP file of the

numerical model.

L
j

i � l
j

ix, l
j

iy, l
j

iz􏼐 􏼑， i � 0, 1, 2, . . . , N; j � 0, 1, 2, ..., M,

(1)

where L
j

i is the position coordinates sequence of the the
i-th node in j-th iteration of the reconstruction. l

j

ix , l
j

iy,
and l

j
iz are the coordinate of x, y, and z, respectively.N is

the total number of nodes in the numerical model.M is
the total number of iterative reconstructions.
Step 2. +e displacement fields result from the static
analysis of the numerical model, which is extracted to
obtain the displacement vector sequences of all nodes
in the numerical model. +e expressions of the dis-
placement vector sequences of all nodes in the nu-
merical model are

V
j
i � v

j
ix, v

j
iy, v

j
iz􏼐 􏼑， i � 0, 1, 2, . . . , N; j � 0, 1, 2, ..., M,

(2)

where V
j
i is the displacement vector of the i-th node in

j-th iteration of the reconstruction. v
j
ix, v

j
iy, and v

j
iz are

the displacement vector sequence of x, y, and z,
respectively.
Step 3. Determine whether the maximum absolute
value of the displacement of all nodes satisfies the preset
convergence condition, if it does, the ground stress
balance process stops and returns the stress field, and if
not, proceed to step4. +e maximum absolute value of
the displacement of all nodes can be calculated by the
following equation:

max L
j

i + V
j

i − Li
0

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼒 􏼓

� max
�����������������������������������������

l
j
ix + v

j
ix − l

0
ix􏼐 􏼑

2
+ l

j
iy + v

j
iy − l

0
iy􏼐 􏼑

2
+ l

j
iz + v

j
iz − l

0
iz􏼐 􏼑

2
􏽲

􏼠 􏼡,

(3)

where max(|Li
j + Vi

j − Li
0|) is the maximum absolute

value of the displacement of all nodes in the numerical
model after the j-th iteration of reconstruction of the
numerical model. Li

0 is the vector of initial position
coordinates of the i-th node in the numerical model. l0ix,
l0iy, and l0iz are the i initial value of x, y, and z of the
coordinates of node i. It is generally considered that
when the order of stress before and after balance re-
mains unchanged, and the soil displacement is below
10−4m, the ground stress balance process can be
considered acceptable and will not have an impact on
the subsequent analysis. +is is because the effective
displacement caused by foundation excavation, and
tunneling construction is usually above 10−3m.
+erefore, the preset convergence condition of this
method is set to

max L
j
i + V

j
i − L

0
i

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼒 􏼓≤ 10− 4
. (4)

Step 4. +e displacement vector of all nodes in step 2 is
then superimposed backwards with the corresponding
node position coordinate in step1, using the following
equation:

L
j+1
i � L

j
i − V

j−1
i , (5)

where L
j+1
i is the position coordinates sequence of the

i-th node in j+ 1-th iteration of the reconstruction.
Vi

j− 1 is displacement vector of the i-th node in j – 1-th
iteration of the reconstruction.
After the superposition, the nodes of the numerical
model are reconstructed to obtain a new numerical
model. +e static analysis of the reconstructed nu-
merical model is carried out to obtain the displacement
field of the reconstructed numerical model. Meanwhile,
the loads and boundary conditions applied to the
reconstructed numerical model were kept unchanged
[5–7] for each iteration of the static analysis process.
Step 5. Repeat Step 4 until the maximum absolute value
of the displacement of all nodes in the reconstructed
numerical model satisfies the preset convergence
condition. +en, the results of the last iteration were
obtained as the result of the ground stress balance
process.
It should be noted that the proposed method extracts
the node coordinates and node displacements from the
model INP file and the model result ODB file directly,
forms the new node coordinates after backwards su-
perposition, and then replaces the node coordinates in
the INP file of the former model to generate the new
model during iteration. +erefore, the accuracy of the
ground stress balance process of the proposed method

Establish geometric model

Form InP file

Extract node position coordinate
sequence

Finite element static analysis

Extract node position coordinate
sequence

Displacements set to zero

Satisfy the
convergence
condition? 

Update node
coordinates

Extracting node displacement
vector sequence

Reconstructed numerical
model

YES

NO

End 

Figure 5: Ground stress balance process.
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will not be affected regardless of the complexity of the
boundary conditions or load conditions of the nu-
merical model, and thus, the noncoverage or low ef-
ficacy problems were addressed.
Step 6. +e final step is to set the displacement field of
the result in Step 5 to zero so that the geotechnical
engineering simulation can proceed. Figure 5 shows the
flow chart of the proposed method.

3.2. Method Implementation. +e proposed method is
codified through the Python interface provided by ABA-
QUS, so that after the model is built, the Python script can be
used to complete the ground stress balance process, which
greatly improves the work efficiency. [26–28] In order to
achieve the aforementioned ground stress balance, we first
need to export the coordinates of each node of the initial
numerical model by accessing the model data generated by
ABAQUS, that is, the INP file. +e ODB file of the first static
analysis was accessed to record displacement field data of all
nodes. +en, equation (4) will be calculated to determine
whether the process stops. If the coverage citation is not met,
the backwards superimpose will be carried out to form a new
geometry model in ABAQUS and run the next round of
iterations until the coverage citation is met.

+e above calculation process is placed in a for loop
statement that breaks only when (4) is satisfied. +us, the
ground stress balance process was carried out in an iterative
way. Figure 6 shows the pseudocode of the algorithm [29].

4. Case Study

In the simulation of geotechnical engineering problems,
there are often cases where soil and structures exist si-
multaneously and interact with each other, such as the
analysis of foundation excavation [29], the pile-soil inter-
action simulation, and the tunneling construction under
existing buildings [30], which usually contain complex soil

layer forms and stratigraphic parameters. In order to verify
the effectiveness and superiority of the proposedmethod, the
ground stress balance process of the following simulation of
the tunneling construction under the existing building will
be carried out in ABAQUS.

+e geometry of the model is shown in Figure 7. +e
ideal elastoplastic model with Mohr-coulomb yield criterion
and elastic model were used for the soil layers and the
structure, respectively. +e dimensions of the foundation
model are 100m× 50m× 100m. +e soil foundation con-
tains silty clay, silty sand, sandy soil, and moderately
weathered sandstone from top to bottom. +e diameter and
thickness of the tunnel are 8m and 0.15m, respectively. +e
buried depth of the tunnel is 15m. Above the foundation is a
building that has a 15° angle with the tunnel direction. +e
building structure and foundation are bound by tie con-
straints. +e bottom of the model is fully constrained (x, y,
and z directions), while the normal displacement is con-
strained for four sides. +e finite element model is shown in
Figure 7, and the material parameters are shown in Table 2.

Figure 6: Pseudocode of the proposed method.

Figure 7: Schematic diagram of finite element model.

Advances in Civil Engineering 5



+e results of the first static analysis of the model are
shown in Figure 8.+e ground stress balance result using the
proposed method in this paper based on geometric tracing is

applied to the model, and the calculation results are shown
in Figure 9. For simplicity of observing the effect of ground
stress balance, the upper frame is hidden.

Table 2: Model material property parameters.

Materials Modulus of elasticity (kPa) Poisson’s ratio Cohesion Angle of friction (°) Gravity (kN/m3)
Powdered clay 1.5×104 0.3 32 14 20
Powdered sand 1.8×104 0.35 35 16 21
Sandy soil 2.0×104 0.35 36 20 23
Mesothermal sandstone 1.0×106 0.2 70 35 24
Concrete 3.15×107 0.2 — — 25

S, Mises
Bottom Le� Corner

+1.102e+08
+1.010e+08
+9.182e+07
+8.264e+07
+7.346e+07
+6.428e+07
+5.510e+07
+4.592e+07
+3.674e+07
+2.756e+07
+1.838e+07
+9.200e+06
+1.978e+04

(a)

U, Magnitude
+2.276e+00
+2.087e+00
+1.897e+00
+1.707e+00
+1.518e+00
+1.328e+00
+1.138e+00
+9.485e-01
+7.588e-01
+5.691e-01
+3.794e-01
+1.897e-01
+0.000e+00

(b)

Figure 8: First static analysis results of the tunneling model. (a) Stress cloud diagram. (b) Displacement cloud map.

S, Mises
Bottom Le� Corner
(Avg: 75%)

+1.089e+08
+9.980e+07
+9.073e+07
+8.166e+07
+7.259e+07
+6.352e+07
+5.445e+07
+4.538e+07
+3.631e+07
+2.724e+07
+1.817e+07
+9.096e+06
+2.605e+04

(a)

U, U1
+9.000e-06
+5.775e-06
+2.550e-06
-6.750e-07
-3.900e-06
-7.125e-06
-1.035e-05
-1.358e-05
-1.680e-05
-2.003e-05
-2.325e-05
-2.648e-05
-2.970e-05

(b)

U, U2
+2.270e-06
+1.867e-06
+1.463e-06
+1.060e-06
+6.567e-07
+2.533e-07
-1.500e-07
-5.533e-07
-9.567e-07
-1.360e-06
-1.763e-06
-2.167e-06
-2.570e-06

(c)

U, U3
+2.000e-06
-8.333e-07
-3.667e-06
-6.500e-06
-9.333e-06
-1.217e-05
-1.500e-05
-1.783e-05
-2.067e-05
-2.350e-05
-2.633e-05
-2.917e-05
-3.200e-05

(d)

Figure 9: Calculated results of the tunneling model. (a) Stress cloud diagram. (b) x-direction displacement. (c) y-direction displacement.
(d) z-direction displacement.
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It can be seen from Figures 8 and 9 that after applying the
proposed ground stress balance method to the model, the
displacements of the model are kept in the order of
1× 10−6m, and the stress results are similar to those of static
analysis, without obvious stress concentration and stress
shift. It was proved that the ground stress balance method
based on geometric tracing proposed in this paper is clear,
converges fast, has high accuracy, and can better meet the
requirements of ground stress balance for complex models.

5. Conclusion

(1) +is paper studied the adaptiveness of the commonly
used ground stress balance method, that is, the ODB
import method and the automatic method, for the
stratum-structure geotechnical problems. Analysis
results show that the automatic method fails to
coverage. For the ODB import method, as the it-
eration increases, the maximum displacement of the
model will converge to a certain value and will no
longer decrease. +e converge speed and the accu-
racy are both low.

(2) Based on the analysis of the commonly used method,
this paper proposed a general ground stress balance
method based on the concept of geometric tracing
which iteratively reconstructs themodel according to
the displacement field results of the static analysis
and the node coordinates of the numerical model.

(3) A case study was carried out to test the performance
of the proposed method. Test results show that the
proposed method is capable of dealing with the
stratum-structure geotechnical problems with
complex geometry efficiently.

+ere are also some limitations in the paper that should
be addressed or discussed in the future.

(i) +e proposed method has not been applied to a
constitutive model other than the elastic-plasticity
model using the Mohr-Coulomb yield criterion. +e
adaptiveness of the method should be further
investigated.

(ii) Structures such as existing buildings may also be
affected by the method. +is issue should be
addressed in the future.

Data Availability

+e data used to support the findings of this study are
available from the first author upon request.
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Tunnel engineering based on the shield method is an extremely complex project. During the construction process, many uncertain
factors are often faced, which makes it di�cult to e�ectively and quantitatively evaluate the e�ectiveness of the shield machine. To
solve this problem, this paper proposes an adaptability evaluation method for shield machines based on the fuzzy analytic
hierarchy process (FAHP) and analytic hierarchy process (AHP). First, the selection and equipment matching of Earth pressure
balance shield machines in the shield interval between Tashuiqiao Station and Erxianqiao Station of Chengdu Metro Line 17 are
introduced.�en, using APH for screening, the �nal evaluation indices of the adaptability of the shieldmachines in this project are
determined. Next, referring to the existing research results and fuzzy mathematics method, the membership function of the
evaluation indices and adaptability evaluationmodel of the shieldmachine are constructed. Finally, the rationality and accuracy of
the fuzzy comprehensive evaluation model of shield adaptability are veri�ed through onsite shield construction, and the
evaluation results are consistent with the actual situation.

1. Introduction

In recent years, with the growth of the urban population and
continuous expansion of the urban scale, urban development
has gradually shifted to underground space development [1–5].
�e forms of underground space utilization include under-
ground parking lots, underground shopping malls, under-
ground drainage pipelines, underground railways, etc [6–8]. As
an emerging public transportation mode, subways have the
advantages of large transportation capacity and fast speed.
Since subways can e�ectively relieve the pressure of ground
transportation, they have been incorporated into the con-
struction planning of increasingly many cities. �e construc-
tion methods of subway tunnels mainly include the open-cut
method, sallow buried-tunnelling method, and shield method
[9]. Due to its safety, e�ciency, convenient construction, and
low impact on the surrounding strata and the environment, the

shield method has become the main method to build urban
subway tunnels. Selecting a suitable shieldmachine is a key step
in shield construction. If the machine type is not suitable, it can
cause major delays and injury to shield drivers and ultimately
may stop the project. In addition, it is necessary to analyse the
adaptability of shield machines by adopting a reasonable
method to ensure safe and smooth construction [10, 11].

Adaptability refers to the ability to adapt to di�erent
internal and external environments and objective conditions
[12–14]. �e system is composed of several di�erent and
related factors and can realize an organic collection with
certain functions. When an important factor in the system
changes, it will be directly a�ected and restricted by other
factors in the system and a�ect other factors. �erefore, to
maintain the overall function of the system, important factors
must adapt to one another. To perform the adaptability
evaluation, the evaluation index system must be determined
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first. *e evaluation index system depends on the evaluation
object. Generally, when establishing an index system that can
be used for adaptability evaluation, the principles of hierar-
chy, validity, and simplicity should be followed.

*e selection of an inappropriate shield machine will lead
to low construction efficiency and abnormal phenomena such
as downtime during construction and difficulty in excavation.
Many scholars have performed a series of studies on the
qualitative evaluation of shield machines. Rengshausen et al.
[15] discussed the advantages and disadvantages of a TBM-S
with Earth pressure balanced face support (EPB-TBM) and a
TBM-S with slurry face support (Mix-Shield TBM) for the
C310 *ames Tunnels after the contract award and a com-
parative risk assessment. Song et al. [16] studied the adaptability
of the soil pressure balance shield in the expansive clay stratum
for Xuzhou metro urban rail transit line 2, and they proposed
the targeted design of the shield selection and the selection of
excavation parameters. Edalat et al. [17] introduced the process
of choosing tunnel boring machines for Tabriz urban railway
line 2 using the multicriteria analysis method and identified
some technical, economical, and environmental parameters
that affected the tunnel boring machines type. Considering the
disintegration of fines from cohesive soil within free water, such
as slurry, Hollmann et al. [18] proposed an assessment method
of logging in mechanised tunneling. Hyun et al. [19] discussed
the potential risk of undesirable events that occurred during
tunneling with the application of a shield tunnel boring ma-
chine. Based on the numerical computations results, Ramoni
and Anagnostou [20] investigated the problem of shield
jamming and analysed the effects of possible countermeasures.
Based on the TOPSISmethod,Wu et al. [21] carried out a study
on the shield selection for subway construction and selected
Wuhan Rail Transit Line 2 for example analysis to verify the
feasibility of themethod. Huang et al. [22] applied the statistical
analysismethod to the shield selection for ChengduMetro Line
18. However, these studies mostly use qualitative methods for
analysis. *e adaptability analysis of a shield machine does not
the link one phenomenon to another but comprehensively
considers various uncertainty indices. *erefore, it is urgent to
seek a quantitative evaluation method of the adaptability of the
shield machine.

In this paper, the adaptability of the shield machine in
the shield interval between Tashuiqiao Station and
Erxianqiao Station of Chengdu Metro Line 17 is analysed by
combining the fuzzy analytic hierarchy process (FAHP) and
the analytic hierarchy process (AHP). Based on the analysis
of the adaptability evaluation indices of the shield machine
and the determination of the membership function of the
evaluation indices, a quantitative evaluation model for the
adaptability of the shield machine is constructed. *e
quantitative evaluation method of the proposed shield
machine adaptability in this paper can improve the reliability
and scientificity of evaluation results.

2. Project Overview

2.1. Project Introduction. *e shield interval between
Tashuiqiao Station and Erxianqiao Station (TS-ES) of
Chengdu Rail Transit Line 17 is located in the third section

of Jianshe North Road, Chenghua District, Chengdu, be-
tween the Second Ring Road and the Middle Ring Road.
Figure 1 shows the plane position of the tunnels in the TS-ES
section. *e TS-ES section contains two shield tunnels: the
left and right lines from Tashuiqiao Station to Erxianqiao
Station. *e demarcation mileage of the right-line tunnel in
the TS-ES section is YDK92 + 649.748∼YDK94+ 345.700,
with a total length of 1696.391m (the long chain is 0.439m).
*e demarcation mileage of the left-line tunnel in the TS-ES
section is ZDK92+ 649.749∼ZDK94 + 345.700, with a total
length of 1691.308m (the short chain is 4.643m).*e buried
depth of the interval tunnel is 19.9∼30m, and the minimum
horizontal curve radius and vertical curve radius of the line
are 450m and 5000m, respectively. *e TS-ES shield section
starts by airlifting in the undercut section of the tunnel and
traverses many major risk sources, including the existing
buildings and pipelines. Due to the poor geological self-
stability of shield tunnels, the excavation surface easily
overdig, which results in excessive surface settlement, cracks,
and even ground collapse. *e shield construction of this
project has great risk.

*e TS-ES shield section adopts prefabricated circular
reinforced concrete segments. *e inner diameter and outer
diameter of the circular segment are 7500mm and 8300mm,
respectively, and the circular segment is 400mm thick. *e
concrete strength grade for circular segments is C50, and the
impermeability grade is P12. *e circular segment adopts a
three-part staggered assembly mode of a standard lining
ring, a left-turning wedge ring, and a right-turning wedge
ring. *e staggered assembly of the circular segment is
connected by M30 bolts. *e joints of the circular segment
adopt the waterproof form of a composite elastic water-
swellable rubber water stop belt.

2.2. Geological and Hydrogeological Survey. *e area along
the shield track in the TS-ES shield section is mainly located
in dense pebbly soil and moderately weathered mudstone,
stratum, and it partially passes through fully weathered
mudstone strata and strongly weathered mudstone strata,
including lenticular fine sand strata. *e geological structure
of the shield section is simple. *e bad geology is mainly the
sand and gravel layer contaminated by the leakage of the
sewage pipe. *e geological composition of the TS-ES in-
terval is shown in Figure 2.

*e TS-ES shield section belongs to the hydrogeological
unit of the plain area. Quaternary loose deposits are widely
distributed, with good water permeability and water
abundance. According to the types of water-bearing media
and characteristics of water-bearing voids, the ground water
in the site is mainly divided into three types: upper stagnant
water deposited above the clay layer, pore water of the
Quaternary loose soil layer, and fissure water of the bedrock.

3. Selection andMatching of the ShieldMachine

3.1. Selection of the ShieldMachine. *e type selection of the
shield machine is generally based on the geological condi-
tions of the tunnel passing through the stratum,

2 Advances in Civil Engineering



environmental conditions, equipment reliability, construc-
tion period requirements, economic benefits, and engi-
neering and technical experience. Combined with similar
geological construction experience in the Chengdu area, two
ZTE8600 large-diameter composite Earth pressure balance
shield machines manufactured by the China Railway
Construction Heavy Industry Corporation were selected to
construct this shield tunnel. *e crossing strata are dense
cobble strata and moderately weathered mudstone strata.
During the construction process, improper operation or
abnormal tunneling parameters can easily make the tunnel
structure float up and the road surface settle and collapse,

which will affect the surrounding buildings, pipelines, and
traffic safety. A single shield machine is equipped with two
train groups, which adopt a single-group transportation
mode; i.e., one train group will complete all transportation in
a cycle to ensure the continuity of propulsion. *e main
performance parameters of the shield machine are shown in
Table 1. *e optimal parameters for the trial excavation of
the shield tunnel in this project are as follows: the thrust
range is 8440∼10750 kN, the cutter head torque range is
1284∼2440 kNm, the excavation speed is 48∼65mm/min,
and the grouting pressure is 0.2∼0.3.

3.2. Main System of the Shield Machine. *e main system of
the shield machine selected for this project is introduced as
follows.

3.2.1. Configuration of the Cutter Head and Cutting Tools.
*e cutter head with a compound design adopts the
structure form of spokes and panels. *e excavation di-
ameter and opening ratio of the cutter head are 8630mm
and 36%, respectively. *e cutter head is equipped with
knives, including hobs, cutting knives, shell knives, and edge
scrapers. Among them, there are 6 double hobs with a knife
height of 180mm and a knife spacing of 101.5mm; 34 front
hobs with a knife height of 180mm and a knife spacing of
78mm; 12 edge hobs; 1 supercut tooth knife with a maxi-
mum over-xcavation of 50mm; 52 cutting knives with a
knife height of 115mm and a knife spacing of 200mm; 6
shell knives with a knife height of 140mm high; and 12 pairs
of edge scrapers with a knife height of 115mm. According to
different geological conditions, the hobs can be completely
or partially replaced by the tooth knife. All detachable cutters
can be replaced from the back of the cutter head. When the
tunnel is excavated in the full section, the shield machine can
realize the forward and reverse rotations of the ballast.

3.2.2. Main Drive. *e main drive is a high-torque variable
frequency drive composed of 14 drive units, and a single
motor has a drive power of 250 kW. *e relationship be-
tween rotation speed and torque is shown in Figure 3. *e

1%
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Moderately weathered mudstone

Strongly weathered mudstone

Fully weathered mudstone

Fine sand 
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Figure 2: Geological composition of the tunnels in the TS-ES
section.
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Tashuiqiao Station

Right-line tunnel: 1657.391 m

Left-line tunnel: 1652.308 m
Connectional passages

Left line

Right line

Mined tunnel

Arrival point

Departure point

Tunneling direction

Subway station

39 m

39 m

Figure 1: Plane position of the tunnels in the TS-ES section.
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nominal torque of the main drive can reach 22350 kNm, and
the relief torque can reach 29820 kNm. It has sufficient
torque reserve to achieve long-term overload and is more
suitable for the geological conditions of mudstone and
pebble soil in this section. To improve the pressure-bearing
capacity of the main drive, polyurethane is used to seal the
main drive system. After sealing, the pressure-bearing ca-
pacity of the main drive system can reach 10 bar.

3.2.3. Shield Body System. *e shield machine is composed
of a front shield, a middle shield, and a tail shield. *e
main structure of the shield machine is made of Q345 B
carbon alloy steel. *e outer diameter of the front shield is
designed to be 8600mm, and the notch is welded with a 5-
mm wear-resistant layer to increase the wear resistance.
To improve the fluidity of the muck, 4 passive stirring
arms are installed on the pressure-resistant partition of
the soil bin. A mud injection system is added to the middle
shield to inject improved materials around to prevent the
shield body from being wrapped. *e designed diameter
of the tail shield is 8570mm. *e connection between
middle shield and tail shield adopts a passive articulation
design, and the articulation adopts two rubber seals,
which can satisfy the tunneling requirements of the
R � 400m turning radius.

3.2.4. Propulsion system. *e propulsion system is divided
into six groups, including 38 propulsion cylinders. *e
maximum thrust of the propulsion system is 81895 kN.
*e cylinder diameter, rod diameter, and stroke specifi-
cations of the propulsion cylinder are 280mm, 240mm,
and 2600mm, respectively. *e pressure of the six groups
of cylinders can be independently adjusted. *e pro-
pulsion speed is regulated by a flow control valve, and the
actual maximum excavation speed of the propulsion
system is limited to 80mm/min. By adjusting the pro-
pulsive pressure and speed of each cylinder, the excava-
tion direction of the shield machine can be corrected and
adjusted.

3.2.5. Screw Conveyor. *e shield machine adopts a shaft-
type screw conveyor with an inner diameter of 1020 mm.
*e installation angle of the screw conveyor is 22°, and
it is fixed on the sleeve flange at the bottom of the
front shield, which can realize the functions of forward
and backward telescoping. *e maximum capacity of
the screw conveyor to transport muck is 581m3/h. When
the shield machine is tunneling at the maximum exca-
vation speed, the required capacity to transport muck is
421m3/h. *us, the capacity of the screw conveyor to
transport muck can satisfy the requirements of shield
construction.

3.2.6. Installation system of shield segments. First, the full-
ring segment is transported by the segment-transport vehicle
from outside the tunnel to the unloading work area. After
the unloading operation is completed, the segment-trans-
port vehicle exits the unloading work area. *e segment
crane transports the segments to the storage area. *en, the
segments are sent to the segment-assembly machine by the
segment feeder. *e segment-assembly machine is installed
on the tail shield and consists of a pair of heavy lifting
cylinders, a large swing mechanism, a grasping mechanism,
and a translation mechanism. *e segment-assembly ma-
chine has two control methods: remote control and wire
control, both of which can be individually and flexibly
controlled for each action. *e segment-assembly machine
has 6 degrees of freedom. Its rotation speed is 0∼1.3 r/min
and can be fine-tuned. *e longitudinal movement stroke of

Table 1: Performance parameters of the shield machine.

Serial number Technical parameters Parameter configuration Unit
1 Model number of shield machine ZTE8600 —
2 Excavation diameter 8630 mm
3 Opening ratio of cutter head ≈37 %
4 Maximum excavation speed 80 mm/min
5 Maximum thrust 81895 kN
6 Segment size (outside diameter/inside diameter – width) 8300/7500–1500 mm
7 Length of main machine of shield machine ≈11 m
8 Total length of shield machine ≈106 m
9 Total weight of shield machine ≈1200 t
10 Installed power ≈5050 kW
11 Horizontal turning radius 350 m
12 Longitudinal climbing ability ±50 ‰

22350 kN·m
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Figure 3: Relationship between rotation speed and torque.
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the segment-assembly machine is 3200mm, and the rotation
angle is ±200°. Using these equipment, the segments can be
installed in an accurate position.

3.2.7. Muck improvement system. *e shield is equipped
with a 9-way single-tube foam injection system, which is
sprayed to the spout in front of the cutter head through a
rotary joint. *e foaming method is changed from direct
foaming in the original pipeline to foaming pumped by
the foam pump after the mixing box has been fully mixed.
*us, the foaming effect can be enhanced, and the foam
consumption can be reduced. *e bentonite system uses
two hoses as injection pumps. Generally, two pumps are
separately injected, one of which is used for muck im-
provement and the other for lubrication outside the shield
shell. When a large flow is required under special cir-
cumstances, two pumps can also be used together for
muck improvement. *e equipped bentonite injection
system can inject bentonite or clay from the outside of the
shield shell, which can effectively reduce the friction re-
sistance of the shield body and prevent the shield from
jamming.

3.2.8. Grout injection system. *e shield machine is
equipped with 3 sets of hydraulically SCHWING grouting
pumps, which inject the mortar into the annular gap be-
tween the excavation diameter and the outer diameter of the
segment through the grouting pipe at the tail shield. *e
grouting pressure and pumping frequency of the grouting
pump can be continuously adjusted within the adjustable
range, and the pressure change is monitored by the pressure
sensor. *e shield tail is equipped with 12 grouting pipes,
and the grouting capacity is 30m3/h.

3.2.9. Guidance system. A set of automatic guidance sys-
tems is installed on the shield machine, which can accu-
rately measure and display various postures of the shield
machine in tunneling and the line and position relation-
ship. *e angle-measuring precision of the automatic
guidance system is 2 seconds, and the effective working
distance is 200m. *e operator can adjust the tunneling
direction and posture of the shield machine in a timely
manner based on the information provided by the guidance
system.

4. Adaptability Evaluation

4.1. Evaluation Methodology. *e fuzzy analytic hierarchy
process (FAHP) is a type of systematic analysis method that
combines qualitative analysis and quantitative analysis based
on a fuzzy number or fuzzy judgement matrix [23, 24]. *e
analytic hierarchy process (AHP) has certain limitations for
testing the judgement matrix, while FAHP overcomes this
defect and is a more effective comprehensive evaluation
method. *e analytical process of the FAHP is shown in
Figure 4.

4.2. Evaluation Process

4.2.1. Evaluation Index. By analysing the application status
of the shield machine, the evaluation of its adaptability can
be divided into four grades, as shown in Table 2.

According to the FAHP, basic requirements, and basic
elements of the shield-type selection, the evaluation indices
for the adaptability of shield-type selection are initially
formed, as shown in Table 3.*e evaluation indices include 4
major categories and 24 subcategories. *e primary evalu-
ation indices for the adaptability evaluation are relatively
complicated, and the factors considered involve all aspects of
the project. However, the factors that have a decisive in-
fluence on the adaptability evaluation of shield selection are
limited. If all primary evaluation indices are considered, it
likely negatively affects the comprehensive evaluation and
increase unnecessary influencing factors. Eventually, the
evaluation results lose their theoretical significance and
practical value.

To objectively and accurately evaluate the adaptability of
the shield selection of this project, the AHP is used to screen
the primary evaluation indices. *e weight of each index is
arranged to form a reasonable evaluation index system. *e
calculation results and scores of AHP for primary evaluation
indices are shown in Tables 4–7, where λmax is the largest
eigenvalue of the weight matrix for the evaluation index, CI
is the random consistency index, and CR is the consistency

Build a hierarchical structure

Create a fuzzy matrix for 
pairwise comparison

Consistency check

Consistency 
index 

CI<0.1?

Yes

Calculate fuzzy weight

Establish membership function 
of evaluation indexes

Establish evaluation and 
grading standards

Comprehensive judgment and 
evaluation

No

Adjust matrix 
value

Figure 4: Analytical process of FAHP.
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ratio. *e specific calculation methods and calculation steps
of these parameters can be found in the literature [25, 26].

In general, a smaller CR value corresponds to better
consistency of the judgement matrix. If the CR value is less
than 0.1, the judgement matrix satisfies the consistency test.
Conversely, if the CR value is greater than 0.1, there is no
consistency, and the judgement matrix should be appro-
priately adjusted and analysed again. Taking Table 4 as an

example, the calculated CR value is 0.041< 0.1, which im-
plies that the judgement matrix in this study satisfies the
consistency test, and the calculated weights are consistent.
According to the calculation results in Tables 4–7, if all
primary evaluation indices are used, the evaluation index
system appears too complicated, and the advantages of the
FAHP cannot be fully utilized. *e indices with a greater
impact on the evaluation results, i.e., a weight value greater
than 10%, are selected as the final evaluation indices, as
shown in Table 8.

4.2.2. Membership Function. *ere is incommensurability
in the indices of shield adaptability. To solve the problem of
commensurability for the evaluation indices, it is necessary
to quantify the evaluation indices. *e degree of adaptation
between each evaluation index and the shield selection is
represented by a certain value in [0, 1]. When a certain
evaluation index does not satisfy the shield adaptation

Table 2: Evaluation grade of the adaptability of the shield machine.

Evaluation
grade

Fitness
value Adaptability evaluation Supplementary instruction

I (0.9, 1.0] High degree of
adaptability *e shield machine selected can satisfy the engineering requirements.

II (0.8, 0.9] Moderate degree of
adaptability

*e shield machine selected basically satisfies the engineering requirements.
Engineers should do a good job in equipment maintenance, ground measurement

and other related work.

III (0.7, 0.8] Low degree of
adaptability

*e follow-up risk of the selected shield machine is relatively large. It is necessary to
pay attention to the performance status of the shield machine every day and to

monitor the tunnelling of the shield machine at all times.
IV ≤0.70 Inadaptation *e selected shield machine is not feasible.

Table 3: Primary evaluation indices.

Target layer Rule layer Scheme layer

Evaluation method of shield-type selection (T)

Geological conditions (C1)

Stratigraphic characteristics (u11)
Distribution of groundwater (u12)
Distribution of harmful gases (u13)

Bad geology and geological disasters (u14)
Specific rock and soil (u15)

Environmental conditions (C2)

Existing building (u21)
Underground pipelines (u22)

Existing urban rail transit and railways (u23)
Surface water body (u24)
Urban planning land (u25)
Vibration and noise (u26)

Ground traffic (u27)
Disposal of sludge and soil (u28)

Shield construction (C3)

Propulsion speed (u31)
Rotation speed of the cutter head (u32)

Grouting pressure (u33)
Soil pressure (u34)

Design of shield machine (C4)

Total thrust (u41)
Main drive torque (u42)
Grouting ability (u43)

Number of muck improvement openings (u44)
Type of cutting tools (u45)

Slagging quantity of screw conveyor (u46)
Spacing design of cutting tool (u47)

Table 4: Weights and rank of the adaptability evaluation indices.

Evaluation indices C1 C2 C3 C4

C1 1 1/2 1/3 1/5
C2 2 1 1/3 1/4
C3 3 3 1 1/3
C4 5 4 3 1
Weight 8.333% 12.777% 12.777% 12.777%
Rank 4 3 2 1
λmax � 4.109; CI� 0.036; CR� 0.041< 0.1.

6 Advances in Civil Engineering



standard, the weight of the evaluation index is quantified as
0, i.e., the membership degree is set to 0. Conversely, when a
certain evaluation index fully satisfies the shield adaptation
standard, the weight of the evaluation index is 1. *e linear
relationship is used to determine the specific membership
degree of each evaluation index. *e evaluation standard for

each index is shown in Table 9, and its membership function
is shown in Figure 5. In Table 9, v represents the propulsion
speed, q represents the flow rate of the propulsion system, A
represents the total area of the propulsion cylinder, F rep-
resents the total thrust, n represents the number of cylinders,
p represents the thrust of the cylinder, d represents the

Table 5: Weights and rank of the environmental conditions.

Evaluation indices u21 u22 u23 u24 u25 u26 u27 u28
u21 1 1/3 2 2 2 2 2 2
u22 3 1 2 2 2 2 2 2
u23 1/2 1/2 1 1 1 1 1 1
u24 1/2 1/2 1 1 1 1 1 1
u25 1/2 1/2 1 1 1 1 1 1
u26 1/2 1/2 1 1 1 1 1 1
u27 1/2 1/2 1 1 1 1 1 1
u28 1/2 1/2 1 1 1 1 1 1
Weight 17.747% 23.242% 9.835% 9.835% 9.835% 9.835% 9.835% 9.835%
Rank 2 1 3 3 3 3 3 3
λmax� 8.120; CI� 0.017; CR� 0.012< 0.1.

Table 6: Weights and rank of the shield construction.

Evaluation indices u31 u32 u33 u34
u31 1 1/3 1/3 3
u32 3 1 1/2 3
u33 3 2 1 3
u34 1/3 1/3 1/3 1
Weight 17.028% 30.315% 42.902% 9.755%
Rank 3 2 1 4
λmax � 4.220; CI� 0.073; CR� 0.082< 0.1.

Table 7: Weights and rank of the shield machine design.

Evaluation indices u41 u42 u43 u44 u45 u46 u47
u41 1 1 2 3 3 3 5
u42 1 1 2 2 2 3 5
u43 1/2 1/2 1 1 1 1 2
u44 1/3 1/2 1 1 1 1 2
u45 1/3 1/2 1 1 1 1 2
u46 1/3 1/3 1 1 1 1 2
u47 1/5 1/5 1/2 1/2 1/2 1/2 1
Weight 27.628% 24.620% 11.254% 10.610% 10.610% 10.020% 5.257%
Rank 1 2 3 4 4 5 6

Table 8: Final evaluation indices.

Target layer Rule layer Scheme layer

Evaluation method of shield-type selection (T)

Environmental conditions (C2)
Existing building (u21)

Underground pipelines (u22)

Shield construction (C3)
Propulsion speed (u31)

Rotation speed of the cutter head (u32)
Grouting pressure (u33)

Design of shield machine (C4)

Total thrust (u41)
Main drive torque (u42)
Grouting ability (u43)

Number of muck improvement openings (u44)
Type of cutting tools (u45)

Slagging quantity of screw conveyor (u46)
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Table 9: Evaluation standard for the evaluation indices.

Scheme layer Calculation basis

Evaluation standard

Low degree of
adaptability

Moderate degree of
adaptability

High degree
of

adaptability
Existing building (u21) Based on expert experience ≥20 10∼20 ≤10
Underground pipelines (u22) Based on expert experience ≥10 5∼10 ≤5
Propulsion speed (u31)/(mm/min) v � q/A ≤40 or ≥80 40∼45 or 70∼80 45∼70
Rotation speed of the cutter head (u32)/
(r/min) Based on expert experience ≤0.25 or ≥2.75 0.25∼0.5 or 1.5∼2.75 0.5∼1.5

Grouting pressure (u33)/(MPa) Based on expert experience ≤0.10 or ≥0.55 0.10∼0.25 or 0.50∼0.55 0.25∼0.50
Total thrust (u41)/kN F � npπd2/4 ≤69520 69520∼81895 ≥81895
Main drive torque (u42)/(kN·m) T � αD3 ≤10000 10000∼22350 ≥22350
Grouting ability (u43)/(m3/h) Based on expert experience ≤15 15∼25 ≥25
Number of muck improvement openings
(u44)/(pcs) Based on expert experience ≤1 1∼3 ≥3

Type of cutting tools (u45)/(pcs) Based on expert experience ≤1 1∼4 ≥4
Slagging quantity of screw conveyor
(u46)/(m3/h) Q � 15πψnscSsc(D2

sc − d2
sc) ≤350 350∼421 ≥421
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Figure 5: Continued.
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diameter of the cylinder piston, T represents the main drive
torque, α represents the torque coefficient, D represents the
outer diameter of the shield machine, Q represents slagging
quantity of screw conveyor, nsc represents the rotation speed
of the screw conveyor, Ssc represents the screw pitch, Dsc
represents the barrel inner diameter of the screw conveyor,
dsc represents the screw diameter of the screw conveyor, and
ψ represents the filling coefficient.

4.2.3. Evaluation Results. *e evaluation indices are scored
according to themethods of consulting experts in the industry
and conducting seminars; then, the judgement matrices of
each evaluation index areobtained. Tables 10–13 show the
corresponding weights calculated by the judgement matrices.
*ese tables show that the CR value of each judgement matrix
is less than 0.1, so the single-level comparison of the evalu-
ation index passes the consistency test, and the weights of the
judgement matrices are reasonably set.

*e weight of each evaluation index at the scheme layer
is ranked in total, and the results are shown in Table 14.
From this table, the total rank of the final 11 evaluation
indices that affect the adaptability of the Earth pressure
balance shield machine in this project is the total thrust,
main drive torque, grouting pressure, rotation speed of the
cutter head, underground pipelines, grouting ability,
number of muck improvement openings, type of cutting
tools, slagging quantity of screw conveyor, existing building,
and propulsion speed.

*e combined weight set A of each index from Ta-
ble 14 is

A � 􏼂0.0400, 0.0800, 0.0385, 0.0908, 0.1428, 0.1787,

0.1561, 0.0730, 0.0682, 0.0682, 0.0638􏼃.
(1)

According to the engineering data of this project, the
evaluation matrix R of the shield machine is established:

R � [0.7, 0.8, 1, 1, 0.9, 0.9, 1, 1, 0.5, 1, 1]
T
. (2)

*e adaptability evaluation indices of the shield machine
and the corresponding evaluation system have been deter-
mined in a previous article. Based on the above content, the

adaptability of the Earth pressure balance shield machine in
the shield interval between Tashuiqiao Station and Erxianqiao
Station of Chengdu Metro Line 17 is evaluated, and the type-
selection judgement value S of the shield machine is obtained:

S � A · R

� 􏼂0.0400, 0.0800, 0.0385, 0.0908, 0.1428, 0.1787,

0.1561, 0.0730, 0.0682, 0.0682, 0.0638􏼃

· [0.7, 0.8, 1, 1, 0.9, 0.9, 1, 1, 0.5, 1, 1]
T

� 0.91.

(3)

Based on the FAHP, the fitness value of the Earth
pressure balance shield machine in this project is 0.91, i.e.,
the evaluation grade is I. *e selected shield machine can
satisfy the requirements of the current project.

*e shield construction effect is evaluated by monitoring
the land subsidence, the shield tunneling attitude, and the
stability of the tunnel face. In the section where the tunnel
passes through the house, a measuring point is arranged every
3m along the direction of shield tunneling, and themonitoring
results are shown in Figure 6. It can be seen from Figure 6 that

Table 10: Judgement matrix of the target layer to the rule layer (T-
C).

T-C C2 C3 C4

C2 1 1/3 1/4
C3 3 1 1/3
C4 4 3 1
Weight 11.994% 27.210% 60.796%
λmax� 3.074; CI� 0.037; CR� 0.071< 0.1.

Table 11: Judgement matrix of the rule layer to the environmental
conditions (C2-u).

C2-u u21 u22
u21 1 1/2
u22 2 1
Weight 33.333% 66.667%
λmax � 2.000; CI� 0.000; CR� 0.000< 0.1.
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Figure 5: Membership function for the evaluation indices. (a) Existing building. (b) Underground pipelines. (c) Propulsion speed. (d) Rotation
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the cumulative land subsidence of eachmonitoring pointmeets
the requirement that the cumulative land subsidence is less
than or equal to 20mm. To date, the shield machine has been
driving steadily with good attitude control, and no engineering
accidents have occurred. *e shield tunneling project of
Chengdu Rail Transit Line 17 has been smoothly performed,
and the onsite shield construction matches well with the
evaluation results of the proposed evaluation method.

5. Conclusions

A quantitative adaptability evaluation method of shield
machines based on the fuzzy analytic hierarchy process
(FAHP) and analytic hierarchy process (AHP) is proposed in
this paper, and it is applied to the selection evaluation of
shield machines in the shield interval between Tashuiqiao
Station and Erxianqiao Station of Chengdu Metro Line 17.
From this study, the following conclusions are drawn:

Table 14: Total rank of the evaluation index weight.

u C2 C3 C4 Total weight of rule layer to scheme layer Rank11.994% 27.210% 60.796%
u21 33.333% 0 0 0.0400 9
u22 66.667% 0 0 0.0800 5
u31 0 14.156% 0 0.0385 10
u32 0 33.377% 0 0.0908 4
u33 0 52.468% 0 0.1428 3
u41 0 0 29.388% 0.1787 1
u42 0 0 25.684% 0.1561 2
u43 0 0 12.009% 0.0730 6
u44 0 0 11.215% 0.0682 7
u45 0 0 11.215% 0.0682 7
u46 0 0 10.490% 0.0638 8
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Figure 6: Monitoring value of cumulative land subsidence.

Table 12: Judgement matrix of the rule layer to the shield construction (C3-u).

C3-u u31 u32 u33
u31 1 1/3 1/3
u32 3 1 1/2
u33 3 2 1
Weight 14.156% 33.377% 52.468%
λmax � 3.054; CI� 0.027; CR� 0.052< 0.1.

Table 13: Judgement matrix of the rule layer to the design of the shield machine (C4-u).

C4-u u41 u42 u43 u44 u45 u46
u41 1 1 2 3 3 3
u42 1 1 2 2 2 3
u43 1/2 1/2 1 1 1 1
u44 1/3 1/2 1 1 1 1
u45 1/3 1/2 1 1 1 1
u46 1/3 1/3 1 1 1 1
Weight 29.388% 25.684% 12.009% 11.215% 11.215% 10.490%
λmax � 6.037; CI� 0.007; CR� 0.006< 0.1.
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(1) *e total rank of the final 11 evaluation indices that
affect the adaptability of the Earth pressure balance
shield machine in Chengdu Metro Line 17 is as
follows: total thrust, main drive torque, grouting
pressure, rotation speed of the cutter head, under-
ground pipelines, grouting ability, number of muck
improvement openings, type of cutting tools, slag-
ging quantity of screw conveyor, existing building,
and propulsion speed.

(2) *e fitness value of the Earth pressure balance shield
machine used in Chengdu Metro Line 17 is 0.88, i.e.,
the evaluation grade is I.*e rationality and accuracy
of the fuzzy comprehensive evaluation model of
shield adaptability are verified through onsite shield
construction, and the evaluation results are consis-
tent with the actual situation.

*e proposed quantitative evaluation method of the
shield machine adaptability based on AHP and FAHP in this
paper can provide a reference for similar projects. When
analysing a specific project case, the evaluation indices and
weights of specific projects should be determined again to
satisfy the new analytical problem.
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.ere are many risk factors in EPB shield construction. .e traditional fuzzy analytic hierarchy process (FAHP) method usually
uses a linear analysis method to determine the risk level, but there are often some risk factors with prominent influence, which will
reduce the accuracy of the evaluation results. In this paper, a new risk assessment model of Earth pressure balance (EPB) shield
construction based on a nonlinear FAHP method is established by introducing nonlinear factors into the comprehensive
calculation of the traditional FAHP. First, the newmodel establishes the framework of EPB shield construction risk analysis based
on the work breakdown structure (WBS) and risk breakdown structure (RBS) methods. .en, it constructs an EPB shield
construction risk index system by coupling the units of the WBS and RBS. .e model constructs a fuzzy consistent judgment
matrix, which replaces the 1∼9 scale. Finally, the nonlinear operator is introduced into the FAHP comprehensive calculation,
considering the influence of some prominent risk factors, which improves the accuracy of the risk assessment. By applying the new
model to the risk analysis of the EPB shield construction section of a tunnel project in Hangzhou, the effectiveness of the model is
further verified.

1. Introduction

In China, with the continuous development of urbaniza-
tion, the contradiction between limited land resources and
the growing urban population has become increasingly
prominent. To solve the problems of urban ground traffic
congestion and land energy shortages, the development
and utilization of urban underground space has become an
inevitable trend of urban development to a certain stage
[1, 2]. EPB shields are widely used in the underground
tunnel construction of urban rail transit, utility tunnel, and
other projects because of their advantages of high safety,
fast excavation speed, automatic operation throughout the
excavation process, and low construction labor intensity.
However, EPB shield construction has the risks of water
permeability, sand gushing, mud bursting, and collapse,
which can easily cause large-scale surface collapse and

damage to underground pipelines or surrounding build-
ings. .erefore, the risk assessment of urban underground
space engineering has important theoretical significance to
ensure the safety of construction and the surrounding
environment.

In 1980, Saaty proposed analytic hierarchy process,
which is a multiobjective system decision-making method
combining qualitative and quantitative aspects. It is widely
used in social, economic, management, military, and other
fields. In 1996, Einstein outlined the basic aspects of risk
analysis and decision-making, and then discussed in detail
three typical rock engineering applications of risk analysis:
(1) slope design, (2) fractured medium flow, and (3) tunnel
excavation [3]. Fuzziness and uncertainty are one of the
characteristics of risk assessment. Various uncertain factors
can be expressed quantitatively by membership function,
so as to realize the transformation of risk assessment from
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qualitative to quantitative. Based on the uncertainty model
of fuzzy mathematics, Choi et al. established a standardized
underground engineering evaluation method and applied
this method to the Seoul metro project in South Korea for
subway construction risk evaluation, which verified its
effectiveness [4]. In addition, in the field of civil engi-
neering, the factors to be considered in risk assessment can
be divided into three parts: preconstruction preparation,
main construction process, and auxiliary construction
process according to the construction characteristics. In
this regard, many scholars have carried out corresponding
research according to different engineering characteristics.
Dağdeviren and Yüksel studied the safety risk of TBM
construction by using the FAHP and proposed an evalu-
ation model for the TBM dynamic performance [5]. Zhou
and Cao established the comprehensive evaluation index
system of the foundation pit support scheme by analyzing
the influencing factors of urban deep foundation pit
support in soft soil area, obtained the weight value of each
risk factor by using analytic hierarchy process, determined
the relative superior degree matrix by logical operation,
and put forward the FAHP model suitable for the opti-
mization of urban deep foundation pit support scheme in
soft soil area [6]. Liu et al. established the construction risk
evaluation index system of deep foundation pit by the
WBS-RBS method and established the fuzzy level assess-
ment model of construction risk based on the theory of
triangle fuzzy mathematics [7]. Deng et al. studied the
construction risk of tunnel portal based on Fuzzy AHP and
analyzed theWuguangyi highway tunnel as a case study [8].
Lu et al. used the FAHP to build a model that can be used to
evaluate the probability of tunnel collapse accidents [9].
Samantra et al. proposed a comprehensive risk assessment
method for urban construction projects based on the fuzzy
set theory [10]. Kuchta and Ptaszyńska proposed a fuzzy
risk registration method to identify risks in construction
projects and evaluate their attributes [11] based on the
existing risk assessment theory of urban rail transit project
infrastructure. According to the translational velocity and
angular velocity characteristics of the TBM, Yu et al.
established the dynamic performance evaluation model of
the TBM by using the FAHP to determine the weight of the
evaluation model [12]. Nezarat et al. used the fuzzy analytic
hierarchy process (FAHP) to rank the geological risks of
Golab tunnel construction in northwestern Isfahan (Iran)
[13]. Lyu et al. proposed an improved trapezoidal fuzzy
analytic hierarchy process (FAHP) to evaluate the risk of
infrastructure related to land subsidence in megacities and
evaluated the risk of infrastructure related to land subsi-
dence in Shanghai [14]. Hu et al. used the analytic hierarchy
process and fuzzy principle to determine the weight of each
index in the index system, and on this basis, finally
established an evaluation system and a classification
standard for the highway tunnel structure safety grade state
[15]. Based on the fuzzy comprehensive evaluation theory,
Zhu et al. proposed a multilevel comprehensive evaluation
method for tunnel construction organizations and applied
it to an example [16]. Wang et al. took surface vertical
settlement, structural stress, crack displacement, and

contact pressure as the early warning indicators of the
underground comprehensive pipe gallery structure in the
active period of ground cracks and gave the safety control
value and early warning standard on the basis of the
analysis results [17, 18]. Zheng et al. combined triangular
fuzzy number (TFN) and analytic hierarchy process (AHP)
into the geographic information system (GIS) to evaluate
geological disasters along the Zhengkun railway, which not
only effectively predicted the risk distribution of geological
disasters in the study area in recent 10 years but also put
forward risk prevention management measures [19]. Ob-
viously, the abovementioned scholars have made different
contributions to the development of underground engi-
neering risk management, but there is less risk analysis
related to EPB shield construction.

Generally, FAHP can be divided into FAHP based on
fuzzy number and FAHP based on fuzzy consistent matrix
[20]. FAHP based on fuzzy numbers includes interval
FAHP, triangular FAHP, and trapezoidal FAHP [21]. In-
terval FAHP uses interval numbers to represent the relative
importance of factors[22∼24], while triangular/trapezoidal
FAHP uses a triangle/trapezoid number to represent the
relative importance in pairwise comparison [22, 23]. After
constructing the judgment matrix, if the expert’s reply to
the questionnaire adopts the method of pairwise com-
parison [24], the consistency check needs to be carried out.
.e consistency check mainly includes three steps: (1)
calculation of consistency index; (2) determination of the
average random consistency index; and (3) consistency
ratio calculation[25]. When the judgment matrix does not
have consistency, the factors of the judgment matrix need
to be adjusted to make it consistent. .is does not rule out
that it needs several times of adjustment and inspection to
make the judgment matrix consistent. .e process is
cumbersome, and the amount of calculation will increase
accordingly. .erefore, Lyu et al. proposed a new ques-
tionnaire, which is composed of a comprehensive table..e
first column lists all factors, and the other columns list 9
scores representing the relative importance of a factor’s
contribution to construction risk (from 1� lowest im-
portance to 9 � highest importance). .e fuzzy number is
determined by scoring all factors directly by experts, and a
consistent judgment matrix is established [26]. When
experts consider a small number of factors, this method has
higher efficiency and greater accuracy, but when experts
must consider a large number of factors, the importance of
some factors may not be more accurate than pairwise
comparison. .e FAHP based on the fuzzy consistent
matrix first establishes the fuzzy complementary matrix,
and then transforms it into the fuzzy consistent judgment
matrix for risk assessment. Because the fuzzy consistent
judgment matrix transformed from the fuzzy comple-
mentary judgment matrix meets the additive consistency
condition, that is, the difference between the factors of any
two rows is constant, so there is no need to do consistency
test [27]. .erefore, by combining this method with
pairwise comparison, it can not only ensure the accuracy of
experts’ scoring of factors but also meet the consistency
conditions.
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In this paper, the WBS-RBS method is introduced into
the system decomposition of the tunnel construction work
structure and construction risk source, and the framework
structure of EPB shield construction risk analysis is con-
structed. By coupling the tunnel construction work break-
down structure and construction risk breakdown structure,
the risk factors reflecting EPB shield construction are de-
termined, and the EPB shield construction risk index system
is built. On this basis, the expert questionnaire is collected by
a pairwise comparison method, and the fuzzy consistency
judgment matrix is established by transforming the fuzzy
complementarity matrix, which not only meets the accuracy
and consistency requirements of expert scoring but also
avoids the cumbersome consistency test. Finally, the non-
linear operator is introduced into the FAHP comprehensive
calculation to improve the accuracy of the risk assessment,
and a new EPB shield construction risk assessment model
based on the nonlinear fuzzy analytic hierarchy process is
established. .e new model is applied to the risk analysis of
EPB shield construction section of a tunnel project in
Hangzhou, and the validity of the model is verified. It also
provides ideas and experience for risk assessment in the
shield construction field by using nonlinear FAHP.

2. Risk Identification of EPB Shield
Construction Based on theWBS-RBSMethod

.eWBS (work breakdown structure) is a method to divide
project tasks into different levels. .e basic principle of the
WBS is to decompose project tasks into different levels by
top-down, bottom-up, or analogy methods. .e RBS (risk
breakdown structure) is a method to decompose various
major risk factors into the most basic risk factors by taking
risk management theory as the basic theory and combining
quantitative and qualitative risk grading. Hillson and Gri-
maldi and others first began to integrate the WBS and RBS
[28]. .e basic principle of the WBS-RBS method is to
organically combine the specific risk factors defined in the
RBS with the effective scope of work defined in the WBS to
construct the risk identification coupling matrix to identify
the risk of each underlying unit and establish the risk index
system of the engineering project. .e steps of WBS-RBS
method are as follows [25]: (1) construct the WBS work
breakdown structure; (2) build the RBS risk decomposition
structure; and (3) associate WBS with RBS, establish WBS-
RBS coupling matrix with the work package set at the
bottom of WBS and the risk element set at the bottom of
RBS, and then analyze the existing risks.

2.1. Establishment of the EPB Shield Construction Work
Breakdown Structure. According to the WBS principle, the
EPB shield construction process is decomposed into two
levels.

(1) According to the main construction stages of the
EPB, the first-level WBS is divided into three stages:
preparation before EPB shield construction, EPB
shield tunneling construction, and EPB ancillary
equipment construction.

(2) Combined with the characteristics of each stage of
EPB shield construction, the first-level WBS is
decomposed into different second-level WBSs by
distinguishing different processes.

According to the WBS method, the EPB shield con-
struction work breakdown structure is shown in Figure 1.

2.2. Establishment of the EPB Shield Construction Risk De-
composition Structure. According to the RBS principle, the
risk sources of EPB shield construction are decomposed into
two levels.

(1) According to the characteristics of EPB shield
construction, the first-level RBS can be divided into
three types: geological condition risk source, envi-
ronmental risk source along the line, and other risk
sources.

(2) On the basis of the first-level risk decomposition
source, the EPB shield construction risk is analyzed
in detail, and the first-level risk structure is
decomposed into the second-level risk structure.

.e risk decomposition structure of EPB shield con-
struction based on the RBS method is shown in Figure 2.

2.3. Establishing the Coupling Matrix of EPB Shield Con-
struction Risk Identification. By coupling the bottom units
of the WBS (Figure 1) and RBS (Figure 2), the coupling
matrix of EPB shield construction risk identification can
be obtained, as shown in Table 1. .e result is “0” when the
two couplings do not produce risk and “1” when the two
couplings produce risk. .e results of the EPB shield
construction risk identification coupling matrix are
classified as follows: (1) W11R11, W11R14, W11R31, and
W11R33: end reinforcement failure of shield shaft; (2)
W12R11, W12R14, W12R31, and W12R33: tunnel portal
collapsed; (3) W13R31, andW13R33: backup system failure;
(4)W14R31,W14R32, andW14R33: bracket deformation and
instability; (5) W15R31 andW15R33: deviation of the shield
tunneling route; (6) W16R31, W16R32, and W16R33: failure
of the shield machine assembly and commissioning; (7)
W21R11, W21R31, and W21R32: collapse of the tunnel face;
(8) W21R21, W23R21, and W24R21: settlement of surface
buildings; (9) W21R22, W23R22, and W24R22: buried
pipelines damage; (10) W21R23, W23R23, and W24R23:
deformation of underground buildings or structures; (11)
W21R24, W23R24, and W24R24: road surface heave or set-
tlement; (12)W22R11 andW22R14: water and sand gushing
in tunnel face; (13) W22R13, W22R32, and W31R13: harmful
gas accumulation in tunnel; (14) W22R31 and W22R33:
discontinuous transportation of muck; (15) W25R11,
W25R12, W25R31, and W25R33: cutting tools damage; (16)
W31R31 and W31R33: poor ventilation and dust collection
in the tunnel; (17) W32R31 and W32R33: tunnel lighting
system failure; (18) W33R14, W33R31, and W31R33: water
accumulation in tunnel; and (19) W34R31, W33R32, and
W31R33: leakage of lining segment.
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2.4. Establishment of the EPB Shield Construction Risk Index
System. By combining the results of the EPB shield con-
struction risk identification coupling matrix with the ex-
perience of onsite management personnel and expert
suggestions and sorting out and classifying the risks that can
reflect EPB shield construction, the final EPB shield con-
struction risk index system is shown in Figure 3.

3. EPB Shield Construction Risk Assessment

3.1. Establishment of the Fuzzy Relation Matrix

3.1.1. Establishment of the Risk Assessment Set. Risk eval-
uation refers to the description of risk evaluation indicators
by using qualitative language. .e evaluation set in this

End reinforcement of shield sha�: W11

Demolition of portal and installation of ring plate: W12

Preparation before
EPB shield

construction: W1

EPB shield tunneling
construction: W2

EPB shield auxiliary
equipment

construction: W3

EPB shield 
construction: W

Installation of back-up system: W13

Installation of mounting bracket and reaction frame: W14

Tracking laying: W15

Assembly and commissioning of sheild machine: W16

Tunneling and pressure control of soil bin: W21

Improvement and transportation of muck: W22

Assembling lining segments: W23

Synchronous grouting and secondary grouting: W24

Inspection and replacement of cutting tools: W25

Installation of dust collection equipment and ventilation
equipment: W31

Lighting installation: W32

Installation of water supply and drainage equipment: W33

Segment self waterproof construction: W34

Figure 1: EPB shield construction work breakdown structure.

Unfavorable geology and special rock and soil: R11

Regional fault: R12Risk source of 
geological

conditions: R1

Enviromental risk
source along shield 
construction line: R2

Other risk sources:
R3

Risk sources of EPB
shield construction: R

Harmful gas: R13

Groundwater distribution: R14

Underground pipelines: R22

Underground builidings and structures: R23

Highway and railway: R24

Nonstandard construction operation: R31

Lack of construction technology: R32

Technical management confusion: R33

Ground surface building: R21

Figure 2: EPB shield construction risk decomposition structure.
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paper refers to the collection of comments made by judges
on various construction risks of EPB shields. According to
the characteristics of EPB shield construction, the comments
can be divided into five levels:

V � v1 v2 v3 v4 v5􏼈 􏼉

� Lowest risk low risk medium risk high risk highest risk􏼈 􏼉.

(1)

Table 1: Coupling matrix of EPB shield construction risk identification.

W1 W2 W3

W11 W12 W13 W14 W15 W16 W21 W22 W23 W24 W25 W31 W32 W33 W34

R1

R11 1 1 0 0 0 0 1 1 0 1 1 0 0 0 0
R12 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
R13 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
R14 1 1 0 0 0 0 0 1 0 0 0 0 0 1 0

R2

R21 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
R22 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
R23 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
R24 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0

R3

R31 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
R32 0 0 0 1 0 1 1 1 0 0 0 0 0 0 1
R33 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1

End reinforcement failure of shield shaft: U11

Risk of geological
condition: U11

Environmental risk
source along shield

construction line: U2

Risk of shield
machine: U3

Risk of shield
tunnel: U4

EPB shield
construction risk: U

Tunnel portal collapsed: U12

Collapse of tunnel face: U13

Water and sand gushing in working face: U14

Harmful gas accumulation in tunnel: U15

Settlement of surface buildings: U21

Buried pipelines damage: U22

Deformation of underground building or structures: U23

Road surface heave or settlement: U24

Bracket deformation and instability: U31

Failure of shield machine assembly and commissioning: U32

Slagging of shield cutterhead and cutting tools damage: U33

Discontinuous transportation of muck: U34

Shield attitude deviation: U35

Deviation of shield tunneling route: U41

Shield lining segment floating: U42

Poor ventilation and dust collection in tunnel: U43

Water accumulation in tunnel: U44

Leakage of lining segment: U45

Figure 3: EPB shield construction risk index system diagram.
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3.1.2. Establishment of the Risk Factor Set. .e factor set
involved in this paper is based on the EPB shield con-
struction risk index system. .e first-level index risk factor
set is as follows: U � U1, U2, U3, U4􏼈 􏼉; the second-level index
risk factor set is as follows: U1 � u11, u12, u13, u14, u15􏼈 􏼉,
U2 � u21, u22, u23, u24􏼈 􏼉, U3 � u31, u32, u33, u34􏼈 􏼉, U4 � u41,􏼈

u42, u43, u44, u45}.

3.1.3. Establishment of the Membership Vector. .e expert
evaluationmethod is a quantitative evaluationmethod based
on quantitative and qualitative analysis, through which the
target events are scored by experts..e expert group consists
of 10 experts who have worked in the field of tunnel con-
struction safety for more than 8 years, including 6 doctors
and 4 masters. According to the grade of the risk evaluation,
the evaluation index of each risk factor is scored, and the
membership vector of EPB shield construction risk evalu-
ation is constructed [29]. .e membership vector of any risk
factor concentration evaluation index ui in the EPB shield
construction risk evaluation index u to vij in the risk
evaluation set V is as follows: Ri � [ri1, ri2, ri3, ri4, ri5].

3.1.4. Establishment of the Fuzzy Relation Matrix.
According to the construction principle of the membership
vector, the membership vector of each risk index to the
evaluation set in the EPB shield construction risk assessment
is obtained. .e fuzzy relation matrix between the risk
evaluation set and the factor set is obtained by combining the
membership vectors corresponding to each risk index as
follows:

R �

r11 . . . r1j . . . r1m

. . . . . . . . . . . . . . .

ri1 . . . rij . . . rim

. . . . . . . . . . . . . . .

rn1 . . . rnj . . . rnm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (2)

where 0≤ rij ≤ 1 and rij is the membership of the i-th factor
to the j-th risk level.

3.2. Determination of the Weight Vector. According to the
established EPB shield construction risk evaluation index
system, the weight of each risk factor in the EPB shield
construction risk evaluation is calculated by using the an-
alytic hierarchy process [30].

3.2.1. Establishment of the Fuzzy Complementary Judgment
Matrix. .e fuzzy complementary judgment matrix R
represents a comparison of the relative importance of the
factors related to a certain factor in the previous level.
Assuming that the factor of the upper level is C and the
related factor of the lower level is a1, a2, · · · , an, the fuzzy
complementary judgment matrix can be expressed as in
Table 2.

Factor rij means that when factor ai and factor aj are
compared with the upper level factor C, factor ai and factor

aj have a membership degree of “more important than.” By
using the 0.1∼0.9 scale method [31], the relative importance
of any two factors in this layer to the upper layer is
quantitatively described, as shown in Table 3.

After a quantitative description with the 0.1∼0.9 scale
method, the following fuzzy complementary judgment
matrix can be obtained by comparing the upper factor C
with the related factor a1, a2, . . . , an of this layer.

A �

a11 a12 . . . a1n

a21 a22 . . . a2n

. . . . . . . . . . . .

an1 an2 . . . ann

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (3)

3.2.2. Construction of the Fuzzy Consistent Judgment Matrix.
By using the following formula to transform the fuzzy
complementary judgment matrix obtained in step (1), the
fuzzy consistent matrix is obtained [20]:

rij �
ri − rj

2n
+ 0.5,

ri � 􏽘

n

k�1
rik i � 1, 2, · · · , n,

rj � 􏽘
n

j�1
rjk j � 1, 2, ...n.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(4)

3.2.3. Weight Calculation and Ranking of the Fuzzy Con-
sistent Judgment Matrix. .e weight value has a direct
impact on the final result. Let the weight values of factor
a1, a2, . . . , an in the fuzzy consistent judgment matrix R be
w1, w2, . . . , wn; then, the following relation can be obtained
from the above discussion:

rij � a wi − wj􏼐 􏼑 + 0.5, (i, j ∈ K) (5)

In the formula, a refers to a measure of the difference
degree of the evaluated objects, which is related to the
number and difference degree of the evaluated objects.
When the number or difference degree of the evaluated
objects is larger, the value of a is larger, 0 a≤ 0.5.

When the factors in the fuzzy consistent judgment
matrix R and the corresponding weights satisfy nj � a(wi −

wj) + 0.5 and a≥ (n − 1)/2, the weights can be obtained by
the following formula:

wi �
1
n

−
1
2a

+
1

na
􏽘

n

k�1
rik, (i ∈ K). (6)

Table 2: Fuzzy complementary judgment matrix.

C a1 a2 . . . an

a1 r11 r12 . . . r1n
a2 r21 r22 . . . r2n
. . . . . . . . . . . . . . .

an rn1 rn2 . . . rnn
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When the fuzzy complementary judgment matrix is not
transformed into a fuzzy consistent matrix or a (n − 1)/2, the
least square method can be used to solve the weight vector,
that is, to solve the following constrained programming
problem:

min z � 􏽘
n

i�1
􏽘

n

j�1
a wi − wj􏼐 􏼑 + 0.5 − rij􏽨 􏽩

2
,

s.t. 􏽘
n

i�1
wi � 1, wi ≥ 0, (i ∈ K).

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

By means of the Lagrange multiplier method, the con-
strained programming problem can be solved as follows:
unconstrained programming problem:

minL(w, T)�􏽘

n

i�1
􏽘

n

j�1
a wi − wj􏼐 􏼑 + 0.5 − nj􏽨 􏽩

2
+2T 􏽘

n

i�1
wi − 1⎛⎝ ⎞⎠.

(8)

where T is the Lagrange multiplier. .e weight vector W �

[w1, w2, . . . , wn]T can be obtained by solving the equations
by taking the partial derivative of (L, w, T) with respect to
Wi(i ∈ K) and making it zero.

3.3.NonlinearComprehensive Evaluation. .e fuzziness and
uncertainty of the EPB shield construction process render
the risk assessment nonlinear. However, in the existing fuzzy
evaluation methods of the EPB shield construction risk
analysis, the calculation is usually carried out by combining a
linear fuzzy operator, which makes it difficult to solve the
influence of the prominent index factors on the evaluation
results. .erefore, this paper combined nonlinear fuzzy
operator analysis to render the evaluation results more
practical [32]. .e nonlinear fuzzy matrix composition
operator is defined as follows:

f(W, X,Λ) � w1x
λ1
1 + w2x

λ2
2 + . . . + wnx

λn

n􏼐 􏼑

1
λ,

λi ≥ 1, i � 1, 2, . . . , n,

(9)

where W � (w1, w2, . . . , wn) is the risk index weight vector,
wi ≥ 0, 􏽐

n
i�1 wi � 1; X � (x1, x2, . . . , xn) is the factor mem-

bership vector, xi ∈ [0, 1]; Λ is the index prominent influ-
ence degree coefficient vector, denoted as

Λ � (λ1, λ2, . . . , λn), and λ � max(λ1, λ2, . . . , λn). When the
risk factors have a more prominent influence on the EPB
shield construction risk assessment, the index prominent
influence coefficient λi is larger; when the risk factors have
no prominent influence on the EPB shield construction risk
assessment, the index prominent influence coefficient λi is 1.
.e value method of the index prominent influence coef-
ficient is determined according to the 1∼9 scale method and
λi value principle, and the specific value standard is shown in
Table 4 [25].

In addition, when using a nonlinear operator to syn-
thesize a fuzzy matrix, to facilitate calculation, each value of
the single factor evaluation matrix should be greater than 1.
.erefore, formula (8) can be used for fuzzy
transformation:

r
’
ij � 10 × rij (10)

where rij is the value of the initial fuzzy evaluation matrix
and r’ij is the value of the transformed nonlinear fuzzy
evaluation matrix. To keep the same proportion relationship
between the evaluation matrix and the initial matrix of the
nonlinear fuzzy matrix, when rij � 0.05, r’ij � 0 is taken;
when 0.05≤ rij � 0.1, r’ij � 1 is taken.

3.4. New Risk Assessment Model for EPB Shield Construction.
Based on the above analysis, on the basis of the EPB shield
construction risk index system obtained by the WBS-RBS
method, the traditional fuzzy analytic hierarchy process
(FAHP) and nonlinear operator are combined for com-
prehensive calculation, and a new EPB shield construction
risk assessment model based on the nonlinear fuzzy ana-
lytic hierarchy process is established. .e specific risk
assessment and analysis process of the new model is shown
in Figure 4.

.e new risk assessment model of EPB shield con-
struction based on a nonlinear fuzzy analytic hierarchy
process can more objectively reflect the outstanding impact
of adverse risk factors on the risk assessment of EPB shield
construction. By using the pairwise comparison method to
collect the expert questionnaire and establishing the fuzzy
complementary matrix and transforming it into the fuzzy
consistent judgment matrix, it not only meets the accuracy
and consistency requirements of the expert score but also
avoids the complex consistency test. When this model is

Table 3: Coupling matrix of EPB shield construction risk identification.

Scale Definition Explanation
0.5 Equally important .e two factors are equally important.

0.6 Slightly more
important One factor is slightly more important than the other.

0.7 Obviously important One factor is clearly important than the other.

0.8 Much more
important One factor is much more important than the other.

0.9 Extremely important One factor is extremely important than the other.
0.1, 0.2, 0.3,
0.4

Converse
comparison

If factor ai is compared with factor aj to get judgment rij, then factor aj is compared with factor ai to
get judgment rji � 1 − rij
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applied to the risk assessment of EPB shield construction,
the analysis results are more reasonable, feasible, and
operatable.

4. Project Case Analysis

4.1. Project Overview. To verify the rationality and effec-
tiveness of the model, it is applied to the EPB shield
construction section of a tunnel project in Hangzhou. .e
EPB shield section is mainly located in muddy silty clay
stratum. .e shield passes under a DN610mm high-

pressure natural gas pipeline once, with a buried depth of
approximately 5.5∼8.6 m; passes under a DN500mm
medium pressure natural gas pipeline once, with a buried
depth of approximately 2.2 m; passes under a
400 ∗ 200mm optical fiber military optical cable twice,
with buried depth of approximately 0.74∼0.9 m. In ad-
dition, there are small and medium-sized buildings along
the construction line, and the nearest building is only
10 m away from the tunnel centerline. .e geological
formation of the tunnel project in Hangzhou is shown in
Figure 5.

Table 4: Value standard of the index prominent influence degree coefficient.

Scale Definition
1.5 .e index factors almost have no prominent influence
2.5 Index factors have a slightly prominent impact
3.5 Index factors have a significant impact
4.5 Index factors have a strong prominent impact
5.5 Index factors have extremely prominent influence
2.0, 3.0, 4.0, 5.0 .e median value of adjacent scales represents the scale between two adjacent scales

EPB shield construction risk index system

Risk factor set

Calculation of
membership degree

Establishment of
membership vector

Establishment of fuzzy
relation matrix

First class nonlinear fuzzy
comprehensive evaluation

Establishment of index level
relation matrix

Second level nonlinear fuzzy
comprehensive evalution

Establishment of index
layer weight vector

Weight calculation of
index layer

Weight calculation of
factor layer

Weight vector
calculation

Establishment of fuzzy consistent
judgement matrix

�e relative importance of any
two risk factors at the same

index level is compared

Maximum membership principle

EPB shield construction risk
assessment results

Risk assessment set

Figure 4: EPB shield construction risk assessment model.
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4.2. Weight Vector Calculation.

Step 1: .e fuzzy complementary matrix is established
by using the 0.1∼0.9 scale method. According to the
established risk index system, the matrix between the
first layer and the second layer is set as A − B, the
matrix between the second layer and the third layer is
set as B1 − C, B2 − C, B3− C, B4 − C. Take A − B as an
example.

Step 2:.e fuzzy complementary matrix is transformed
into a fuzzy consistent judgment matrix according to
formulas (1) and (2). (Table 5)
Step 3: Calculate the weight value of each factor in the
fuzzy consistent matrix of each level through formula
(4). To improve the resolution of sorting, take
a � (n − 1)/2. .en, the weight value of each factor of
layer B relative to layer A is given in Table 6.

w
1
1 �

1
4

−
1

2 × 4 − 1/2
+

1
4 × 4 − 1/2

×(0.500 + 0.350 + 0.538 + 0.413) � 0.217,

w
1
2 �

1
4

−
1

2 × 4 − 1/2
+

1
4 × 4 − 1/2

×(0.650 + 0.500 + 0.688 + 0.563) � 0.317,

w
1
3 �

1
4

−
1

2 × 4 − 1/2
+

1
4 × 4 − 1/2

×(0.462 + 0.312 + 0.500 + 0.375) � 0.192,

w
1
4 �

1
4

−
1

2 × 4 − 1/2
+

1
4 × 4 − 1/2

×(0.587 + 0.437 + 0.625 + 0.500) � 0.275,

w1 � w
1
1, w

1
2, w

1
3, w

1
4􏼐 􏼑 � (0.217, 0.317, 0.192, 0.275).

(11)

Similarly, the weight value of each factor of layer C
relative to layer B is as follows:

(i) Risk of the geological condition:

w21 � w
21
1 , w

21
2 , w

21
3 , w

21
4 , w

21
5􏼐 􏼑

� (0.319, 0.288, 0.256, 0.219, 0.231).
(12)

(ii) Environmental risk sources along the shield con-
struction line:

w22 � w
22
1 , w

22
2 , w

22
3 , w

22
4􏼐 􏼑

� (0.309, 0.259, 0.233, 0.200).
(13)

(iii) Risk of the shield machine:

w23 � w
23
1 , w

23
2 , w

23
3 , w

23
4 , w

23
5􏼐 􏼑

� (0.269, 0.288, 0.238, 0.219, 0.300).
(14)

(iv) Risk of the shield tunnel:

w24 � w
24
1 , w

24
2 , w

24
3 , w

24
4 , w

24
5􏼐 􏼑

� (0.343, 0.305, 0.199, 0.218, 0.249).
(15)

According to the calculated weight value, the environ-
mental risk along the line and the risk of the tunnel itself are
the two factors that affect the safety of EPB shield

Filling

①silty clay

Muddy silty clay
Silt containing fine sand and pebble
4①silty clay
Completely weathered bedrock7①silty clay

Moderately weathered bedrock
Argilaceous round gravel soil
Strongly weathered bedrock

Figure 5: Geological formation of the tunnel project in Hangzhou.
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construction, and the other two risk factors cannot be ig-
nored. Among the environmental risk factors along the line,
the risk of surface building settlement and underground
pipeline damage is greater. Among the risk factors for the
tunnel itself, the risk of excavation route deviation and
segment floating is greater.

4.3. Calculation of the Membership Degree. .e expert
evaluation method is used to score the secondary risk factors
in the EPB shield construction risk assessment of a tunnel
project in Hangzhou. .e membership degree values of the
risk factors are as shown in Table 7:

By combining the membership value of secondary risk
factors for the EPB shield construction risk assessment with
formula (8), the fuzzy evaluation matrix AA of the geological
condition risk, the fuzzy evaluation matrix BB of the en-
vironmental risk along the line, the fuzzy evaluation matrix
cc of the shield equipment risk, and the fuzzy evaluation
matrix DD of tunnel risk are constructed, which can be used
for the nonlinear fuzzy comprehensive calculation and are
constructed as follows

R1 �

0 0 8 2 0

0 2 7 1 0

0 3 6 1 0

0 2 7 1 0

0 2 7 1 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R2 �

0 0 2 6 2

0 0 3 6 1

0 1 5 4 0

0 2 6 2 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R3 �

0 5 5 0 0

0 4 5 1 0

1 4 5 0 0

2 3 5 0 0

0 2 6 2 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R4 �

0 0 1 7 2

0 0 2 7 1

2 5 3 0 0

0 3 6 1 0

0 3 6 1 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(16)

4.4. Determination of the Risk Index Prominent Influence
Degree Coefficient. According to the actual situation of the
EPB shield construction section of a tunnel project in
Hangzhou and by combining the 1∼9 scale method and λi
value principle, the values of the prominent influence co-
efficient of the first-level risk factors and the prominent
influence coefficient of the second-level risk factors are
determined as follows in Table 8:

According to the prominent influence coefficient values
of the risk factors determined in Table 9, the corresponding
prominent influence coefficient vectors of risk indicators of
nonlinear fuzzy evaluation matrix R1, R2, R3, R4 are con-
structed as follows:

Λ1 � (3.0, 3.0, 2.5, 3.0, 2.5),

Λ2 � (4.5, 4.0, 3.5, 3.0),

Λ3 � (1.52.0, 2.5, 2.5, 3.5),

Λ4 � (4.5, 4.0, 1.5, 1.5, 2.0).

(17)

4.5. First-Level Nonlinear Fuzzy Comprehensive Evaluation.
By substituting the obtained weight value of secondary risk
factors, nonlinear fuzzy evaluation matrix, and prominent
influence coefficient vector of risk index into formula (7), the
following results can be obtained:

N1 � f W1, R1,Λ1( 􏼁

�(0.319, 0.288, 0.256, 0.219, 0.231)

0 0 83.0 23.0 0

0 23.0 73.0 13.0 0

0 32.5 62.5 72.5 0

0 23.0 73.0 13.0 0

0 22.5 72.5 12.5 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

1/3.0

�[0, 2.1070, 7.3046, 3.3165, 0].

(18)

After normalization, the results can be obtained as
follows: N1 � [0, 0.1655, 0.5739, 0.2606, 0]

In the same way, the following result is obtained:

N3 � [0.1194, 0.2444, 0.4812, 0.1550, 0],

N2 � [0, 0.1075, 0.2802, 0.4663, 0.1460],

N4 � [0.0519, 0.1000, 0.1405, 0.5968, 0.1108].

(19)

4.6. Second-Level Nonlinear Fuzzy Comprehensive
Evaluation. According to the above results, a new single
factor evaluation matrix RN � [N1N2N3N4]

T is constructed

Table 5: A-B fuzzy complementary matrix.

A B1 B2 B3 B4
B1 0.500 0.200 0.600 0.300
B2 0.800 0.500 0.900 0.600
B3 0.400 0.100 0.500 0.300
B4 0.700 0.400 0.700 0.500

Table 6: A-B fuzzy consistent matrix.

A B1 B2 B3 B4
B1 0.500 0.350 0.538 0.413
B2 0.650 0.500 0.688 0.563
B3 0.462 0.321 0.500 0.375
B4 0.587 0.437 0.625 0.500
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and transformed by formula (8) to meet the requirements of
the nonlinear fuzzy evaluation calculation. .e conversion
results are as follows:

RN
′ �

8.486 16.358 22.990 97.669 18.157

0 1.075 2.802 4.663 1.460

1.194 2.444 4.812 1.550 0

0.519 1 1.405 5.968 1.108

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (20)

According to the above steps, the prominent influence
coefficient matrix vector corresponding to the first-level risk
factors is Λ � [3.0, 4.0, 2.5, 3.5], and the weight vector of the
first-level risk factors is Λ � [3.0, 4.0, 2.5, 3.5]. .e above
results are substituted into formula (7), and the results of the
second-level nonlinear fuzzy comprehensive evaluation are
determined as follows:

N � f WA−B, RN
′,Λ( 􏼁

� (0.217, 0.317, 0.192, 0.275) ∘

8.486 16.358 22.990 97.669 18.157

0 1.0755 2.802 4.663 1.460

1.194 2.444 4.812 1.550 0

0.519 1 1.405 5.968 1.108

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

1
4.0

� [2.2134, 4.6349, 7.1873, 24.6111, 4.7076].

(21)

After normalization, the total risk evaluation vector of
EPB shield construction of a tunnel project in Hangzhou is
obtained as follows:

N � [0.0510, 0.1069, 0.1658, 0.5677, 0.1086]. (22)

Finally, combined with the principle of the maximum
membership degree, it can be judged that the overall con-
struction risk level of the EPB shield of the tunnel project in
Hangzhou is grade 4, which indicates high risk. Among
them, the greater risk is the environmental risk along the line
and the risk of the tunnel itself. At the same time, the risks of
the geological conditions and the shield equipment cannot

be ignored, which is in line with the actual situation of the
EPB shield construction of the tunnel project in Hangzhou.

5. Discussion

To verify the effectiveness of the EPB shield construction risk
assessment model based on the nonlinear fuzzy analytic hier-
archy process, the linear fuzzy analytic hierarchy process is used
to calculate the data provided by the same group of field
managers and experts, that is, the prominent influence coef-
ficient of each risk factor at all levels is 1. .e fuzzy compre-
hensive evaluation vector of the calculation results is as follows:

Table 9: Prominent influence coefficient of the second-level risk factors.

Evaluating indicator C11 C12 C13 C14 C15 C21 C22 C23 C24 C31 C32 C33 C34 C35 C41 C42 C43 C44 C45

λ 3.0 3.0 2.5 3.0 2.5 4.5 4.0 3.5 3.0 1.5 2.0 2.5 2.5 3.5 4.5 4.0 1.5 1.5 2.0

Table 7: Membership value table of the risk factors.

Risk level risk factor C11 C12 C13 C14 C15 C21 C22 C23 C24 C31 C32 C33 C34 C35 C41 C42 C43 C44 C45

Level 1 0 0 0 0 0 0 0 0 0 0 0 0.1 0.2 0 0 0 0.2 0 0
Level 2 0 0.2 0.3 0.2 0.2 0 0 0.1 0.2 0.5 0.4 0.4 0.3 0.2 0 0 0.5 0.3 0.3
Level 3 0.8 0.7 0.6 0.7 0.7 0.2 0.3 0.5 0.6 0.5 0.5 0.5 0.5 0.6 0.1 0.2 0.3 0.6 0.6
Level 4 0.2 0.1 0.1 0.1 0.1 0.6 0.6 0.4 0.2 0 0.1 0 0 0.2 0.7 0.7 0 0.1 0.1
Level 5 0 0 0 0 0 0.2 0.1 0 0 0 0 0 0 0 0.2 0.1 0 0 0

Table 8: Prominent influence coefficient of the first-level risk factors.

Evaluating indicator B1 B2 B3 B4

Λ 3.0 4.0 2.5 3.5
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N′ � [0.0261, 0.2347, 0.5804, 0.3242, 0.0505]. (23)

According to the principle of maximum membership
degree, the overall construction risk level of EPB shield
construction section of the tunnel project in Hangzhou is
grade 3, which belongs to medium risk. However, the
nonlinear FAHP considers the influence of outstanding
index factors on the risk level, so the risk level obtained by
the nonlinear FAHP is higher than that obtained by the
linear FAHP.

.e surface displacement monitoring data above the
pipeline of the EPB shield obliquely crossing the con-
struction section of the high-pressure natural gas pipeline
are selected for verification..e layout of surface monitoring
points in the selected construction section, the surface
monitoring displacement above the pipeline, and the surface
monitoring displacement above the shield tunnel are shown
in Figures 6–8:

.is section is a construction section of EPB shield
tunneling under a natural gas high-pressure pipeline at a
small intersection angle of 11.4° and is mainly located at the
underpass mileage of K5 + 240∼K5 + 200. According to the
undercrossing range of the new tunnel in the existing
pipeline, monitoring points are arranged on the surface of
the upper part of the pipeline at a distance of 10m before
and after undercrossing the pipeline. It can be seen from
Figures 7 and 8 that during the period of the EPB shield
crossing the high-pressure natural gas pipeline obliquely,
the ground surface above the pipeline and above the tunnel
is greatly disturbed by the shield, showing an uplift state as
a whole. Among them, the maximum uplift of the surface

above the pipeline is 16.43mm, which exceeds the control
value of displacement ≤10mm required by the control
index of the underground pressure pipeline, and the
maximum uplift of the surface above the shield tunnel is
12.74mm. .is finding proves that the EPB shield con-
struction risk assessment model based on a nonlinear fuzzy
analytic hierarchy process can well reflect the actual risk
situation of construction and has a certain reliability and
effectiveness.

K5+200

K5+220
Z17–1~Z17–4

Z16–1~Z16–4

Y17–4~Y17–1

Z18–1~Z18–4Y18–4~Y18–1

Y16–4~Y16–1
K5+240

GY11

GY12

GY10

GY9

GY8

GY7

GY6
Z40

Z41

Z42

Z43
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6. Conclusion

.e construction risk index system of an EPB shield in a soft
soil area is constructed by the WBS and RBS methods, the
judgment matrix is constructed by a fuzzy consistent matrix,
and a nonlinear fuzzy mathematics theory is introduced to
discuss the construction risk of the EPB shield:

(1) Based on the WBS-RBS method, the risk index
system of EPB shield construction is constructed,
which makes up for possible risk omission or in-
complete identification in the expert evaluation
method so that the constructed risk index system can
more comprehensively reflect various risk factors
and the actual situation of all levels of risk in EPB
shield construction.

(2) By using pairwise comparison method to collect
expert questionnaires and transforming fuzzy
complementary matrix to establish fuzzy consistency
judgment matrix, it not only meets the accuracy and
consistency requirements of expert scoring but also
avoids the cumbersome consistency test.

(3) Combining the nonlinear operator with the tra-
ditional fuzzy analytic hierarchy process, a new
risk assessment model for EPB shield construction
in soft soil areas based on a nonlinear fuzzy an-
alytic hierarchy process is constructed. .e out-
standing influence of the risk factors is considered,
and the nonlinear characteristics of the assessment
process are reflected, which makes the EPB shield
construction risk assessment results more rea-
sonable. .e validity of the model is verified by
nonlinear calculation and linear calculation of the
data provided by the same group of experts, and
the results are compared with the measured data
[33–35].
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Deep foundation pit construction adjacent to a subway station in a soft soil area was numerically simulated with Midas GTS NX
calculation software. 'e influence of the deep foundation pit construction on the deformation and stress of the subway station
structure was studied, and the influence of the foundation pit retaining structure on the station was analyzed.'e results show that
during the foundation pit excavation process, the subway station slab rose as a whole and was greatly affected by the deformation
of the common ground connecting wall, with the most unfavorable position changing as the excavation area changed. 'e
excavation of foundation pits in different zones had a considerable influence on the east-to-west displacement of the common
diaphragm wall outside the foundation pit. 'e maximum positive bending moment of the common diaphragm wall changed
little, while the negative bendingmoment increased greatly during construction. Overall, the foundation pit excavation had a great
impact on the negative moment of the common diaphragmwall. During the foundation pit excavation process, the subway station
column lifted upward, and the maximum displacement, which was located at the west end of the station near the foundation pit,
gradually weakened from west to east. As the foundation pit excavation process continued, the maximum axial force of the station
column increased by 10.38%, and the pressure was the largest in the middle column. As the thickness of the diaphragm wall
increased, the stiffness of the foundation pit retaining structure increased. After earthwork excavation and unloading, the lo-
cations in the retaining structure with high stiffnesses could resist deformations. 'e whole foundation pit was offset due to the
high stiffness of the foundation pit retaining structure, which increased the horizontal deformation of the existing station
structure. With increasing thickness, the relative horizontal deformation of the station slab gradually increased, mainly because
the difference between the depths of the old and new diaphragm walls caused the embedded soil of the two same deep foundation
pits to differ. Furthermore, there were great differences in the Earth pressure behind the wall. As the depth of the diaphragm wall
increased, the active Earth pressure behind the diaphragm wall increased.

1. Introduction

As urban underground space and rail transit have rapidly
developed, commercial and civil construction along subway
lines have increased, resulting in building foundation pits
becoming increasingly closer to subway stations [1]. When
the soil inside a deep foundation pit is excavated, the soil
stress is redistributed, and the pressure on both sides of the
retaining structure becomes unbalanced, resulting in the
displacement of the retaining structure inside the foundation
pit, which produces additional stress on adjacent subway
structures, causing the subway structure to deform and
affecting the safe operation of the subway [2]. In recent years,

many scholars have studied disturbances caused by foun-
dation pit excavation in soft soil areas with numerical
simulations. As an example, Jian et al. [3] used finite element
analysis software and actual monitoring results from a
foundation pit project to propose a generalized curve for the
ground settlement behind a foundation pit support structure
in a soft soil area, and they developed an applicable formula
for the lateral deformation of the support structure and the
ground settlement. Sun [4] used finite element analysis
software to simulate the influence of deep foundation pit
excavation on adjacent subway stations, and they analyzed
the stress of deep foundation pit retaining structures and
studied the internal force and deformation of subway
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stations. Wang et al. [5] used ABAQUS software to study the
deformation characteristics of an existing subway station by
excavating on both sides of a deep foundation pit.'e results
showed that symmetrical excavation was beneficial for
controlling the horizontal displacement of the subway sta-
tion, while asymmetric excavation was beneficial for con-
trolling the vertical displacement of the station. Guo et al. [6]
simulated the deformation of a common diaphragm wall
foundation pit during subway station transfer with ABA-
QUS software. In contrast to the deformation of ordinary
retaining structures without underground structures, the
deformation of the underground diaphragm walls in com-
mon sections was small above the foundation pit excavation
surface, with the greatest lateral deformation occurring 8m
below the excavation surface.

'ere are few reports on the deformation mechanisms of
deep foundation pit construction adjacent to subway sta-
tions in existing research. With an increasing number of
underground diaphragm walls shared by subway stations
and foundation pits, determining the stress change in the
surrounding soil due to deep foundation pit excavation and
the deformation mechanism of common wall subway sta-
tions due to changes in soil stress are major tasks, as well as a
source of concern for many scholars [7, 8]. Based on a deep
foundation pit project in Suzhou and simulations of different
subway station structures, this paper explores the defor-
mation relationship and internal force action mechanism of
adjacent subway stations caused by deep foundation pit
excavation to provide a reference for relevant projects.

2. Project Introduction

2.1. Project Profile. In a station foundation pit project in
Suzhou, the total length of the foundation pit was 407.1m,
the excavation width of the standard section was 20.35m,
and the width of the docking expansion section near the end
of metro line S3 was 41.7m. 'e excavation depth of the
station basement was 17∼19m, and the thickness of the roof
soil was approximately 2.9∼3.5m. 'e whole foundation pit
was constructed by the open-cut method. To avoid dis-
rupting traffic, a temporary pavement system was built along
Yiting Road and the S3 line, and semicover excavation was
carried out. In this foundation pit, two sealing walls were
installed, dividing the foundation pit into three sections. A
schematic diagram of the foundation pit is shown in
Figure 1.

2.2. Geological Conditions. 'e proposed site was located in
a low-terrain region of the Tai Hu Basin, in the lower reaches
of the Yangtze River. 'e foundation soil from the surface to
a depth of approximately 70.0m consists of loose sediments
deposited from the Quaternary Holocene to the early
Pleistocene era, mainly clay soil and interbedded sandy soil.
'e physical and mechanical parameters of the soil layer are
shown in Table 1. 'e groundwater at the site was divided
into three categories based on the occurrence condition:
groundwater in the shallow filling layer, with a stable water
level of 0.51∼0.90m; microconfined water in the③3 silt layer

and ④2 silt sand layer, with a stable water level of
0.50∼0.60m; and confined water in the ⑦2 silt sand layer,
with a stable water level of −2.50 to −2.80m and an annual
variation of approximately 1m.

2.3. Foundation Pit Excavation and Enclosure Scheme.
'e station foundation pit was constructed by section, and
the foundation pits in areas B and C at both ends were
preferentially excavated.'e foundation pit in area A, which
was close to the station of metro line S3 and had the longest
excavation length, was not initially excavated. After the
integral support structures were constructed in areas B and
C, the foundation pit in area A was excavated. As a result, the
support stiffness of the S3 subway station was increased and
the foundation pit excavation length was decreased, effec-
tively reducing the influence of the narrow and long
foundation pit excavation on the S3 subway structure and
minimizing the influence of soil unloading on the S3 subway
station, reducing the construction risk.'e construction was
carried out in strict accordance with the principle of
“support before excavation, limited time support, layered
excavation, and no over excavation” to minimize the ex-
posure time and area of the foundation pit without support.
Figure 2 shows a sectional construction drawing of the
station foundation pit.

Given the deep foundation pit excavation, poor geo-
logical conditions, and high safety risks, an 800mm thick
diaphragm wall and an internal support enclosure scheme
were designed.'e length of the designed ground wall in the
standard section was 29.5m, the length of the end ground
wall was 32.5m, the length of the continuous wall under the
cover was 30.64m, and the total length of the enclosure
structure completed in one week was 783m. 'e inner
support included both concrete support and steel support,
with a section size of 800mm× 1000mm for the concrete
support and a section diameter of 609mm for the steel
support. 'e excavation of the foundation pit inevitably
disrupted the surrounding environment. To ensure the
protection of the S3 line during construction, eight MJS
(Metro Jet System) piles were set in the joint of the common
ground wall for water-stop reinforcement.

3. Foundation Pit Excavation Simulation

3.1.ModelEstablishment. After consulting a large number of
papers on numerical simulations of foundation pit exca-
vations, the modified Mohr–Coulomb model was adopted,
and Midas GTS NX software was used to simulate the
project. 'e modified Mohr–Coulomb model was adjusted
based on the Mohr–Coulomb constitutive model. 'is
model is essentially a combination of a nonlinear elastic
model and an elastic-plastic model. It is commonly used to
simulate silt and sand. 'e modified Mohrs–Coulomb
model can simulate double hardening behavior, which is not
affected by shear failure or compressive yield. Table 2 shows
the soil layer and structural calculation parameters.

According to the Saint-Venant principle, deformation
and settlement effects at distances larger than three times the
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excavation edge of the deep foundation pit are small and can
be ignored. When this result was combined with provisions
in the technical code for construction safety in the Building
Deep Foundation Pit Engineering (JGJ311-2013) [9], the
range 0.7H or H·tan(45°–φ/2) from the edge of deep

foundation pit was determined to be the most important
influence area; the secondary influence areas were
0.7H∼(2.0∼3.0) H or H·tan (45°–φ/2)∼(2.0∼3.0) H around
deep foundation pit, whereH is the design depth of the deep
foundation pit (m), as shown in Figure 3. In summary, a

Table 1: Physical and mechanical parameters of the soil layer.

Soil horizon Moisture content W
(%)

Specific gravity
(Gs)

Force of cohesion C
(kPa)

Internal friction angle
ϕ/°

Modulus of compression Es
(MPa)

①3 plain fill 32.0 2.73 15 12 —
③1 clay 26.9 2.74 43.0 15.5 8.10
③2 silty clay 29.8 2.73 25.5 12.1 6.91
③3 silt 28.6 2.69 6.0 25.4 10.69
④2 sand with silt 26.3 2.69 3.8 31.8 12.50
⑤1 silty clay 30.2 2.73 29.8 14.3 6.01
⑥1 clay 25.8 2.74 54.9 16.1 8.36
⑥2 silty clay 28.5 2.73 29.7 13.8 6.41
⑦1 silty clay 31.6 2.72 27.6 15.0 5.32
⑦2 silty soil with
silt 28.6 2.70 10.8 23.4 9.45

B foundation pit A foundation pit C foundation pit End well

Temporary cover system

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 2: Sectional construction drawing of the station foundation pit.

Table 2: Soil layer and structural parameters.

Soil layer and structural μ C (kPa) ϕ/° Material type c (kN/m3) K0 Es/(MPa)

①3 plain fill 0.43 15.0 12.0 — 18.62 0.75 —
③1 clay 0.32 43.0 15.5 — 19.40 0.48 8.10
③2 silty clay 0.33 25.5 12.1 — 18.91 0.50 6.91
③3 silt 0.30 6.0 25.4 — 18.62 0.43 10.69
④2 sand with silt 0.29 3.8 31.8 — 19.01 0.41 12.50
⑤1 silty clay 0.33 29.8 14.3 — 18.91 0.50 6.01
⑥1 clay 0.31 54.9 16.1 — 19.70 0.45 8.36
⑥2 silty clay 0.32 29.7 13.8 — 19.21 0.47 6.41
⑦1 silty clay 0.35 27.6 15.0 — 18.72 0.53 5.32
⑦2 silty soil with silt 0.31 10.8 23.4 — 18.82 0.44 9.45
Crown beam 0.2 — — C35 25 — 30000
Underground continuous wall 0.2 — — C35 25 — 30000
Surrounding 0.3 — — Q235 78 — 210000
Concrete support 0.2 — — C35 25 — 30000
Steel support 0.3 — — Q235 78 — 210000

A foundation pitB foundation pit C foundation pit

Figure 1: Schematic diagram of a foundation pit.
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reasonable overall model size was selected based on the size
of the deep foundation pit excavation in practical engi-
neering, improving the calculation speed and the presen-
tation of the numerical simulation results. 'e boundary
value in the model was 510m× 150m× 60m.

3.2. Construction Procedures. Midas GTS/NX software was
used to simulate the dynamic construction process by ac-
tivating or passivating the grid group. Deep foundation pit
engineering includes the construction of long, narrow, deep
foundation pits. 'us, the excavation must be completed in
stages. Without changing the construction method, the
construction steps were appropriately simplified, as shown
in Table 3.

4. Finite Element Calculation Results

In the foundation pit excavation process, the deformation
and internal force changes adjacent to the station are im-
portant guides for engineering construction. 'e excavated
foundation pit shared a 274.5m ground connecting wall
with a station of line S3, which necessitated complex con-
struction, a large project scale, and many construction steps.
'erefore, representative working condition steps were se-
lected for detailed analysis, such as working condition 8
(construction of the bottom plate), working condition 14
(middle stage of the excavation), and working condition 20
(backfilling and covering soil). 'e influence of the soft soil
deep foundation pit excavation on the deformation and
internal forces of the floor slab, common wall, and bearing
column near the subway station were analyzed with finite
element simulation in this section.

4.1. Analysis of the Deformation and Internal Force of the
Station Floor Slab Caused by Excavation. Figure 4 shows the
deformation of the subway station floor after each zone was
excavated. Under working condition 8, the station slab of the
noncommon ground wall section and common ground wall
section in areas A and C tended to deform outside the

foundation pit, with a maximum deformation of −1.95mm
for the overhead slab at the west end of the station. Near the
excavation area in area B, the station slab deformed into the
foundation pit, with a maximum deformation of 3.96mm
mainly concentrated at the bottom slab. Under working
condition 14, the displacement outside the foundation pit
adjacent to excavation area C was large, with a maximum
deformation of −3.18mm. 'e deformation trend of the
station slab was consistent with that under working con-
dition 8, with a maximum deformation of 4.31mm near area
B. Under working condition 20, the horizontal displacement
of the station floor near areas A and B was large, with a
maximum deformation of 5.42mm. 'e horizontal defor-
mation of the station slab showed a differential deformation
trend of overall deformation inside the foundation pit and
local deformation outside the foundation pit. 'e vertical
deformation of the station slab showed a differential de-
formation trend of overall upward uplift and local down-
ward settlement, with a maximum differential displacement
of 8.51mm, ensuring that the station structure can be used
normally. 'e vertical deformation of the station slab was
greatly affected by the heave and subsidence of the common
ground wall. 'e deformation of each layer of the slab was
consistent, with the maximum deformation mainly con-
centrated on the side of the common ground wall. As the
excavation progressed, the maximum vertical deformation
of the station slab successively occurred at the common
ground connecting wall in areas B, C, and A, with values of
5.44mm, 5.82mm, and 8.30mm, respectively. In addition,
the maximum vertical displacement of the station slab was
much larger than its horizontal displacement. 'e author
believes that foundation pit excavation has a smaller impact
on the horizontal direction of the station slab than on the
vertical direction of the station slab. 'e station slab mainly
produced uplift deformation and was prone to large vertical
displacements due to the joint action of the uplift at the
bottom of the foundation pit [10].

During the foundation pit construction process, the soil
stress is redistributed, and the internal force of the existing
station structure changes accordingly [11]. To further

(2.0~3.0) He

0.7HeorHetan (45o
‑/2)

I
IIIII

He

Figure 3: Impact zone of deep foundation pit engineering.
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explore the impact of an excavated deep foundation pit that
shares a continuous wall with an existing station on the
internal force of the station slab, Figure 5 shows the bending
moment cloud diagram of the subway station slab during
foundation pit excavation, and Figure 6 shows the maximum
bending moment of each layer of the station slab during
foundation pit excavation. According to the analysis in
Figure 5, a negative bending moment occurred near the
bottom plate of the subway station and at the beam-column
joints, while a positive bending moment occurred in the
middle of the plate. 'e bending moment was generally
higher in the Y direction than in the X direction, with an
average difference of 392.18 kN∗m. As construction pro-
gressed, the maximum bending moments of the station
bottom plate were −2725.41 kN∗m, −2664.01 kN∗m, and
−2740.99 kN∗m in areas A, B, and C, respectively, and were
mainly distributed at the connection between the bottom
plate and the sidewall opposite the foundation pit. 'e
maximum positive bendingmoment was generally greater in
the X direction than in the Y direction, with an average
difference between the extreme values of 142.05 kN∗m. In
contrast, the maximum negative bending moment was
generally greater in the Y direction than in the X direction,
with an average difference between the extreme values of
179.42 kN∗m. Under different working conditions, the
bending moment changed little in the two directions of the
station slab, and the excavation of the foundation pit had
only a minor impact on the internal force of the adjacent

station slab. 'e maximum bending moment of the bottom
slab did not vary across different zones, and the bending
moment distribution in the same direction was consistent.
'ere were more positive bending moments in the Y di-
rection and less positive bendingmoments in the X direction
near the foundation pit.

4.2. Analysis of the Deformation and Internal Force of the
StationCommonWall Caused byFoundationPit Excavations.
'e common diaphragm wall is closely related to the outer
wall of the existing subway station, and the two change
approximately in coordination [12]. 'e deformation of the
common diaphragm wall has a considerable effect on the
deformation of the existing subway station [8]. 'erefore, it
is essential to explore the deformation and stress of the
common diaphragm wall.

Figures 7 and 8 show the deformation nephogram of the
horizontal deformation of the common diaphragm wall in
area B in the east-west direction and north-south direction
after excavating each partition. According to Figure 8, the
deformation trend of the common diaphragm wall is similar
to that of the station wall. After excavating the foundation pit
in area B, the common diaphragmwall as a whole exhibited a
deformation trend toward the foundation pit.'emaximum
displacement was 9.30mm in the middle and lower parts of
the adjacent excavation area, and the upper wall of the
foundation pit near area A exhibited a deformation trend

Table 3: Key construction steps.

Working condition Construction stage Excavation depth (m)
1 Balance in-situ stress, building additional stress simulation, displacement clearing —
2 Construction of diaphragm wall, column and temporary pavement system —
3

Area B

Excavate the first layer of soil as the first concrete support 1.64
4 Excavate the second layer of soil and erect the second steel support 5.04
5 Excavate the third layer of soil and erect the third layer of steel support 7.94
6 Excavate the fourth layer of soil and erect the fourth steel support 10.84
7 Excavate the fifth layer of soil and erect the fifth steel support 13.74
8 Excavate the sixth layer of soil and construct the bottom plate 17.21
9 Remove the 4th and 5th steel supports, construct side walls and middle plates —
10 Remove the second and third steel supports, construct side walls and top plates —
11 Remove the first concrete support and backfill the covering soil —
12

Area C

Excavate the first layer of soil as the first concrete support 1.64
13 Excavate the second layer of soil and erect the second steel support 5.04
14 Excavate the third layer of soil and erect the third layer of steel support 7.94
15 Excavate the fourth layer of soil and erect the fourth steel support 10.84
16 Excavate the fifth layer of soil and erect the fifth steel support 13.74
17 Excavate the sixth layer of soil and construct the bottom plate 17.21
18 Remove the 4th and 5th steel supports, construct side walls and middle plates —
19 Remove the second and third steel supports, construct side walls and top plates —
20 Remove the first concrete support and backfill the covering soil —
21

Area A

Excavate the first layer of soil as the first concrete support 1.64
22 Excavate the second layer of soil and erect the second steel support 5.04
23 Excavate the third layer of soil and erect the third layer of steel support 7.94
24 Excavate the fourth layer of soil and erect the fourth steel support 10.84
25 Excavate the fifth layer of soil and erect the fifth steel support 13.74
26 Excavate the 6th layer of soil, construct the bottom plate, remove the blocking wall 17.21
27 Remove the 4th and 5th steel supports, construct side walls and middle plates —
28 Remove the second and third steel supports, construct side walls and top plates —
29 Remove the first concrete support and backfill the covering soil —
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toward the outside of the foundation pit, with a maximum
deformation of −2.46mm. After excavating the foundation
pit in area C, the maximum displacement and position of the
common ground connecting wall did not change, and the
maximum displacement was 9.38mm. 'e displacement
outside the foundation pit was transferred from the upper
wall of the foundation pit in area A to the middle and upper
parts of the common ground connecting wall in the foun-
dation pit excavation area, and the maximum deformation
was −3.44mm. After excavating the foundation pit in area A,
the displacement of the middle and upper parts of the
common ground connecting wall adjacent to area C with the
outside of the foundation pit increased to −5.06mm. At the
same time, the deformation of the common diaphragm wall
in the middle and lower parts of adjacent areas A and B
increased, with a maximum deformation of 9.95mm in the
common diaphragm wall in the middle and lower parts of in
area A. 'e excavation of the foundation pit in different

zones had a considerable influence on the displacement of
the east-west common diaphragm wall outside the foun-
dation pit.

As shown in Figure 9, after excavating the foundation pit
in area B, the maximum deformation occurred at the lower
left part of the common diaphragm wall, with a maximum
displacement of −0.13mm. 'ere was a small deformation
section outside the foundation pit in the upper right part of
the common diaphragm wall, with a maximum value of
−0.47mm. After excavating the foundation pit in area C, the
deformation trend of the common diaphragm wall in the
north-south direction was symmetrical with that after ex-
cavating the foundation pit in area B. 'e displacement was
the largest at the lower left part of the common diaphragm
wall, with a maximum value of 6.57mm, while the defor-
mation outside the foundation pit in the smaller section at
the upper left part of the common diaphragm wall was only
−5.05mm. After excavating the foundation pit in area A, the
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Figure 4: Horizontal and vertical displacements due to foundation pit excavation in the pit bottom station of each area.
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overall change trend was the same as that in area C, but the
overall deformation was slower. 'e maximum displace-
ment of the inside of the foundation pit was 2.25mm, and
the maximum displacement of the outside of the foundation
pit was −3.75mm. Based on the above analysis, the exca-
vation of the foundation pit in area B had little impact on the
north-south common diaphragm wall, mainly because area
B was far from the influence area of the foundation pit. 'e
excavation of the foundation pit in area A greatly reduced
the deformation of the common diaphragm wall in the
north-south direction, mainly because the excavation of the
foundation pit in area A caused the common diaphragmwall
to deform in the east-west direction in the foundation pit,
decreasing the normal upward deformation of the common
diaphragm wall in the north-south direction.

Figures 9 and 10 show the vertical deformation distri-
bution and maximum bending moment of the common
diaphragm wall before and after foundation pit excavation.

Under working condition 8, the bending moment of the
common underground diaphragm wall in the X direction
was generally negative and small. 'e maximum bending
moment at the junction of the partition wall in areas B and C
and the bottom plate of the existing underground station
was 523.75 kN∗m, with the minimum bending moment
occurring below the bottom plate. 'e positive bending
moment was concentrated in the middle and lower parts of
the common diaphragm wall near the foundation pit in area
B. 'e bending moment of the common diaphragm wall in
the Y direction was dominated by the positive bending
moment; the positive bending moment occurred above the
station floor, while the negative bending moment occurred
below the floor and near the partition wall and was slightly
larger than the bending moment in the X direction. Under
working condition 14, the bending moment distribution of
the common diaphragm wall in the X direction was similar
to that under working condition 8, whereas the bending
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Figure 5: Distribution of bending moments in the X and Y axes from the foundation pit excavation to the station bottom plate in each area.
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moment distribution of the common diaphragm wall in the
Y direction was thinner than that under condition 8. Under
condition 20, due to the influence of soil unloading, the strip
positive bending moment appeared in the foundation pit
excavation area and the station floor area in area A. During
excavation, the maximum positive bending moment of the
common diaphragm wall changed little, whereas the neg-
ative bending moment increased greatly. Compared with
condition 8, the negative bending moments in the X di-
rection and Y direction increased by 10.18% and 21.08%,
respectively, under condition 14. 'e negative bending
moment in the X direction under condition 20 was 12.74%
larger than that under condition 14, but the change in the
negative bending moment in the Y direction was small.
Before and after excavation, the common diaphragm wall
changed greatly. 'e positive bending moment in the X
direction increased by 35.29% and the negative bending
moment increased by 99.71%.'e positive bending moment
in the Y direction increased by 22.26% and the negative

bending moment increased by 64.44%. Overall, foundation
pit excavation has a considerable impact on the negative
bending moment of the common diaphragm wall. In the
design of similar projects, the negative reinforcement
configuration of the common diaphragm wall should be
considered [13].

4.3. Analysis of the Deformation and Internal Force of the
Station Column Caused by Foundation Pit Excavation.
Figure 11 shows the vertical deformation distributions of the
subway station column before and after foundation pit
excavation. Overall, the station column exhibited uplift
deformation. Under working condition 8, the uplift defor-
mation of the station column was relatively large near the
foundation pit in area B, with a maximum deformation of
2.75mm extending to both ends. 'e uplift deformation
decreased gradually, with the smallest uplift deformation at
the west end. Under working condition 14, only the station
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Figure 6: Maximum bending moment of the station slab from the foundation pit excavation to the pit bottom.
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column adjacent to the common ground wall had a large
uplift, and the maximum deformation was 5.15mm. 'e
deformation far from the foundation pit excavation area was
small, but the station column near the foundation pit in area
B collapsed, showing a maximum deformation of 1.78mm,
which was 35% less than that before foundation pit exca-
vation. Under working condition 20, due to the excavation
of the foundation pit in area A, the deformation of the
columns in the west end of the station is large, with a
maximum deformation of 4.53mm at the west end. From
west to east, the uplift of the station gradually decreased.'e
differential settlement between the columns caused addi-
tional stress in the structure, which may lead to structural
cracking and damage. 'erefore, the differential settlement
between the columns should be considered during foun-
dation pit construction. Figures 12 and 13 show the axial
force distributions andmaximum axial forces of the columns

in the subway station, which can be used to understand the
variation trend of the axial force of the columns in the
subway station after foundation pit excavation. Figures 12
and 13 show that the axial forces of the columns in the
subway station were evenly distributed and under pressure.
'e column pressure was the smallest at the end of the
station far from the foundation pit, and the column bottom
pressure was the largest at the middle of the station. Ad-
ditionally, as foundation pit excavation progressed, the
maximum axial force of the station column increased from
12357.06 kN before excavation to 13639.25 kN after exca-
vation, increasing by 10.38%. During foundation pit con-
struction, attention should be given to the stress change of
the station column, especially the stress at the bottom of the
column in the middle of the station, and dynamic moni-
toring should be performed at all times to prevent accidents
[14].
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5. Analysis of the Influence of the Foundation
Pit Retaining Structure on the Station

5.1. Analysis of the Influence of the Foundation Pit Enclosure
Structure 8ickness. Retaining structures with different
thicknesses have various effects on foundation pit

deformation [15]. 'e diaphragm wall of the existing station
structure was 0.8m thick. To explore the influence of the
thickness of the newly built diaphragm wall of the deep
foundation pit, which shares a diaphragm wall with the
existing subway station, on the existing station structure, the
deformations of the subway station bottom plate were
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Figure 10: Maximum bending moment of the common diaphragm wall from the foundation pit excavation to the pit bottom.
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compared for eight thicknesses of 0.4m, 0.6m, 0.8m, 1.0m,
1.2m, 1.4m, 1.6m, and 1.8m with a three-dimensional
model of condition 2. Figure 14 shows the horizontal and
vertical displacement diagrams of the station bottom plate
near the foundation pit when the foundation pit was ex-
cavated with different thicknesses. Figure 14 shows that
when the thickness of the new diaphragm wall was less than
that of the existing diaphragm wall, the vertical deformation
of the station bottom plate first increased and then decreased
with increasing thickness. When the thickness of the new
diaphragm wall exceeded the thickness of the existing di-
aphragm wall, the vertical deformation of the station bottom
plate also first increased and then decreased with increasing
thickness. When the thickness exceeded 1.0m, the reduction
trend of the vertical deformation of the station bottom plate
gradually slowed, and increasing the thickness of the new
diaphragmwall only increased the cost and had a poor effect.
When the thickness of the new diaphragm wall was 0.4m,
the vertical deformation of the station bottom plate was
7.13mm.When the thickness of the new diaphragmwall was
0.8m, that is, when the thickness of the new diaphragm wall
was the same as that of the existing diaphragm wall, the
vertical deformation of the station bottom plate was
7.09mm. When the two thicknesses are compared, they are
very similar. 'e author believes that the main reason for
this is that the thickness of the new diaphragm wall was half
the thickness of the existing diaphragm wall. In addition to
resisting the deformations caused by foundation pit exca-
vation, the Earth pressure at the bottom of the new dia-
phragm wall was small and less affected by the uplift of the
pit bottom soil.

When the thickness of the new diaphragm wall exceeded
the thickness of the existing diaphragm wall, the horizontal
deformation of the station bottom plate gradually increased
with increasing thickness because there was a difference in
the stiffness of the retaining structure on both sides of the
foundation pit. As the thickness of the diaphragm wall
increased, the stiffness of the retaining structure of the
foundation pit increased. After earthwork excavation and
unloading, areas of the retaining structure with high stiff-
nesses had a strong resistance to deformation. 'e whole

foundation pit was offset to the side due to the high stiffness
of the foundation pit retaining structure, which increased
the horizontal deformation of the existing station structure
[16]. In summary, without considering other factors, the
thickness of the new diaphragm wall should be the same as
that of the existing diaphragm wall or half the thickness of
the original diaphragm wall.

5.2. Analysis of the Influence of theDepth of the FoundationPit
Retaining Structure. 'e burial depth of the diaphragm wall
has a great influence on its stiffness and bending moment, as
well as the stability of the foundation pit support system [17].
When the diaphragm wall is at an insufficient depth, the
supporting structure has an insufficient strength, resulting in
instability and endangering the foundation pit and sur-
rounding environment [18]. When the thickness of the
diaphragmwall is known, increasing its depth can reduce the
wall displacement and the uplift resistance of the soil at the
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Figure 13: Maximum axial force of the station column during foundation pit excavation.
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bottom of the foundation pit, but blindly increasing its depth
increases the cost of the support structure. To explore the
influence of the depth of the newly built diaphragm wall of
the deep foundation pit, which shares a diaphragm wall with
the existing subway station, on the structure of the existing
station, a three-dimensional model of condition 2 was used,
with gradual increases or decreases of 10% of the depth of the
existing diaphragmwall. Ten different depth conditions were
selected, as shown in Table 4.

Figure 15 shows the vertical and horizontal displace-
ments of the station slab near the foundation pit when the
foundation pit was excavated to the bottom under different
working conditions. As the depth of the new diaphragm wall
was gradually increased, when the depth of the new dia-
phragm wall exceeded the depth of the existing station di-
aphragm wall, the vertical deformation of the existing
subway station increased slightly and then decreased
gradually when the depth was increased by 10%. Before the
depth of the diaphragm wall of the existing subway station
was exceeded, the vertical displacement of the station first
decreased and then increased slightly with as the depth of the
diaphragm wall increased, and the relative horizontal de-
formation of the station slab first decreased and then in-
creased with increasing depth. When the depth of the new
ground wall was small, the stability of the foundation pit was
poor [19]. With increasing depth, the overall stability of the
foundation pit retaining structure improved. Moreover, the
difference between the depth of the old and new ground
connecting walls caused the embedded soil of the two deep
foundation pits to differ. Furthermore, the Earth pressure
behind the wall varied considerably. As the depth of the
ground connecting wall increased, the active Earth pressure

behind the ground connecting wall increased, posing a great
challenge to the stability of the foundation pit.

6. Conclusions

Based on a deep foundation pit project in Suzhou, a nu-
merical simulation analysis of a deep foundation pit adjacent
to a subway station was performed, the deformation and
stress of the subway station structure after the construction
of a deep foundation pit was studied, and the influence of the
foundation pit retaining structure on the station was ana-
lyzed. 'e following conclusions were reached:

(1) During the foundation pit excavation process, the
subway station slab rose as a whole and was greatly
affected by the deformation of the common ground
connecting wall. 'e most unfavorable position
shifted as the excavation area changed, mainly on the
side of the common ground connecting wall. 'e
foundation pit excavation had little effect on the
bending moment of the station floor, but the floor
near the wall produced a negative bending moment,
which may cause cracking.

(2) 'e deformation trend of the station wall was the
same as that of the station slab. 'e bottom of the
station wall near the excavation area displaced into
the foundation pit, the middle and upper parts of the
wall and the east and west ends deformed outside the
foundation pit, and the common ground connecting
wall bulged upward as the foundation pit was ex-
cavated. However, there was little impact on the
bending moment on the wall. 'e excavation of the
foundation pit in different zones had little effect on
the displacement of the common diaphragm wall of
the foundation pit in the east-west direction, but it
had a great effect on the east-west displacement of
the common diaphragm wall outside the foundation
pit. 'e stress on the common diaphragm wall
changed greatly before and after excavation. 'e
positive bending moment in the X direction in-
creased by 35.29%, while the negative bending
moment increased by 99.71%. 'e positive bending
moment in the Y direction increased by 22.26%,
while the negative bending moment increased by
64.44%. Overall, foundation pit excavation has a
great impact on the negative bending moment of the
common diaphragm wall. In the design of similar
projects, the negative reinforcement configuration of
the common diaphragm wall should be considered.

(3) During the foundation pit excavation process, the
subway station column lifted upward, and the
maximum displacement, which was located at the
west end of the station near the foundation pit,

Table 4: Simulation conditions of foundation pit excavation with different depths of the diaphragm wall.

Working condition 1 2 3 4 5 6 7 8 9 10
Depth (m) 20.34 22.60 25.11 27.90 31.00 34.10 37.51 41.26 45.39 49.93
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Figure 15: Vertical and horizontal displacements of the station
floor structure near the foundation pit.
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gradually weakened from west to east. As the
foundation pit excavation process continued, the
maximum axial force of the station column increased
by 10.38%, and the pressure was the largest at the
bottom of the middle column. Dynamic monitoring
should be carried out to prevent accidents.

(4) As the thickness of the diaphragm wall increased, the
stiffness of the foundation pit retaining structure
increased. After earthwork excavation and unload-
ing, areas of the retaining structure with a high
stiffness could resist deformations. 'e whole
foundation pit was offset to the side due to the high
stiffness of the foundation pit retaining structure,
increasing the horizontal deformation of the existing
station structure. With increasing thickness, the
relative horizontal deformation of the station slab
gradually increased, mainly because the difference in
the depths of the old and new diaphragm walls
caused the embedded soil at the base of the two deep
foundation pits to differ. Furthermore, there was a
great difference in the Earth pressure behind the wall.
As the depth of the diaphragm wall increased, the
active Earth pressure behind the diaphragm wall
increased.

Data Availability

'e data (experimental results) used to support the findings
of this study are included in the article.

Conflicts of Interest

'e authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

'e authors would like to thank AJE (https://www.aje.cn) for
English language editing. 'is work was supported by the
Key Research and Development Project of Shaanxi Province
(No. 2021SF-523).

References

[1] Z. Ding, J. Jin, and T.-C. Han, “Analysis of the zoning ex-
cavation monitoring data of a narrow and deep foundation pit
in a soft soil area,” Journal of Geophysics and Engineering,
vol. 15, no. 4, pp. 1231–1241, 2018.

[2] S. H. Ye, Z. F. Zhao, and D. Q. Wang, “Deformation analysis
and safety assessment of existing metro tunnels affected by
excavation of a foundation pit,” Underground Space, vol. 6,
no. 4, pp. 421–431, 2020.

[3] J. Y. Chun, Study on Deformation Estimation of Soft Soil
Foundation Pit and its Influencing Factors, Hohai University,
Nanjing, China, 2001.

[4] L. Z. Sun, “Influence analysis of foundation pit excavation on
adjacent metro station,” Special Structures, vol. 33, no. 6,
pp. 52–55, 2016.

[5] Q. Wang, H. Qian, and Q. Qian, “Analysis of impact of bi-
lateral deep foundation pit excavation on adjacent existing

station,” IOP Conference Series. Earth and Environmental
Science, vol. 252, no. 5, Article ID 52049, 2019.

[6] H. Z. Guo and C. R. Bai, “Key technology analysis of shield
tunneling in Luobao section of Shenzhen Metro line 13,”
Modern Tunnel Technology, vol. 57, no. S1, pp. 951–956, 2020.

[7] H. Liu, K. Li, J. Wang, and C. Cheng, “Numerical simulation
of deep foundation pit construction under complex site
conditions,” Advances in Civil Engineering, vol. 2021, Article
ID 6669466, 11 pages, 2021.

[8] Z. Hu, Q. Wang, S. Yang et al., “Numerical simulation of soil
displacement and settlement in deep foundation pit excava-
tions near water,” Geofluids, vol. 2021, Article ID 5559009,
14 pages, 2021.

[9] Technical Code for Construction Safety of Deep Foundation Pit
Engineering, China, 2013.

[10] S. Y. Fan, Z. P. Song, T. Xu, K. M. Wang, and Y. W. Zhang,
“Tunnel deformation and stress response under the bilateral
foundation pit construction: a case study,” Archives of Civil
and Mechanical Engineering, vol. 21, no. 3, pp. 1–19, 2021.

[11] X. Zhang, G. Wei, and C. Jiang, “'e study for longitudinal
deformation of adjacent shield tunnel due to foundation pit
excavation with consideration of the retaining structure de-
formation,” Symmetry, vol. 12, no. 12, p. 2103, 2020.

[12] C. S. Luo, Y. H. Cheng, Z. Bai, T. Shen, X. Y. Wu, and
Q. G. Wang, “Study on settlement and deformation of urban
viaduct caused by subway station construction under com-
plicated conditions,” Advances in Civil Engineering, vol. 2021,
Article ID 6625429, 16 pages, 2021.

[13] H. Xing, F. Xiong, and J. Wu, “Effects of pit excavation on an
existing subway station and preventive measures,” Journal of
Performance of Constructed Facilities, vol. 30, no. 6, Article ID
04016063, 2016.

[14] H. J. Zhao, W. Liu, P. X. Shi, J. T. Du, and X. M. Chen,
“Spatiotemporal deep learning approach on estimation of
diaphragm wall deformation induced by excavation,” Acta
Geotechnica, vol. 16, no. 11, pp. 1–15, 2021.

[15] M. N. Houhou, F. Emeriault, and A. Belounar, “'ree-di-
mensional numerical back-analysis of a monitored deep ex-
cavation retained by strutted diaphragm walls,” Tunnelling
and Underground Space Technology, vol. 83, pp. 153–164, 2019.

[16] J. Wang, H. Xiang, and J. Yan, “Numerical simulation of steel
sheet pile support structures in foundation pit excavation,”
International Journal of Geomechanics, vol. 19, no. 4, Article
ID 05019002, 2019.

[17] C.-F. Zeng, X.-L. Xue, and M.-K. Li, “Use of cross wall to
restrict enclosure movement during dewatering inside a
metro pit before soil excavation,” Tunnelling and Under-
ground Space Technology, vol. 112, Article ID 103909, 2021.

[18] C. G. Zhang, X. D. Chen, and W. Fan, “Overturning stability
of a rigid retaining wall for foundation pits in unsaturated
soils,” International Journal of Geomechanics, vol. 16, no. 4,
Article ID 6015013.1, 2016.

[19] X. Wang, Q. Song, and H. Gong, “Research on deformation
law of deep foundation pit of station in core region of sat-
urated soft loess based on monitoring,” Advances in Civil
Engineering, vol. 2022, Article ID 7848152, 16 pages, 2022.

14 Advances in Civil Engineering

https://www.aje.cn


Research Article
Experimental Study on Simulation Filling of New Underwater
Cementitious Filling Material (NWC-FM)

Yanmei Ruan , Xu Luo , Shan Lin, and Xingkai Pei

Guangzhou Metro Design & Research Institute Co., Ltd., Guangzhou 510010, China

Correspondence should be addressed to Xu Luo; luolicn2003@163.com

Received 17 February 2022; Revised 10 March 2022; Accepted 14 March 2022; Published 31 March 2022

Academic Editor: Yuan Mei

Copyright © 2022 Yanmei Ruan et al. )is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To solve the problem of waste slag treatment of slurry shields, a reuse scheme in which waste shield mud is used to replace
traditional karst cave grouting filling material which is proposed; thus, a new type of underwater cementitious filling material
(NWC-FM) is developed. NWC-FM is convenient, inexpensive, and environmentally friendly. Its mix proportion is designed, and
its mechanical performance is tested. According to the characteristics of karst caves, a semiclosed and pressurized karst cave
simulation box is designed and manufactured to simulate grouting filling processes at construction sites, and an NWC-FM
grouting simulation test is carried out. )e results show that the fluidity of the NWC-FM slurry is good, and the strengths of the
samples in the three groups of designed mix proportions meet the requirements of field construction. )e underwater poured
NWC-FM shows good fluidity, cohesion, nondispersibility, self-leveling, and self-compacting. After each pouring of NWC-FM
material, a 2∼3 cm isolation layer eventually forms on the surface due to the action of the additives, which can effectively block the
contact between water and NWC-FM and ensure the flatness of the underwater poured surface of the NWC-FM material. )e
average compressive strength of the NWC-FM consolidated core samples at 7 d, 14 d, and 28 d are 0.56MPa, 0.72MPa, and
0.79MPa, respectively, meeting the technical strength requirements of construction sites. NWC-FM has strong underwater
nondispersibility and moderate strength, which can well meet the requirements of karst cave filling treatment during shield
construction of urban subways. Additionally, as a low-cost and environmentally friendly material, NWC-FM will greatly reduce
the project cost and minimize environmental pollution.

1. Introduction

In the process of subway tunnel shield construction, foaming
agents and other lubricants are usually applied to the shield
cutter head, which makes the soil difficult to consolidate,
drain, and recycle because it becomes a kind of muddy waste
[1–3]. )e slurry output of a slurry shield is generally 2∼3
times the tunnel excavation volume. At present, the disposal
of waste shield mud is mainly transported to the designated
spoil ground. )e transportation volume is large, and its
disposal cost accounts for approximately 10% of the cost of
the shield tunnel. It is also difficult to find a suitable spoil
ground. Due to limited urban storage sites and high per-
sonnel density, improper disposal will cause environmental
pollution, land occupation, and other issues. )erefore,

research on the treatment of waste shield mud has very
important practical significance.

Karst commonly causes hydrogeological engineering
failure in the process of subway construction in China.
When a shield crosses the karst strata, it is necessary to
preprocess the karst cave in advance to ensure the safety of
shield construction. )e traditional karst cave treatment
methods mainly include the pressure-injection double-liq-
uid slurry [4], sand grouting [5], and concrete grouting
methods [6, 7], which consume large amounts of building
materials. )erefore, the cost of construction cost is high,
and the strength is difficult to control. Moreover, traditional
backfill construction is difficult, the backfill period is long,
and the backfill quality is difficult to guarantee. It is urgent to
find a low-cost, convenient, and green environmental
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protection material to meet the needs of karst backfill
treatment.

)e use of waste shield mud as an in situ prepared cave
grouting filling material is one of the ways of utilizing waste
shield mud as a resource, greatly saving resources, reducing
urban pollution, reducing the cost of engineering con-
struction, and realizing green construction. Scholars have
studied the working performance and physical and me-
chanical properties of recycled slurry from abandoned shield
sediment and have prepared grouting materials with a
fluidity of 230mm and a 28 d compressive strength that is
greater than 2.5 Mpa; thus, this recycled slurry has achieved
good comprehensive utilization results [8–12]. However, the
existing research on recycled slurry of waste shield sediment
mainly focuses on subgrade materials [13], slurry film-
forming [14], and slurry shield synchronous grouting raw
materials [15–17]. )ere are few reports on the use of the
recycled slurry of waste shield sediment as the filling ma-
terial of karst caves. Moreover, for water-filled karst caves,
the filling material needs to consider the underwater dis-
persion resistance and other issues. In view of this, this study
takes the karst cave treatment of Guangzhou metro con-
struction as the background and takes abandoned shield
mud as the main rawmaterial. After the addition of a certain
proportion of admixtures, it is fully mixed with water to
form a new type of underwater cementitious filling material
(NWC-FM) with pumpability and strong fluidity. Based on
the characteristics of karst caves and considering the
groundwater pressure, a semiclosed and pressurized karst
cave simulation box is designed and manufactured, and an
NWC-FM grouting simulation test is carried out to study its
underwater fluidity and cohesion, thereby evaluating the
engineering effect of NWC-FM karst grouting.

2. Mechanical Performance Test of NWC-FM

2.1. Raw Materials and Mix Proportions of the NWC-FM
Samples. NWC-FM takes waste shield mud (taken from a
shield tunnel construction site of Guangzhou Metro, the
sampling depth is 5∼10m, Figures 1(a) and 1(b)) and cement
as the main basic materials and selects UWB-II anti-washout
admixtures of underwater concrete [18] (developed and
produced by CNPC Engineering Technology R&D Com-
pany Limited, it is mainly made of sugar polymer thickener,
concrete fluidizing agent, concrete setting time regulator,
etc, Figure 1(c)) as the flocculating agent. An early-strength
chlorine salt agent and polycarboxylate superplasticizer are
added to improve the performance of NWC-FM, achieve the
effect of water reduction and enhancement, and increase the
strength of NWC-FM so that it meets the engineering re-
quirements after a certain number of days of maintenance
while also remaining fluid. In addition, fly ash and mineral
powder are used to reduce the amount of cement, realize
waste utilization, and protect the environment while saving
costs. Our research group determined three groups of NWC-
FM mix proportions through a large number of laboratory
tests in the early stage, as shown in Table 1. )e basic re-
quirements of the design include the following four aspects:

(1) )e water-binder ratio is 0.45∼0.6, and the water
consumption is 270∼310 kg/m3

(2) Water consumption should cause the slump of the
NMC-FM mixture to reach 220± 20mm, and the
slump expansion should reach 350± 20mm

(3) )e underwater strength of NWC-FM material is
0.5MPa

(4) When pouring the NWC-FMmaterial, the free drop-
in water is 30∼50 cm

2.2. Test Process

2.2.1. Samples Preparation and Curing. NWC-FM samples
were prepared according to the Chinese standard GB/
T50080-2016 [19] and the Chinese standard DL/T5117-2000
[20]. Nine samples were prepared in each group. )e geo-
metric size of the sample was 70.7mm× 70.7mm×70.7mm,
and curing ages of 7 d, 14 d, and 28 d were used. )e samples
preparation steps are as follows:

(1) Configure the slurry: the original shield mud used in
the test was dried, crushed, and screened, and large
soil particles were removed. )en, it was mixed with
cement, fly ash, mineral powder, flocculant, and
other additives. Finally, this mud was with water to
prepare the mixed mud.

(2) Sample preparation: to facilitate later demolding, a
layer of Vaseline was evenly coated on the inner wall
of the mold before loading the mixture.)e prepared
mixed mud was slipped into one side of the mold
wall three times, poured into a 1/3 mold volume
once, and vibrated for a period of time after each
pouring; thus, small bubbles were released from the
surface to prevent the influence of the internal
bubble gap on the strength of the sample. After
filling, the sample was scraped flat with a scraper and
then sealed with a cover film.

(3) Sample curing: the test samples were numbered and
placed in the water curing protection box of the
standard curing room (20± 3°C, humidity >95%) for
curing. Demould after 48 hours. After demoulding
the test samples, continue water curing until the
design age is reached (Figure 2(a)).

2.2.2. Unconfined Compressive Strength Test. After the
curing of the sample was completed, unconfined compressive
strength tests were performed with the consolidated bodies
after 7 d, 14 d, and 28 d using a microcomputer-controlled
electronic universal testing machine (Figure 2(b)) with a
measuring range of 200 kN (axial strain rate of 1mm/min).
When analyzing the test strength of each group, the mean
value of three horizontal samples was first calculated. If the
deviation between the sample strength and mean value was
greater than 10%, it was eliminated. Finally, the mean value
of no less than two samples was taken as the test strength
value.
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2.3. Test Results and Analysis. )e unconfined compressive
strength of the NWC-FM sample is shown in Figure 3. It can
be seen from the figure that the strength of the NWC-FM
sample gradually increases with increasing curing time.
Since the technical requirements of NWC-FM are to ensure
the smooth advancement of the shield machine while en-
suring the nondispersibility of underwater filling, the
strength after filling is required to be greater than or equal to
the strength of undisturbed soil, that is, the strength after the
filling is approximately 0.5MPa. )e strength of the NWC-
FM samples configured according to the design mix pro-
portion of each group is higher than 0.5MPa, meeting the
engineering requirements. Moreover, the strength of the
NWC-1 and NWC-2 samples is higher than that of the
NWC-w sample, indicating that the strength of the NWC-
FM materials is greatly affected by the amount of admix-
tures. )e greater the amounts of additives, such as cement,
the greater the strength of NWC-FM and the better the
performance. Considering that many kinds of admixtures

are required for the NWC-FM configuration and that too
high of a strength will cause considerable waste, NWC-w is
selected as the optimal mix proportion for the test based on
the configuration cost and strength requirements.

3. NWC-FM Simulation Filling Test

Karst caves are underground closed spaces formed by
karst in soluble rocks. )e formation of karst caves is the
result of the long-term dissolution of groundwater in
limestone areas, which often contain a large amount of
groundwater. Based on the characteristics of karst caves
and considering the groundwater pressure, a semiclosed
karst cave simulation box with pressure is designed and
manufactured to simulate the grouting filling process at
the construction site, carrying out a simulation test of
grouting with NWC-FM, and study the fluidity and co-
hesion underwater. )e engineering effect of karst
grouting with NWC-FM is evaluated.

Table 1: Mix proportions of the NWC-FM samples.

Number
Materials (kg)

Shield mud Cement Fly ash Mineral powder Flocculating agent Early-strength agent Water reducing agent Water
NWC-1 1.000 0.286 0.057 0.021 0.014 0.010 0.010 0.429
NWC-2 1.000 0.357 0.071 0.021 0.014 0.010 0.010 0.357
NWC-w 1.000 0.141 0.041 0.010 0.0032 0.003 0.0045 0.351

(a) (b) (c) (d)

Figure 1: Photos of the undisturbed shield mud (a), shield mud sample after drying, crushing and screening (b), UWB-II anti-washout
admixtures of underwater concrete (c), and fly ash (d).

(a) (b) (c)

Figure 2: Photos of the stored samples (a), compression testing machine (b), and sample destruction (c).
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3.1.Designand Installationof theNWC-FMSimulationFilling
Test Device. A simulation box is designed and manufac-
tured with dimensions of 1500mm × 800mm × 500mm
(length × width × height); this box is filled with water to
simulate a real water-filled cave. )e material of the
simulation box is organic glass, each side is fixed with steel
strips, and the joint of the organic glass plate is blocked
with a waterproof and weather-resistant silicone adhesive
to ensure that the simulation box is sealed and does not
leak. )ree circular holes with a diameter of 100mm are
opened on the roof of the simulation box. As shown in
Figure 4, holes A and B are grouting holes and hole C is a
drainage hole.

)e NWC-FM simulation filling test device is shown
in Figure 5, which is composed of a karst cave simulation
box and a pulp feeding and water drain system. )e pulp
feeding and water drainage system is composed of a slurry
inlet pipe, a funnel, a drainage pipe, and a water holding
tank. )e funnel is set on the NWC-FM material feeding
platform, approximately 3 m from the ground. )e
grouting pipe directly penetrates into the bottom of the
simulation box through the reserved grouting hole in the
roof, which is 200mm from the bottom of the box; ad-
ditionally, the drainage pipe is 100mm from the roof.
After reaching the roof, it is connected to the water
collecting tank through the conversion elbow. Before the
test, clear water is injected into the simulation box
through the grouting pipe. Water is added until filling the
simulation box and drainage pipe; then, the addition of
water is stopped to ensure that there is a certain water
pressure in the simulation box when the material is
poured. In the process of NWC-FM grouting, the grouting
pipes on both sides are alternately grouted to ensure the
filling rate of NWC-FM. )e installed karst cave simu-
lation box is shown in Figure 6.

3.2. Test Scheme. )eNWC-wmix proportion is selected for
the NWC-FM simulation test. Before the test, the shield mud
and various admixtures after drying are divided into four
parts and weighed for use. )e test mixer with 0.3∼0.5m3

discharge per plate ensures a continuous mixing supply of
filling materials.
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Figure 4: Schematic showing the dimensions of the simulation
box. 1 and 2, slurry inlet pipe; 3, drain pipe; 4, plexiglass box; 5,
funnel; 6, PVC water injection pipe; 7, water pump; 8, water
holding tank; 9, floating ball; 10, traction line with scale; 11, lower
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Figure 5: 3D schematic showing the simulated filling test device.

Figure 6: Completed installation of the karst cave simulation box.
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(1) Before the test, the grouting pipe is first inserted into
grouting hole A; moreover, the drainage pipe is fixed
in the simulation box. )e grouting pipe is 200mm
from the bottom of the box, and the drainage pipe is
100mm from the top surface to ensure compliance
with construction at project sites.

(2) Water is injected into the simulation box through the
grouting pipe. Water is added until completely filling
the simulation box drainage pipe. At this point, the
addition of water is stopped to ensure that there is
the certain water pressure in the simulation box.

(3) After the preparation work is completed, the NWC-
FM premixed shall be penetrated into the grouting
pipe through the funnel to observe the decline of the
new underwater agglomerating filling material in the
grouting pipe. Additionally, attention should be
given to the change in the liquid level of the drainage
pipe, and the drainage pipe should be connected to
the water collecting bucket to facilitate the smooth
discharge of water.

(4) )e behavior of the NWC-FM entering the water is
observed, including the falling process in the water,
the shape when reaching the bottom of the simu-
lation box, and the diffusion process, fluidity, and
coverage of the filling material at the bottom of the
simulation box. Moreover, the changes in the surface
of the filling material in the simulation box and of the
water in the simulation box are observed.

(5) First, grouting is achieved through grouting pipe
A.When thematerial filling rate drops, grouting pipe
A is replaced with grouting pipe B to continue filling,
and grouting pipe A is raised by 10–15 cm.

(6) )e above process is repeated until all the water in
the simulation box is discharged. During the test,
attention is given to recording and observing the
working properties of NWC-FM at each stage.

(7) After pouring, the surface treatment is carried out in
time, and the test piece is wrapped for thermal
insulation and moisture conservation.

)e simulation filling test flowchart is shown in Figure 7.

3.3. Test Phenomena and Analysis. )e NWC-FM material
simulation filling test is performed by pouring continuously
4 times. When the first batch of NWC-FMmaterials touches
the bottom plate of the simulation box, due to the impact,
the NWC-FM materials will be diluted by the water and
begin to slowly rise. )e amount of rising slurry will increase
slowly. )en, a small part of the NWC-FM is diluted, and
most of it diffuses around the bottom and produces a small
amount of bubbles. When the amount of NWC-FMmaterial
continues to increase, the diffusion speed of the material
increases and the slurry continues to rise after touching the
bottom, reaching the top of the simulation box and then
moving back down to the bottom of the simulation box. At
this point, the diluted slurry has diffused to half of the
volume of the simulation box, the upper and left colors are

light, and the color around the grouting pipe is dark due to
the accumulation of the NWC-FMmaterial. )e color of the
accumulated material gradually becomes lighter outward,
and the slurry does not diffuse to the right side of the
simulation box; thus, there is still clean water on the right
side of the box (Figure 8(a)).

As the pouring is continued, NWC-FM at the grouting
pipe is gradually deposited. When the deposition amount
increases to a certain extent, the newly poured material
squeezes the deposited NWC-FM at a certain pressure to
make it evenly move around.)e NWC-FM at the bottom of
the box presents a distribution pattern of uniform decrease
around the grouting pipe. Since grouting pipe A is located on
the left side of the simulation box, when the amount of
NWC-FM continues to increase, the material close to the left
side first touches the sidewall of the simulation box and
accumulates on the left wall. )e material on the right side
continues to move until they contact the right wall, and the
speed at which NWC-FM accumulates on the left is sig-
nificantly higher than that on the right (Figure 8(b)).

When the first pouring is complete, the distribution of
NWC-FM material on the left side of grouting pipe A is
basically the same, the distribution on the right side de-
creases gradually with increasing distance from grouting
pipe A, and the overall trend is that the left side is high and
the right side is low. Although the NWC-FM material that
initially enters the simulation box is diluted and the whole
simulation box is filled with diluted NWC-FM material, this
process develops slowly. With continuous pouring, the in-
tegrity of the NWC-FMmaterial is maintained well, and this
underwater filling material, with its high fluidity and co-
hesiveness, forms andmoves throughout the simulation box.
Two minutes after the completion of the first pouring, a thin
layer of white flocculent precipitates appears on the surface
of the NWC-FM material at the bottom of the simulation
box, and the distribution is relatively uniform. With in-
creasing time, the white precipitates gradually increase,
thicken, and clear layer. After 5min, the thickness of the
precipitates reaches approximately 1 cm, forming a milky
white isolation layer (Figure 8(c)). )e bottom of the sim-
ulation box is obviously divided into three layers: diluted
NWC-FM solution, the white precipitate isolation layer, and
the NWC-FMmaterial from top to bottom, respectively.)e
isolation layer effectively isolates water from the NWC-FM
material and maintains its cohesion and nondispersibility.

While NWC-FM is poured, the mixer continues to work
to mix the next batch of material. )ere is a thick isolation
layer above the NWC-FM material before the third pouring
(Figure 8(d)).When the NWC-FMmaterial falls, it must first
pass through the isolation layer, which disturbs this layer at
the grouting pipe and causes the material to rise; however,
the isolation layer is still continuous and not dispersed. With
the increase in pouring materials, the upper material and
lower material gradually push the isolation layer to move
around at the same time, and the isolation layer is slowly
dispersed after this continuous and strong disturbance. Two
minutes after the second pouring, a thin layer of white
precipitates is formed on the material surface of NWC-FM.
After five minutes, the amount of precipitates increases and
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finally forms a new isolation layer. )e situation in the third
and fourth pouring simulation boxes is basically the same as
that in the second time. )e material first passes through the
isolation layer, which causes the isolation layer to slowly
disperse. )en, the NWC-FM material gradually moves
around and tends to be stable. Finally, a new isolation layer is
formed on the surface of the NWC-FM material. )e fourth
pouring stops 1 cm from the top surface, completing the
simulated pouring test (Figure 8(f)).

During underwater pouring, the isolation layer formed
by NWC-FM can prevent the lower NWC-FM from con-
tacting water and maintain the nondispersibility of the
material. Additionally, the cementitious material of the
isolation layer is continuously distributed and has a certain
viscosity, which is not easily affected by the water flow. It can
better maintain the cohesion and fluidity of NWC-FM and
give full play to the excellent performance of NWC-FM. It
can be seen from the above test phenomena that NWC-FM
has strong nondispersibility underwater. )us, even if it
were to flow in the water-filled cave simulation box, there is

little material separation due to water washing. Moreover,
NWC-FM is viscous and plastic, and the water can gradually
deposit due to its weight. Furthermore, NWC-FM has self-
leveling and self-compaction properties, satisfactorily
meeting the requirements of karst cave filling.

4. Mechanical Property Test of the NWC-FM
Consolidated Core Sample

To study the strength performance of the NWC-FM sim-
ulated filling materials, core samples with a diameter of
100mm and a length of 150∼2200mm are taken at 7, 14, and
28 d after the simulated filling test by the core drilling
sampling method. An unconfined compressive strength test
is carried out on the core samples, and the test results are
shown in Table 2 and Figures 9 and 10.

At the initial stage of test loading, the deformation of
each sample is small. With increasing load, fine cracks
appear vertically along with the core sample, and the cracks
are evenly distributed along the circumference of the core

Prepare NWC-FM slurry

Grouting of hole A
grouting pipe

When the grouting
speed decreases 

Lift the grouting pipe of
hole A for 10-15cm 

Replace with B-hole
grouting pipe 

Lift the grouting pipe of
hole B for 10-15cm 

Filling karst cave simulation box

Behavior of NWC-FM
entering water 

Behavior of NWC-FM
reaching the bottom of

simulation box 

Diffusion process of
NWC-FM at the bottom

of simulation box 

Fluidity of NWC-FM

Change of NWC-FM
surface 

Change of water in
simulation box 

Surface treatment

Overall package curing

When the grouting
speed decreases 

Alternate grouting
of two holes 

Observe the
phenomenon 

Figure 7: Flowchart of the simulation filling test.
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sample. As the load continues to increase, the cracks
gradually extend through the top and bottom surfaces of
each sample. )e sample is damaged and loses its bearing
capacity. )e failure mode is shown in Figure 9(c). Table 2

and Figure 10 show that the strength of the consolidated core
sample of the NWC-FM simulation filling test gradually
increases with increasing curing time. )e average com-
pressive strength at 7, 14, and 28 days is 0.56, 0.72, and

(a) (b) (c)

(d) (e) (f )

Figure 8: Photos of NWC-FM entering the simulation box (a). NWC-FM diffuses in the simulation box (b). Five minutes after the first
pouring (c). Five minutes after the second pouring (d). Five minutes after the third pouring (e). After completing the pouring (f).

Table 2: Compressive strength of the core samples.

Curing age (d) Number Failure load (kN) Compressive strength (MPa) Mean value (MPa)

7
1 4.580 0.58

0.562 4.378 0.56
3 4.214 0.54

14
1 5.915 0.75

0.732 5.920 0.75
3 5.291 0.67

28
1 6.745 0.86

0.792 6.036 0.77
3 5.884 0.75

(a) (b) (c)

Figure 9: Photos of the core sampling positions (a), removed core samples (b), and sample destruction (c).
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0.79MPa, respectively, which represents moderate strength.
)erefore, this material can better meet the requirements of
underwater karst cave filling at project sites.

5. Conclusions

Aiming at the resource utilization of waste shield mud and
the treatment of water-filled karst caves in urban subway
shield construction, a new underwater cementitious filling
material that is convenient to obtain (NWC-FM), low cost,
and environmentally friendly is developed. Its mix pro-
portion is designed, and its basic properties are tested. A
karst grouting simulation test is performed to study the
fluidity, cohesion, and nondispersibility of NWC-FM during
underwater pouring. After curing, core samples are drilled
out, the strength index of the NWC-FM material is tested,
and the karst grouting effect of the NWC-FM material is
evaluated. )e main conclusions are as follows:

(1) )rough laboratory tests, NWC-FM is developed
with waste shield mud, cement, flocculant, and fly
ash as raw materials. )e minimum 7 d-compressive
strength of the three groups of mix proportion
samples is 0.587MPa, which meets the technical
requirements of construction sites.

(2) )e NWC-FM material initially entering the simu-
lation box will be diluted by water, but the process is
slow. Notably, the integrity of the material is
maintained, and material separation due to water
washing rarely occurs. Furthermore, NWC-FM has
strong fluidity and cohesion and can flow in any
direction underwater.

(3) After each pouring of NWC-FMmaterial, a 2∼33 cm
isolation layer will eventually be formed on the
surface due to the action of the admixture. )e ce-
mentitious material of the isolation layer is

continuously distributed and has a certain viscosity
that is less affected by water flow. )is layer can
effectively block the contact between the water and
NWC-FM material, maintain the nondispersibility,
cohesion, and fluidity of the NWC-FM material,
ensure the leveling of the underwater poured surface
of the NWC-FM material, and prevent material loss.
)us, the NWC-FM material has good underwater
service performance and meets the requirements of
underwater filling.

(4) )e strengths of the NWC-FM consolidated core
samples at 7 d, 14 d, and 28 d are 0.56MPa, 0.72MPa,
and 0.79MPa, respectively, meeting the technical
strength requirements of construction sites. NWC-
FM has strong underwater nondispersibility and
moderate strength, which can satisfactorily meet the
requirements of karst cave filling treatment during
urban subway shield construction. Additionally, as a
low-cost and environmentally friendly raw material,
NWC-FM will greatly reduce the project cost and
minimize environmental pollution.
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-e introduction and development of shield tunnels have led to the innovation of precast segmental linings, which has significant
advantages in improving the construction speed compared with in-situ cast concrete linings. However, damage of the linings and
water leakage at the lining joints highlight defects in the design and construction of the linings. In this regard, it is necessary to
investigate the failure mechanism of linings for shield tunnels and evaluate the waterproofing performance and repercussions of
lining joints.-e relevant research results published in recent years are reviewed in this paper, focusing on the failure mechanisms
of linings and the waterproofing performance of lining joints. Progressive failure and instability of linings are introduced.
Progressive failure has three stages: initial elastic stage, local damage stage, and overall failure stage.-e performance-based design
of joint waterproofing is described in seven steps. Further opportunities for the investigation of this topic are discussed.

1. Introduction

In recent decades, the construction and operation of public
transport have gradually changed from single level to
multilevel, from single dimensional to multidimensional,
and from manual to intelligent. A typical example of the
issues modern and intelligent rail transit tries to solve is the
demand to alleviate the growing traffic pressure [1–4].
Moreover, the development of better construction tech-
niques and innovations in materials used allows for the
construction of subways in almost all kinds of soil envi-
ronments, such as soft soil and with water pressure [5, 6].

Tunnel, one of the main forms of subway operation, is a
three-dimensional traffic building buried in the stratum.
Tunnel boring machines (TBMs), as the main tunneling tool
for tunnel and utility construction in urban underground
spaces [7], are widely used because of their high automation,
fast construction speed, and low influence on ground dis-
turbance [8, 9]. -e tunnel lining is assembled into different
shapes (circular, rectangular, and mixed shapes), which are
determined by the shape of the TBM to withstand the loads

imposed by the interior and exterior tunnel [10, 11]. Tra-
ditionally, tunnel linings are composed of several precast
concrete segments, which are connected by rigid bolts [12],
and the segments are usually reinforced with steel bars to
bear both exterior and interior loads [10, 13].-e application
of precast concrete segments (PCS) has increased signifi-
cantly owing to its high quality, low cost of installation, and
low cost of raw materials [14]. Compared with in-situ cast
concrete segments (CCSs), PCS can be better actively
controlled during the construction process, concrete
pouring, and curing. In addition, for soft and hard soils, PCS
can play a role in resisting external loads as soon as possible.
-erefore, the use of PCS, especially in tunnel engineering in
earthquake-prone areas, is becoming increasingly popular
[15, 16].

-e bearing capacity and sealing performance of tunnel
linings have been widely studied to ensure the safety and
durability of tunnel engineering. Most previous studies
focused on in situ monitoring and theoretical analysis of
tunnel linings subjected to various actions [4, 16–28].
Generally, the load actions that must be considered in the
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design and construction of linings include undisturbed land
stress, water pressure, pavement traffic load, subgrade re-
action, grouting load, and service load [29]. During a long-
term operation process, segment linings are inevitably
attacked by uneven subsoils, traffic loading, and ground-
water leakage [26, 30–32], which finally results in extrusion
deformation and leakage corrosion [3, 25, 27, 33–35].

-e problems mentioned above may lead to serious or
even disastrous consequences, such as weak load resistance
and instability of local segments caused by extrusion de-
formation, and leakage and corrosion at lining joints caused
by unsealing. However, there are a few experimental and
numerical studies on the mechanical properties and wa-
terproofing design for linings of shield tunnels [36].
-erefore, it is particularly important and necessary to
systematically understand and master the failure mecha-
nisms of tunnel linings and the waterproofing performance
of lining joints. Corresponding failure control mechanisms
and performance-based waterproofing design can be pro-
posed only by clarifying the failure process and leakage
principle of the linings.

2. Failure Mechanism of Linings

2.1. Assessment of Time-Variant Loading. Generally, linings
for a shield tunnel are mainly designed using analytical and
simplified numerical models [3, 5, 37, 38], which do not
consider the adverse effects of nonlinear actions [39] and
longitudinal bending moments [40] in actual engineering.
To eliminate the limitations of the aforementioned method
in the analysis of the interactions between the tunnel shell
and the surrounding soil, updated design guides were
proposed in reference [41], which consider and discuss the
load linings that are subjected to.

Short-term loads caused by the tail gap pressure were
monitored [42], and long-term loads acting around the
linings, such as earth and water pressures, were also
monitored [17, 43]. To further understand the variation
regulations of loads with time in real time, a process-ori-
ented model was proposed [44, 45], which can produce a
more reasonable analysis of groundwater flow and slurry
hardening during the construction of the linings. A typical
load distribution around the tunnel linings and the temporal
and spatiotemporal evolution of earth and water pressures
are shown in Figures 1 and 2, respectively.

2.2. Analysis of Cracking and Deformation. From among
possible damages, cracking of the lining is regarded as one of
the most serious problems in tunnels, as it leads to a re-
duction in the durability and structural performance of the
overall tunnel [47]. -ere are several summaries in the
literature on the cracking and damage of segmental linings
in the construction stage [19, 48–50]. Longitudinal cracks, a
common cracking pattern in tunnel segment linings, are
mainly caused by various construction loads [51]. Typical
cracking patterns in tunnel construction are shown in
Figure 3 and mainly include cracks formed by external force
intrusion into a curved tunnel with a small radius, the

reaction force between jacks and adjacent segments in a
tunnel with a large radius [52], and unsymmetrical pressure
during mortar injection [53].

Furthermore, the deformation convergence and the state
of the internal force of the linings are discussed in reference
[35]. -e deformation characteristics of existing linings
under the actions of a foundation pit were analyzed using a
hybrid model [54]. With the help of a three-dimensional
nonlinear theory, a finite element model (FEM) of the hybrid
shield was established, and the influence of different water
pressures on the deformation performance of linings and
joints was discussed [55]. Meanwhile, lateral deformation
caused by lining failure has been extensively reported based
on observations at construction sites [56].

2.3. Investigation of Mechanical Properties and Failure
Mechanism. Once cracking and deformation occur in a
tunnel lining, serious and uncontrolled consequences may
be induced. It is necessary to study themechanical properties
and failure mechanisms of segmental linings. A hydraulic
simulation method was proposed for analyzing the me-
chanical properties of tunnel linings [57]. Subsequently, the
mechanical properties of precast individual segment linings
are discussed, and the failure mechanism is analyzed [58].
-e damage and failure mechanisms of lining joints caused
by an uneven settlement of the foundations have been
researched [59]. -e results showed that the stress of a bolt
on the section was directly proportional to the settlement
depth, and an obvious dislocation phenomenon was cap-
tured at the connector of the linings. -e bolts in the reverse
and top positions of the segmental linings were damaged
before the bolts in other positions, which can be described as
a gradual failure process.

More recently, experimental research and numerical
analysis of the mechanical properties of reinforced concrete
linings have been performed [14, 60]. Loading tests of
multiring assembled linings were carried out successively
[61–63]. Compared with similar failure tests characterized
by an instability failure mode, establishing predictions for
lining failure based on the change rate of the tunnel diameter
and ultimate displacement was proposed [61]. Failure of the

Various
Loads

Jack
Forces

Lining

TBM

Various
Loads

Figure 1: Various loads acting on the linings during construction
(including grouting and earth and water pressures).
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lining joints eventually led to a failure in the overall linings,
but no significant damage occurred to the lining itself
[62, 63]. A numerical simulation of the continuous failure
process of the lining caused by local failure was performed.
-e results illustrate that the mechanical properties between
adjacent linings can be predicted by means of existing failure
criteria [64, 65].

2.4. Discussion of Progressive Failure and Instability.
Although previous studies focused more on an analysis of
loads, cracking and deformation, mechanical properties, and
failure mechanisms, research on the progressive failure and
stability of segmental linings has become increasingly
popular in recent years. -is research covers the experi-
mental and theoretical analysis of the influence of sandy soil
[66], soft surrounding rock [67], slope action [68], river
glacier gravel [69], groundwater flow [70], water storage
tunnel [71], uncorrelated flow [72], and different soil action
[73] on the stability of tunnel linings. All these results
contribute to further improvements in the linings in terms of
preliminary design, rapid construction, operation, and
maintenance.

In addition, a large number of scale tests were carried out
[74] to reveal the progressive failure and instability process
of linings from the aspects of assembly mode, lateral
pressure, and cap block position. -e progressive failure of

linings consisted of three stages: initial elastic stage, local
damage stage, and overall failure stage. -e lining material
was compacted, and the friction stress gradually increased
between the equipment and the soil (points A to B). New
cracks appeared one after another, and existing cracks
continued to widen and elongate, implying that the
microfailure of the linings was gradual rather than an in-
stantaneous process (points B to C). Penetrating cracks were
observed, and regional fractures occurred, resulting in the
fracture of segmental linings along the overall section
(points C to D). Subsequently, the segment linings began to
rapidly lose stability until final failure occurred. -e force-
displacement curves of the segment linings at each char-
acteristic point are shown in Figure 4.

3. Waterproofing Performance of Linings

3.1.Water Leakage Behavior of Lining Joints. In recent years,
the advantages of precast linings, such as plain concrete (PC)
and steel fiber-reinforced concrete (SFRC) linings, have been
explored, which led to the promotion of its application in
tunnel construction. Table 1 presents the literature on ex-
perimental studies of precast linings using different mate-
rials [14, 25, 26, 58, 75–82]. However, adverse factors in the
underwater environment [83, 84], such as high-pressure
water and weak seabed, lead to the weak performance of the
lining (leakage water of the lining joint). -erefore, it is
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Figure 2: Spatiotemporal evolution (including earth and groundwater pressures) (reannotated based on literature [46]).
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Figure 3: Typical cracking patterns in tunnel construction (reannotated based on reference [49]). (a) Invasion of shield tail. (b) Jack
thrusting at deficient contacting segments. (c) Unsymmetrical pressure.
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necessary tomaster the leakage behavior of the lining joint to
understand the failure mechanism and performance-based
design of joint waterproofing.

It is well known that the waterproofing performance of
precast linings mainly depends on the joint. A counter-
measure for the failure of a joint is to install a rubber gasket.
Joint leakage usually occurs at the contact surface between
the rubber gasket and the groove, or between the two rubber
gaskets [36, 85]. Compared with the first, the latter has a
smaller contact stress value, resulting in easier water leakage
between the two rubber gaskets [7]. Figures 5 and 6 illustrate
the leakage point and water leakage process of the lining
joint, respectively. Under the continuous action of water
pressure, the two contact surfaces experienced initial sep-
aration (Figure 6(a)), contact failure (Figure 6(b)), and
complete separation (Figure 6(c)), and finally formed a
complete leakage path.

3.2. Failure Mechanism of Joint Waterproofing. A series of
national specifications were issued [84–88], and experimental
studies were carried out [6, 7, 16, 25–28, 31, 36, 89–92], aiming
to further understand the behavior and mechanism of joint
waterproofing of linings.

Typical joint waterproofing failure patterns are shown
in Figure 7 and are mainly grouped into four failure
patterns [7, 91]. In the joint opening pattern (Figure 7(a)),

the waterproofing capacity of the groove interface was
significantly better than that between the two gaskets,
resulting in leakage often occurring between the contact
surfaces of the two gaskets. In the joint offset pattern
(Figure 7(b)), the joint waterproofing failure was mainly
caused by displacement dislocation between the gasket
and the groove. In the positive and negative rotation
patterns (Figures 7(c) and 7(d)), the rate of leakage re-
duction was positively correlated with the rate of joint
rotation. Meanwhile, within the controllable range of joint
rotation, the waterproofing capacity of the interface be-
tween the gasket and the groove is due to the water-
proofing capacity between the two gaskets.

3.3. Performance-Based Design of Joint Waterproofing.
After mastering the leakage behavior and waterproofing
failure mechanism of the lining joints, a performance-based
design concept for joint waterproofing was proposed [7, 16].
-e specific design process is illustrated in Figure 8. Cor-
responding experimental and numerical studies have veri-
fied the impact of different influencing factors on the
waterproofing performance, such as gasket hardness, joint
opening and rotation angle, and friction coefficient. -e
described design effectively simplifies the waterproofing
performance evaluation of the lining joints during prelim-
inary design and operation.
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Figure 4: Force-displacement curves at each characteristic point [63].

Table 1: Summary of relevant literature on precast linings.

Objective Material Objective Material
Bearing capacity [75] PC and SFRC Structural behavior [76] RC and SFRC
Structural behavior [58] RC and SFRC Settlement behavior [14] RC and SFRC
Structural response [77] SFRC Structural behavior [78] RC and SFRC
Mechanical behavior [79] FRHPC Bearing capacity [80] UHPFRC
Ductile behavior [81] SFRC Structural behavior [82] RC and HFRC
where PC represents the plain concrete, RC represents the reinforced concrete, SFRC represents the steel fiber-reinforced concrete, FRHPC represents the
fiber-reinforced high-performance concrete, UHPFRC represents the ultrahigh-fiber-reinforced concrete, and HFRC represents the hybrid-fiber-reinforced
concrete.
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4. Future Works

Adverse factors in the construction process should be
eliminated as much as possible, such as the pressure exerted
by the jacks and unbalanced pressure between the interior

and the exterior, which can effectively avoid the occurrence
of initial cracks. -e design of linings should focus on the
weak positions rather than the overall structure, such as on
lining joints, because it is often damaged at weak positions
that lead to lining failure. Moreover, early warning
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Figure 6: Water leakage process of lining joint. (a) Various loads on the gasket. (b) Initial penetration. (c) Further penetration. (d) Final
leakage.
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mechanisms (EWMs) should be established [63, 93]. Once
the critical value of local damage reaches point B, an early
warning response (EWR) is initiated and the corresponding
countermeasures are taken.

5. Conclusions

To investigate and master the failure control mechanism and
performance-based design methods for linings of shield
tunnels, this paper summarizes the results of the failure
mechanism and waterproofing performance in the field of
linings for shield tunnels.-emain conclusions based on the
findings of this review are as follows:

(1) Most cracks in tunnel construction are caused by
external force intrusion into a curved tunnel with a
small radius, by reaction force between the jacks and
adjacent segments in a tunnel with a large radius, and
by unsymmetrical pressure during mortar injection.
Orderly construction operation and strict grouting
process are essential for controlling the cracks of a
tunnel.

(2) Failure of the overall linings is caused by a failure of
the lining joint, and there is no obvious damage to
the lining itself. -e mechanical properties between
adjacent linings can be predicted reasonably using
the existing failure criteria. However, there are a few
application cases of existing failure criteria in
practical tunnel engineering. It is important to

predict the mechanical response of existing lining
through the proposed failure criteria.

(3) -e typical waterproofing failure patterns of joints
mainly include the joint opening pattern, the joint
offset pattern, and patterns of positive rotation and
negative rotation. At the same time, within the
controllable range of joint rotation, the water-
proofing capacity of the interface between the gasket
and the groove mainly depends on the waterproofing
capacity between the two gaskets. In order to meet
the requirements of durability, it is necessary to
research the mechanical properties of gaskets with
new materials and new processes.

(4) In the actual tunnel engineering, the adverse factors
in the construction process should be eliminated as
far as possible, and the design of the weak part of the
lining should be paid special attention to. In addi-
tion, comprehensive early warning mechanisms
(EWMs) and solutions should be established. Once
the critical value of local damage reaches the set
value, EWR is initiated and the corresponding
countermeasures are taken [94–96].
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estützter Tunnelvortriebe in Lockerböden,” Geomechanics
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Since impacts of rail transit on urban industries and space most obviously appear in metro station areas, correlations between the
spatial distribution of producer services and urban built environment in metro station areas are studied in Xi’an, China. At first,
the scope determining methods of a metro station area were separately proposed for both single-line station andmultiline transfer
station based on their construction and transportation modes. -en, when the producer services were divided into 6 categories of
business, POI numbers of enterprises of each category in metro station areas were collected and weighted to calculate the
distribution intensity for categories. Finally, on condition that the urban built environment of a metro station area included job
and residence space, outdoor activity space, and municipal road space, correlation performances between the distribution
intensity of categories and indexes representing 3 space elements of the built environment were calculated through second-order
partial correlation analysis, while the corresponding mechanisms of correlations were explained too.-emain conclusions of this
paper indicate that there are significant positive correlations between the distribution intensity and the diversity index of job and
residence space for most categories, whereas significant negative correlations between it and the openness index of outdoor
activity space for most categories. Moreover, positive but weak correlations were appeared between the distribution intensity and
the street network density index of municipal road space only for categories of intermediary consulting and leasing.

1. Introduction

Modern rail transit system is not only a convenient and
efficient urban traffic tool but also an impetus to urban
economic development. According to many studies over the
world, the economic functions of rail transit systems have
mainly referred to quasipublic products, positive external-
izations, and economies of scale [1], while the variation and
transformation of urban industrial structure and spatial
structure have been deeply influenced by the rail transit
system [2]. Metro station is the only operating node of the
rail transit system connecting to other urban physical sur-
roundings, so impacts of rail transit on urban industries and
space firstly and most obviously appear in metro station
areas [3], and industrial distribution in metro station areas is
regarded as one of the most important research topics at a
small scale in economic geography and urban planning. It is

reported that an urban built environment around a traffic
station always affects the staying time and experience of
people who pass by it [4]. Accordingly, the better built
environment a metro station area has, faster trips and more
visits there will be both for businesses and personals [5] so
that one kind of beneficial location condition is created for
modern industries to survive and develop in this area.
-erefore, improving the quality of the urban built envi-
ronment is generally considered an effective approach to
reach a successful TOD in the metro station area [6], while it
also makes the space usage more intensive and efficient by
industrial sectors clustering hereby and promotes urban
economic growth on the whole. By the way, although the
spatial distribution of most urban industries is closely
correlated to their urban built environment [7], huge dif-
ferences of correlation performances still appear for various
industrial sectors in metro station areas. -e nice built

Hindawi
Advances in Civil Engineering
Volume 2022, Article ID 6165563, 11 pages
https://doi.org/10.1155/2022/6165563

mailto:zhangqi-xauat@163.com
https://orcid.org/0000-0003-0932-3968
https://orcid.org/0000-0001-9249-2601
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/6165563


environment surely enhances the distributing scales of
commercial sectors in these areas [8], but it strongly drives
factories moving away from them [9]. In contrast, corre-
lation can seldom be found between the built environment
and the public service facility distributions in metro station
areas [10].

-rough literature analysis, it is believed that the cor-
relation between the urban built environment and the in-
dustrial distribution in metro station areas is full of
significance, and corresponding research studies are rich in
both theories and cases. However, a lot of remaining issues
are ready to be studied in the long-term future because the
categories of modern industrial sectors are complex and
diversified. Since the producer service is now playing an
increasingly dominant role in urban economies [11] and
their spatial development mechanisms are quite different
from those of retail commerce and common offices, cor-
relations between the spatial distribution of producer ser-
vices and urban built environment in metro station areas are
studied by a case of Xi’an, China. Furthermore, both em-
pirical reference and planning guidance can be provided to
future spatial developing policies of producer services in
metro station areas with outcomes gained in this paper.

2. Metro Station Areas

2.1. Scope Determining Methods of a Metro Station Area.
-e scope determining methods of a metro station area are
proposed as following based on some relevant research
studies.

2.1.1. Scope Determining for a Single-Line Station.
Producer services are basically laid out in urban commercial
and office buildings, while related research shows that [12]
such buildings are usually distributed within a circle of
400∼600m radius from the center of the metro station site.
At the same time, physical traffic activities generated by the
producer services mainly depend on walking travels of
pedestrians within a metro station area. According to some
transportation research, [13] it is believed that the acceptable
travel distance for most pedestrians is 600∼900m, while the
ratio between the actual walking distance of metro pas-
sengers from their departure/arrival to the station center and
straight-line distance of them is 1.53 on average in China by
a recent research study [14]. In terms of this ratio, the
straight-line distance can be converted to 392∼588m for
walking activities from themetro station center.-rough the
above analysis of buildings’ distribution and pedestrians’
walking, it is determined that the area of a single-line metro
station is a circular surface with a 500m radius from the
station center in this paper.

2.1.2. Scope Determining for a Multiline Transfer Station.
When an urban metro system develops into a network stage,
it is necessary to set up a transfer station at the intersections
of different crossing lines for passenger transferring. -e
transferring modes include same point transfer and passage
transfer. Same point transfer means that only one station

building is constructed and used for all the crossing lines.
For same point transfer, the scope of a station area is similar
to a single line station because of its short transferring
distance and high efficiency. Passage transfer means that
various station buildings are constructed separately for
crossing lines due to complex terrain features and existing
surface and underground structures; then, these station
buildings are connected by one or more passages for using
together as a whole transfer station. For passage transfer, the
scope of station areas may change largely by the length and
complexity of its transferring passages.

With the help of transferring passage length recom-
mended by some designing standards of rail transit engi-
neering, methodological types for scope determining of a
multiline transfer station area are put forward as follows:

TYPE A: same point transfer station. -e condition of
being the same point one includes that only one co-
ordinate on the electronic map can be collected for its
building position, and its scope determining is the same
as that of the single line station.
TYPE B: short-passage transfer station. -e conditions
of being a short-passage one include that two or more
coordinates on the electronic map can be collected for
its building positions and DC (the nearest straight-line
distance between any two collected coordinates)
≤100m (walking distance ≤150m). For its scope de-
termining, all collected coordinates are connected to
each other to form a straight line or a polygon firstly.
-en, a circular surface with a 600m radius from the
midpoint of the straight line or geometric center of the
polygon is considered the area of a short-passage metro
station. As shown in Figure 1.
TYPE C: long-passage transfer station. -e conditions
of being a long-passage one include that two or more
coordinates can be collected for its building positions
and DC (the nearest straight-line distance between any
two collected coordinates) >100m (walking distance
>150m). For its scope determining, several circular
surfaces with a 400m radius from every coordinate are
formed separately at first so that their surface union is
considered the area of a long-passage metro station
then, as shown in Figure 2.

2.2. Metro Station Areas in Xi’an. Xi’an is a world-famous
ancient cultural capital and one of the national central cities
of China. In December 2019, there was a total operating
length of 126.35 kilometers of Xi’an Metro (https://www.
xianrail.com/), which went through the main districts and
connected most of the internal and external transportation
hubs in this city. -ere were also a total of 89 stations of
Xi’an Metro at that moment, including 6 transfer stations.

According to the above scope determining process of
transfer station areas, the coordinates of each transfer station
are located, while distances between any two coordinates are
measured and compared to ensure its DC and scope type.
-us, 6 transfer metro station areas in Xi’an are determined
by their own types, and the results are shown in Table 1.
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For the other 83 single-line stations of Xi’an Metro, their
metro station areas are the circular surfaces with 500m
radius from the center of each station coordinate. -erefore,
all of the metro station areas in Xi’an can be gained, as shown
in Figure 3.

3. Distribution of Producer Services

3.1. Employment of Points of Interest Data. -ere have been
lots of research achievements about the spatial distribution
of producer services on a macroscale [15, 16]. However, a

few case studies on the distribution of these industrial
sectors have been reported on a microscale at present due to
two limitations of data collection, as well as investigation.
One is that a common sample survey is not sufficient enough
to establish research data since the classification of producer
services is complex and their enterprise volume is very large.
Another one is that building information is always too late to
describe producer service activities because of their inherent
flexibility from light assets while sharing uses or alternating
uses in a short time of commercial offices (floors) within the
same building are often happened for them.

So, point of interest (POI) data is employed in this paper
to detect the distribution of producer services in order to
settle the above limitations. POI data is now a widespread
used spatial data source, which obtains all of real-time in-
formation data of any one point of interest on the electronic
map platform through the batch search of relevant key-
words, including longitude, latitude, and address [17]. As the
completeness, timeliness, and accuracy of the geographical
description to industrial locations on a microscale can be
effectively improved by POI, it is suitable for detecting the
distribution of producer services in metro station areas in
Xi’an rather than data from a full enterprise sample sur-
veying or a building information surveying.

3.2. Categories of Producer Services. -e producer services
were divided into 10 major types in terms of Classifying
Standard issued by the National Bureau of Statistics of China
(NBSC) in 2019, accompanied with 35 medium ones and 171
minor ones. 16 medium types mostly acting in urban space
from the above Standard were selected and integrated into 6
categories of business in this paper. -ey were e-commerce,
finance and insurance, scientific research and design, logistics,
intermediary consulting, and leasing, as shown in Table 2.

Since categories of producer services had different scale
effects and multiplier effects in the urban economy, POI
numbers of enterprises of each category should be weighted
to reflect their different importance of distribution. -e
weights for categories were determined based on the weight
classification table of service facilities [18] and their appli-
cations in China [19], as shown in Table 2.

3.3. Distribution Intensity of Categories in Xi’an.
Keywords of 6 categories in Xi’an city on December 8, 2019,
were collected from the open port platform of AutoNavi map
(https://lbs.amap.com/) with the help of Python programming.
At the same time, the keyword exclusion method was used to
clear the collected data so that the ones that did not belong to
producer services were removed from the entry. As a result,
14,071 pieces of POI data of 6 categories were finally gained
from Amap, as shown in Table 2. Each piece of data contained
unique ID, name numbering, address latitude and longitude,
administrative region, and other attribute information.

Both the cleared POI data of each category and the 89
metro station areas in Xi’an were located together on the
ArcGIS10.5 platform so as to show the basic distributions of
6 categories in metro station areas in Xi’an, as shown in
Figure 4.
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Table 1: DC and scope type of 6 transfer stations of Xi’an Metro.

Transfer station Intersecting lines DC (m) Types for scope determining
Beidajie Metro line 1/line 2 0.00 TYPE A
Tonghuamen Metro line 1/line 3 79.72 TYPE B
Xiaozhai Metro line 2/line 3 0.00 TYPE A
Wulukou Metro line 1/line 4 51.80 TYPE B
Xingzhengzhongxin Metro line 2/line 4 0.00 TYPE A
Dayanta Metro line 3/line 4 73.48 TYPE B
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-en, the distribution intensity of each category in a
metro station area was calculated with their POI data and
corresponding weights by the following formula:

x � qij/qj. (1)

In the above formula, x is the distribution intensity, qij is
the weighted POI numbers of category j in a station area i,
and qj is the total ones of category j in all metro station areas
in Xi’an (i� 1∼89, j� 1∼6).

4. Correlations between Distribution and
Built Environment

4.1. Methods of Correlation Analysis

4.1.1. Principles of Correlations. On the one hand, industrial
development and its distributionwithinmetro station areaswill
be differentiated due to the local construction quality level of
the urban built environment. High accessibility in metro
station areas not only reduces travel time cost but also brings
about land appreciation and building rent premium. -us,

industrial sectors with high returns will be more suitable to be
located here according to the theory of competitive rent [20].
Similarly, excellent construction standards and supporting
facilities of office buildings will also be essential to locating
industrial sectors with high returns [21]. Generally speaking,
modernized and high-level construction quality of built en-
vironment promotesmore sectors with high returns to locate in
metro station areas, whereas backward construction quality
hinders sectors to locate in. In addition, because there are
obvious variations of operating costs and benefits in different
high-return industries, industries also have different affordable
rent levels when seeking for office buildings in metro station
areas [22]. Accordingly, the differentiation of the rent level
makes the space demand of office buildings in areas never be
equally satisfied for different industries. -erefore, spatial
competitions within metro station areas have unavoidably
happened among high-return industries through market ac-
tions, and the winner will get the right of building space usage.

On the other hand, industrial development and its
distribution within metro station areas will be differentiated
due to space usage patterns of the urban built environment.

Table 2: Categories of producer services and their POI in Xi’an.

Medium type code/named by
NBSC of China Category

POI
numbers
(pieces)

Relevant keywords in coding table from open port
platform of Amap

Weight for
category

031/Information transmission
service

E-commerce 1067

Fixed telecommunications, mobile
telecommunications, internet access, information
technology consulting, integrated circuit design,

internet platform, and telecommunication business
hall

0.9032/Information technology
services
033/e-commerce support
services
041/Monetary and financial
services Finance and

insurance 5388 Financial and insurance services 1.0042/Capital market services
043/Productive insurance
services
011/R&D and design services

Scientific research
and design 567 Scientific, educational, and cultural services 1.0

014/Standard measurement
service for inspection, testing,
and certification
015/Productive professional
technical services
025/Handling, packing, and
agency services Logistics 5,010 Handling, packaging, cargo transport agency, postal,

express, and delivery 0.8026/National postal and express
services
012/Transformation services for
scientific and technological
achievements

Intermediary
consulting 1,368

Technical promotion service, science and technology
intermediary, intellectual property, productive law,
accounting, auditing, taxation, business consulting
service, advertising, market management service,

translation service, and credit service

0.9
013/Intellectual property rights
and related legal services
072/Consulting and investigation
services
073/Other productive business
services
062/In-kind rental service Leasing 671 Car leasing and equipment leasing 0.8

Total 14,071
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Metro station areas are places where various flows of eco-
nomic elements converge together, so both land use and
buildings hereby tend to be developed in a very high-density
status [23]. However, a high-density usage pattern should
not be undertaken by a single or a few very similar industrial
sectors in metro station areas. Otherwise, an excessive po-
larization of elements integrated by these sectors or even
overload may appear in a short term due to the homogeneity
of the industrial chain, which often leads to adverse effects
(traffic congestion, environmental pollution, inefficient in-
formation, etc.) that reduce the efficiency of industrial al-
location. On the contrary, diversified usage patterns by a lot
of industrial sectors are conducive to balance their demands
of industry and transportation in metro station areas at
different times [24], under which each sector should make

proper use of land and buildings according to its own de-
mands. -erefore, overloaded development can be avoided,
and the efficiency of industrial allocation can be improved
through intensive cooperation on an industrial chain in
metro station areas.

In summary, these two principles of correlations be-
tween industrial distribution and built environment within
metro station areas are theoretically introduced and prac-
tically adopted in the case study below.

4.1.2. Built Environment of Areas in Xi’an. Urban built
environment is created by humans and made of various
artificial elements. Its formation not only relies on patterns
of human production and lifestyle but also affects all kinds of
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Figure 4: POI distributions of 6 categories of producer services in Xi’an. (a) E-commerce. (b) Finance and insurance. (c) Scientific research
and design. (d) Logistics. (e) Intermediary consulting. (f ) Leasing.
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human activities in itself. According to the working or living
patterns and activity intensities, the urban built environment
of a metro station area was divided into 3 space elements in
this paper so as to carefully explain distributing activities of
producer services hereby. -ese elements included job and

residential space, outdoor activity space, and municipal road
one, while their calculating methods are as follows:

(1) Job and residential space.
Diversity index is used to analyze this element, and
the calculation formula is

D � 1 − 􏽘
Nl

N − NO + NR( 􏼁
􏼠 􏼡

2

􏽘 among them: N � 􏽘Nl + NO + NR. (2)

In the above formula, D is the diversity index. N is
the total size of developed land in a metro station
area. Nl is the land size for any planned spatial
function l of jobbing or living in this area. When the
function number is n, l� 1∼n. NO is the land size for
all planned spatial functions of outdoor activities in
this area, such as green lands, squares, parks, and
water bodies. NR is the land size for all planned
spatial functions of municipal roads in this area.

(2) Outdoor activity space.
Openness index is used to analyze this element, and
the calculation formula is

K �
NO

N
. (3)

In the above formula, K is the openness index, and
other symbols have the same meanings as formula
(2).

(3) Municipal road space.
Street network density index is used to analyze this
element, and the calculation formula is

P �
L

N
. (4)

In the above formula, P is the street network density
index. L is the total length of municipal roads in the
area, and the other symbols have the same meanings
as formula (2).

4.2. Results of Correlation Analysis

4.2.1. Calculations of Correlations. Basic data about 3 space
elements of the built environment was obtained through the
land use planning and transportation system planning of
Xi’an downtown issued by Xi’an Natural Resources and
Planning Bureau. -en, the satellite images of metro station
areas taken from the AutoNavi map were compared with the
basic data from planning. If there were some obvious dif-
ferences between them, on-site investigations should be
carried out for further supplementary and calibration in
order to grasp the developing status of the built environment
accurately. In addition, 8 metro station areas outside the
planning scope of Xi’an downtown were excluded from the

next analysis of the built environment due to their non-
official planning procedures and results.

All the basic data about 3 space elements of 81 remaining
metro station areas in Xi’an were obtained with the help of
the above steps. -e diversity index D in each area was then
calculated by using equation (2), openness index K by (3),
and street network density index P by (4).

Since the length of the paper was limited, the calculation
results of built environment of metro station areas in Xi’an
were only listed with 4 examples, as shown in Table 3.

Any one of 81 metro station areas in Xi’an was used as a
study sample for correlation analysis, where the distribution
intensity of a certain category of producer services was used
as the dependent variable, and indexes D, K, P of built
environment hereby were correspondingly used as the in-
dependent variables. Meanwhile, since the total developed
land of a metro station area consisted of job and residence
space, outdoor activity space, and municipal road space
based on formula (2), a collinear relationship surely existed
among 􏽐Nl, NO, and NR in an area. So, a measuring tool for
second-order partial correlation analysis would be adopted
to calculate the coefficient in this paper so that drawbacks of
collinearity among independent variables could be avoided.
[25].

-e calculation formula of all samples by using a second-
order partial correlation tool is as follows:

rx,1,2,3 �
rx,1,2 − rx,3,2 · r1,3,2�������

1 − r
2
x,3,2

􏽱

.

�������

1 − r
2
1,3,2

􏽱 .
(5)

In the above formula, x is the distribution intensity of
any one of 6 categories of producer services in metro station
areas. r is the second-order partial correlation coefficient
between x and index marked 1 expressing one of the three
space elements of the built environment when the other two
indexes marked 2 and 3 are controlled. When 1 is set as D, 2
and 3 are set asK and P; when 1 is set asK, 2 and 3 are set as P
and D; when 1 is set as P, 2 and 3 are set as D and K. Other
symbols have the same meanings as equations (1)∼(4).

By formula (5), the strength and direction of net cor-
relation between a target-dependent variable x and an in-
dependent variable index were shown through the
calculating value of coefficient r at a prescribed significance
level, as well as its plus sign or minus one. If the value of
coefficient was large with a plus sign, the higher the positive
correlation between distribution intensity of category and
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this index of the built environment was. On the contrary, the
negative correlation between distribution intensity and in-
dex was higher when the value was large with a minus sign.

For 81 samples of metro station areas in Xi’an down-
town, the second-order partial correlation coefficients be-
tween distribution intensity x of each one of 6 categories and
each index of D, K, and P were completely done through 6
groups of calculations by (5). -e results are shown in
Table 4.

4.2.2. Explanations to Correlations. -e correlation per-
formances between the distribution intensity of each cate-
gory and index D are analyzed, respectively, and compared
comprehensively by rows of Table 4 and so does index K and
index P. Generally speaking, the correlation mechanisms
between distribution and space elements of the built envi-
ronment in metro station areas are explained as follows:

(1) Significant Positive Correlations between the Distribution
Intensity and Diversity of Job and Residence Space for Most
Categories. On the whole, the constructions of the job and
residential space are small in scale but good in quality based
on the developing mode of office buildings within metro
station areas. As typical industrial sectors with intensive
knowledge, technology, and innovation, producer services
need office buildings with a less scale but more premium
decorations and in-house facilities for their daily operating,
as well as high-accessible urban locations. -erefore, lots of
producer services are attracted to clusters in metro station
areas where locational advantages of jobbing and living are
more obvious than other urban localities. What is more,
because most sectors of producer service have a very wide
range of industrial connections, many other sectors asso-
ciated with them on industrial chains are apt to cluster near
the locations of producer services. So, the more diversified
development of job and residence space in a metro station
area, the more varieties of office buildings can be constructed
not only for the uses of producer services themselves but also
for associated sectors on their industrial chains. In a word, all
industries will benefit from the intensive sharing distribu-
tion in the metro station area, which leads to both well-
served operations and industrial agglomerations.

-e detailed explanations to correlations between the
distribution of each category and job and residence space are
as follows:

-e largest positive and significant correlation coefficient
was detected in the category of scientific research and design
(0.436), and the reasons lie in its strong and multidirectional
physical industrial linkages. Enterprise kinds linked with this

category on industrial chainsmainly include exploration and
mapping, special equipment, printing and publishing, sci-
ence exhibition and advertisement, and catering and ac-
commodation. All of them expect to make a shorter trip of
materials handling to or from enterprises of scientific re-
search and design and contact their personnel conveniently
through face-to-face visiting.-erefore, it is believed that the
diversity of job and residence space surely helps these linked
enterprises share suitable buildings in metro station areas so
that their handling and visiting trips are shortened as far as
possible.

-e correlation coefficients were positive and significant,
but the values were correspondingly reduced in the cate-
gories of intermediary consulting (0.244), finance and in-
surance (0.237), and e-commerce (0.213). Although
enterprises of these categories also have strong industrial
linkages, parts of their servicing products can be chiefly
presented by information technology with digital and
standardized forms. So, these categories will often com-
municate with the linked enterprises on industrial chains by
Internet or telecommunications besides handling and vis-
iting, while the requirement of being located in diversified
job and residence space is true but declining for these
categories.

-e correlation coefficients were not significant in the
categories of logistics and leasing. -e components of lo-
gistics production chain include collection, transportation,
storage, sorting, and delivery. Only some collection and
delivery to initial and terminal clients can be located in
metro station areas because of their little use of warehouses
and transportation facilities, while other components ought
to be close to urban freight hubs in suburban districts where
a large number of warehouses and transportation facilities
have already constructed. Similarly, since leasing subjects in
producer services generally have high value or large volume,
only stores responsible for soliciting leasing clients and
marketing can be located in metro station areas. Other
components of the leasing production chain ought to be far
from metro stations, such as storage and maintenance.

(2) Significant Negative Correlations between the Distribution
Intensity and the Openness of Outdoor Activity Space for
Most Categories. On the whole, because the total land of a
metro station area is limited, the share of land left for in-
dustrial development will be smaller when more outdoor
activity spaces have developed in it, such as greening,
squares, parks, and water bodies. By the way, metro station
areas with both high accessibility and good nature sur-
roundings become one of the best places for leisure and
entertainment activities in urban districts and suitable for
consumer services to gather their main target clients through
access advantages. -erefore, on the one hand, large volume
sectors of consumer services are always apt to locate in
hereby, such as catering, shopping, entertainment, hotel, and
fitness. On the other hand, although producer services also
expect a better natural environment and living facilities for
attracting talents to join in, their strong recruitment com-
petitiveness of human resources still rely on sustainable
entrepreneurial conditions and good salaries intrinsically.

Table 3: Indexes of built environment of some metro station areas
in Xi’an.

Station Line (s) D K P
Zhonglou Line 2 0.5775 0.0212 0.0092
Dayanta Line 3, line 4 0.7140 0.1678 0.0063
Chanhe Line 1 0.8683 0.4434 0.0059
Shizhongyiyiyuan Line 4 0.5855 0.0836 0.0067
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As a result, the more land size of outdoor activity space in a
metro station area, the less developing land left for both
producer services and consumer services will be, whereas
more flows of clients will become increasing only for the
consumer one. So, consumer services are much more
competitive than producer services in building renting in-
vestments in metro station areas with high openness under
the game strategies of spatial resources dominated by the
market economy.

-e detailed explanations to correlations between the
distribution of each category and outdoor activity space are
as follows:

-e largest two negative and significant correlation
coefficients were detected in the categories of scientific re-
search and design (−0.521) and finance and insurance
(−0.438). Specific laboratories for experimental testing and
inspecting are necessities to support researching and de-
signing on their production chains so that more quantity
demands of floor areas of office buildings generate in this
category. In addition, convenient and efficient services for
clients are essences of enterprises in the category of finance
and insurance. -us, they must prefer a ground floor within
office buildings directly toward streets so that more quality
demands of floor areas generate in this category. It is sug-
gested that scientific research and design and finance and
insurance are the most vulnerable categories under the
spatial competition between producer services and con-
sumer services where the openness of outdoor activity space
is high.

-e quantity and quality demands of office buildings for
other categories are true but less. So, the extent to which they
are driven away from the areas with high openness by
consumer service due to spatial competition gradually de-
creases and even disappears, while the correlation coeffi-
cients of these categories correspondingly become lower or
even not significant.

(3) Positive but Weak Correlations between the Distribution
Intensity and the Street Network Density of Municipal Road
Space Only for Categories of Intermediary Consulting and
Leasing. -e servicing products of intermediary consulting
have nonstandardized characteristics typically, while fre-
quent face-to-face contacts between its service providers and
customers are still required to establish the trust of business
and reach personalized solutions then. Meanwhile, the travel
proportions of rail transit in all transportation modes are
20% or less in large and medium-sized cities according to a

recent research study in China [26]. So travels for face-to-
face contacts on the production chain of intermediary
consulting heavily rely on various patterns of streets in
metro station areas, on whichmotor vehicles and non-motor
ones run smoothly. -erefore, the greater the street network
density in a metro station area, the better travel conditions
for enterprises of intermediary consulting may be hereby.

Since the leasing subjects are generally of high values,
clients almost never purchase such services only through
online channels. For a prudent management attitude, they
tend to negotiate with service providers through face-to-face
contacts after online screening to finalize the order. Simi-
larly, the greater the street network density in ametro station
area, the better travel conditions for enterprises of leasing
may be.

Except for the above two, frequent face-to-face contacts
with personnel are seldom needed in other categories of
producer services. -us, there is little significant correlation
between their distribution intensity and municipal road
space in metro station areas.

5. Conclusions and Suggestions

Metro station areas in Xi’an, China, were determined, and
POI data of 6 categories of producer services were empir-
ically detected at the beginning of this study. -en, corre-
lated spatial interactions between the distribution of each
category and the space elements of urban built environments
in these areas were carefully analyzed according to the
calculation of second-order partial correlation coefficients.

-e main conclusions include the following correlation
mechanisms:

Complementary mechanism. Producer services need
office buildings with a less scale but more premium
facilities and high-accessible urban location, while
many other sectors associated with them on industrial
chains are apt to cluster together within metro station
areas so as to achieve complementary development and
agglomeration economy through intensive close-range
connections. -us, there are significant positive cor-
relations between the distribution intensity and the
diversity of job and residence space for most categories.
Competitive mechanism. -e more openness of a metro
station area, the less developing land for both producer
services and consumer services will be left, whereas
more flows of clients will become increasing only for

Table 4: Coefficient results of second-order partial correlation.

Second-order partial correlation Dependent variable x

Categories E-
commerce

Finance and
insurance

Scientific research
and design Logistics Intermediary

consulting Leasing

Controlling
variables

Independent
variable Group 1 Group 2 Group 3 Group 4 Group 5 Group

6
K, P D 0.213∗ 0.237∗∗ 0.436∗∗∗ 0.039 0.244∗∗ −0.041
P, D K −0.379∗∗∗ −0.438∗∗∗ −0.521∗∗∗ −0.372∗∗∗ −0.342∗∗∗ −0.057
D, K P −0.005 0.119 0.113 −0.180 0.247∗∗ 0.219∗∗

Note. ∗∗∗means being significant at the 0.01 level, ∗∗means being significant at the 0.05 level, and ∗means being significant at the 0.1 level.
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consumer one. So consumer services are much more
competitive than producer services in buildings renting
investments hereby, and there are significant negative
correlations between the distribution intensity and the
openness of outdoor activity space for most categories.
Selected supporting mechanism. On condition that more
and more travels of people and goods in producer
services are substituted by information technologies as
a whole, only a few travels on municipal streets are
preferred by categories of intermediary consulting and
leasing in order to support their frequent face-to-face
contacts with personnel. So, there are positive but little
weak correlations between the distribution intensity
and the street network density of municipal road space
for these two categories.

Based on the above three mechanisms, urban planning
suggestions on the built environment inmetro station areas are
separately developed for the newly constructed stations in Xi’an
Metro for the future five years. -us, producer services hereby
can be better layout and operated. Firstly, by using the com-
plementary mechanism, more attention should be paid to
diversify the use of commercial and office lands in the area of
the new metro stations in districts where important urban
industrial growth poles are located, as well as the supplies of
various infrastructures. -erefore, more and more related
enterprises are apt to select these metro station areas as their
office sites, while high-quality producer services will cluster
together around their industrial chain. Secondly, by using the
competitive mechanism, more public squares and greening
lands should be planned and finished in the new metro station
areas beside which important natural and cultural scenic spots
exist, while the development of consumer services facilities
should also be appropriately increased hereby. On the contrary,
it is necessary to make the producer service leave for some
other new metro station areas so as to avoid its inefficient
spatial competition with consumer one. -irdly, by using the
selected supporting mechanism, a lot of producer service
enterprises whose productions are highly dependent on in-
tensive transportation through municipal roads are suitable to
be planned in the new metro station areas in developing
suburban industrial districts. As result, both the number of
permanent residents and employment opportunities will
greatly increase at those districts attributed to strong economic
driven forces provided by newly coming producer service
enterprises.
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In this study, based on theMindlin solution in elastic half-space, the stress calculation formula was determined with consideration
of any point in the foundation under the dynamic amplification effect. -e train load was simplified as a concentrated force
moving in the direction of the train, and the stress of the soil under a single wheel load was analyzed. In the state, σz reached a
maximum value of 0.56 kPa when the axle was directly above the soil, and the stress decreased until it approached zero as the
distance from the soil unit increased. -en, taking the Nanning Metro Line 1 as an example, the load was regarded as the
superposition of several single-wheel loads, and the law of the soil stress change at a point directly below the moving line of the
train load at different axle loads, speeds, and burial depths was studied. From the analysis of the results, it could be seen that the
soil stress under different working conditions was always proportional to the train axle load, speed, and burial depths. -e peak
stress ratio corresponding to the depths of 9 m, 12 m, and 15 m was 1:2:11, indicating that the closer the load to the soil, the more
significantly the stress of the soil element increased. Under multiple wheel loads, the soil stress always exhibited continuous cycle
characteristics. -e cycle period was related to the time it took for the metro to pass through the point in the soil, and the cycle
period was the ratio of the distance between each axle and the vehicle speed.

1. Introduction

With the development of urban underground space, subway
rail transit has gradually become the backbone of major cities.
At present, there are 37 subway cities in mainland China, and
four subway cities are under construction. Nanning Metro
Line 1 was the first completed rail transit line in Guangxi
Province, and it opened on December 28, 2016. -e problem
of foundation settlement caused by subway operation has
become more and more prominent. -e vibration and stress
change of soil elements caused by the moving load of a
subway have an important impact. At present, there are the
Boussinesq solution, the Mindlin solution, the empirical
method, and the finite element method for calculating the
foundation soil stress under a traffic load. Among them, the
Boussinesq solution is suitable for road engineering with a
load on a surface [1]. -e Mindlin formula can solve for the

soil stress at any point in the elastic half-space, so it is suitable
for subway engineering at any depth [2]. Ishihara [3] used the
Boussinesq solution to simulate ground rail transportation to
obtain the stress of a soil unit and the stress path of an in-
spection point. -is method reflected the nature of the ro-
tation of the main stress axis of the soil unit caused by the axle
load, but soil element stress of underground traffic could not
be considered. Wang et al. [4] studied a series of theoretical
problems of the Boussinesq solution and Mindlin solution in
depth and in detail. It is believed that the reason for the error
of the Boussinesq formula is that the influence of the soil
above the load surface on a stress distribution is not con-
sidered. -e limitation of the Mindlin formula is that when
the load surface is not a soil but a foundation, the influence on
the stress distribution in the soil needs to be discussed
separately. Yang et al. [5] believed that the assumptions of the
empirical formula proposed by the American Railway
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Engineering Association did not match the actual situation,
that the calculation result was relatively high, and that the
empirical formula for the calculation of the subgrade stress
proposed by the Soviet Union was close to the actual mea-
surement and the difference between the line and the actual
when the line was normal or bad. -erefore, it is necessary to
find a convenient and practical calculation method.

-e instability of the foundation is related to the dy-
namic effect of a train. -ere is an error in the pure static
solution, and it is difficult to reflect the actual stress of
foundation soil. In recent years, underground rail transit has
developed rapidly. With the continuous increase of the axle
loads and speeds of trains, the dynamic effect has become
more intense, so the study of the stress state of the soil inside
a foundation under a dynamic load has drawn attention
from everyone [6, 7]. Ding et al. [8, 9] analyzed and studied
the foundation stress state change caused by subway train
operation and the rotation of the main stress axis and the
viscoelastic solution of the foundation based on the Mindlin
solution in the elastic half-space without considering the
effect of dynamic effects on stress. Liu et al. [10] deduced the
formula of vertical dynamic stress in subgrade soil under a
vehicle dynamic load. -ey first proposed the concept of the
speed coefficient and determined the value through a sim-
ulation test. -e speed coefficient had nothing to do with the
size and weight of the vehicle, and it was about 0.105. -e
vertical dynamic stress was proportional to the load intensity
and vehicle speed. Zhang et al. [11] calculated the dynamic
response solution of any point under a train load based on
the principle of dynamic reciprocity combined with the
generalized Duhamel integral expression. -e inverse Flo-
quet transform and the Fourier inverse transform were used.
After superposition, the dynamic response of any point
under a train load was obtained. -e expressions were in the
time and frequency domains. Li et al. [12] used the complex
variable method, and an analytical solution for the in-situ
stress and displacement of a shallow circular tunnel in the
elastic half-plane under arbitrary distributed loads in the
elastic half-plane was obtained. Gu et al. [13] used the in-
verse conformal transformation and the Cauchy-Riemann
equation. -e implicit form of the exact analytical solution
based on the complex variable method could be derived
from the explicit form of the exact analytical solution. Eason
[14] researched the dynamic response of a semi-infinite
homogeneous space surface under uniform moving loads.
When the velocity of the applied force was lower than the
wave velocity, the displacement and stress components of
the points below the load action point and the distributed
load action area were given. -e numerical results of the
stress components at the points below the center of the
distributed load zone were also given. Grundmann et al. [15]
assumed a foundation to be a linear elastic layered half-
space. -e ordinary differential equation in the vertical
direction was obtained through the Fourier transform of the
time-space domain, and the wavelet transform was used for
error control to analyze the different soils under the motion
load of the half-space dynamic response of the layer. Barros
et al. [16] proposed a method for calculating the displace-
ment and stress in a layered viscoelastic half-space caused by

uniformly moving loads at a surface or a certain depth. -is
method was based on the wavenumber integral represen-
tation of the complete response using the generalization of
the displacement and stress fields. -e accurate decompo-
sition of the transmission and reflection coefficients took
into consideration the effects of layering. Siddharthan et al.
[17] studied the dynamic response of layered saturated soil
under a moving load. A semi-analytical method with a
higher calculation efficiency based on the Biot porous me-
dium formula was proposed for the load under plane strain
conditions, which could be used to process complex surface
loads such as multiple loads, non-uniform pressure, and
other types of time-varying loads. -e accuracy of the model
was verified through experiments. Alabi [18] gave the
parametric research results of the three-dimensional model
of a rail traffic vibration load and studied the dynamic re-
sponse of the moving load speed, train distance, and ground
depth to elastic space.-e calculation results showed that the
displacement was proportional to the moving speed of the
load. In all cases, the displacement decreased approximately
linearly with the increasing soil depth. Wang et al. [19–21]
derived the displacement of the Timoshenko beam in elastic
half-space under the action of a moving load and the so-
lution of the ground surface reaction force based on the
research of Eason. -e steady-state stress caused by the train
load in the foundation was obtained when the train speed
was less than the Rayleigh wave speed response answer. Hu
et al. [22] used the 2.5-dimensional finite element analysis
method. -e track was simplified to Euler beams, the train
load was reduced to single or multiple moving axle loads, the
track-embankment-foundation coupling analysis model was
established, and the stress of the summarized soil unit body
was summarized. -e law of rotation of the path and the
principal stress axis gave the dynamic response of the track
structure and the ground under axial loads moving at
various speeds. Chen et al. [23] simplified the vibration effect
of rail transit into a uniform load and a single-wheel load,
and the stress state changes of the soil element under the two
simplified loads were analyzed. -e research results showed
that the stress path of the soil element was “apple-shaped” in
the process of the load from a position close to the soil
element to a position far away from the soil element.

Most of the above analyses were related to the dynamic
response of a subgrade surface for a high-speed rail or road
traffic, or they used pseudo-static solutions to calculate the
internal soil stress of the foundation, which were difficult to
apply to high-speed underground rail transportation. -e
greater the train axle load and speed, the violent the train
dynamic effect, so the calculation of subway vibration stress
considering the dynamic effect is still worthy of study.
Based on the above problems, in this study the metro load
was simplified as a concentrated force moving in the di-
rection of the metro based on theMindlin solution of elastic
half-space. -e stress calculation formula of the dynamic
effect analyzed the stress state of the soil at a certain point
directly below the moving line of the train under the load of
a single axle and multiple sets of axles, and the effects of the
vehicle speed, axle load, and buried depth on the stress were
studied.
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2. Mindlin’s analytical
solution considering speed

According to Mindelin’s research, when the concentrated
force P acted on the depth c of the elastic half-space body see

Figure 1 , the stress in the soil at any point from the surface
depth z in the foundation could be expressed as [24]:
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(1)

where σz is the stress at any depth directly under the load, z is
the depth of a certain point, c is the depth of embedding of
the load force, P is the concentration force, μ is Poisson’s
ratio of the soil layer, and x is the horizontal distance be-
tween the load acting point and the calculation point.

-e vehicle load was a kind of dynamic load, and it was
obviously insufficient to replace its effect on the roadbed
with static force only. -e stress of the wheel load on the
track was related to the lateral bending of the track, the
eccentric vertical load, the vehicle speed, and other factors. A
dynamic wheel load would result in a dynamic stress value
that was higher than the static value. -e general method
used to determine the wheel load was to empirically express
the wheel load as a function of the static wheel load.
According to the literature [25], the most comprehensive
method for determining the influencing factors is the for-
mula proposed by the International Railway Union Research
and Test Office (ORE) based on the measured track results.

-e influence coefficient was defined suing three di-
mensionless velocity coefficients α′, β′, c′, namely:

ϕ � 1 + α′ + β′ + c′. (2)

Among these coefficients, α′ and β′ are related to the
average value of the impact factor, and c′ is related to the
standard deviation of the impact factor. α′ depended on the
track level, vehicle suspension, and vehicle speed, which was
expressed as:

α′ � 0.04
V

100
􏼒 􏼓

3
. (3)

-e numerical coefficient of 0.04 mainly depended on
the resilience of the vehicle suspension.

According to the calculated value of the SNCF (Societe
Nationale des Chemins de Fer Francaise) formula, the value

range was 0.13–0.17. According to the observed value, in
almost all cases, the measurement coefficient α′ on the
tangent trajectory was greater than the calculated α′ + β′.
-erefore, only α′ was regarded as the average value of the
impact factor, and β′ was ignored.

c′ was related to the vehicle speed, track age, vehicle
design, etc. -e data showed that c′ increased with the
vehicle speed, which could be estimated with the following
formula:

c′ � 0.01 + 0.017
V

100
􏼒 􏼓

3
. (4)

By substituting α′, c′ into (2), we could obtain:

ϕ � 1.1 + 0.021
V

100
􏼒 􏼓

3
. (5)

In the formula, φ is the dynamic coefficient, and V is the
running speed of the train, in units of km/h.

-en, considering the stress of the wheel load on the
track under the dynamic effect, the calculation could be
simplified as σd � ϕ · σz.

3. Calculation of the vibration stress during the
operation of the Nanning subway

3.1. Dynamic stress solution under a single wheel load. -e
force of the subway was simplified, the wheel load was
treated as a concentrated force that ran at a certain speed in
the direction of the subway, and the stress state of the
foundation was studied based on the Mindlin solution at a
certain depth under the load of a single wheel and axle.

Under the load of a single wheel, because the calculated
soil element was directly below the load movement line, y �

0. -e formula could be simplified to:
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-e stress of the single-wheel load on the soil element is
shown in Figure 2. -e foundation soil was homogeneous
soil, and the axle load depth was c � 12 m.-e calculated soil
element was located 4 m directly under the tunnel (x � 0, y �

0, z � 16 m). -e subway ran at v � 40 km/h, and the
horizontal distance between the single wheel and the cal-
culated soil element unit was -33 m until the single wheel left
the calculated soil element unit by a distance of 33 m. -e
distance between the load and the calculated soil element
simulated the movement of the load.

According to the Mindlin solution at any point in the
elastic half-space, the shear stress τxy � 0 and τyz � 0 of the
soil element were directly under the load. -en only the
stress state on the x-z plane was studied. As can be seen in
Figure 3, the stress σz increased continuously as the wheel
load approached the soil unit, and the stress reached a
maximum value of 0.56 kPa when it was directly above the
soil element. -e stress value gradually decreased toward 0
when it was away from the soil unit, and its graph was
symmetrical about the z-axis. -e stress σx graph was
symmetrical about the z-axis, and the stress reached a
maximum value of 0.093 kPa at a distance of approximately
5 m from the soil unit. -e shear stress τxz gradually in-
creased as the train approached the soil unit, it reached a
maximum value of 0.16 kPa at a distance of approximately
2 m from the soil unit, and then it was reduced to 0. -e
graph was antisymmetric about the z-axis. It could be seen
that when the load was close to the soil element, the stress
changed greatly, and σzwas much larger than τxz and σx, and
when the load was far from the soil unit, the stress value was
small.

Based on the above research, the stress of the soil at
different burial depths was calculated. Figures 4 and 5
show the calculation of the stress change of the soil unit

when the burial depths were 9 m, 12 m, and 15 m. It can be
seen from the figures that when the load was far away, the
stress value of the soil unit was very small. Within the
horizontal distance range of -2 m to 2 m from the soil unit,
the stress value changed significantly, and it gradually
increased as it approached the soil unit. -e maximum
values of σz and τxz were obtained at the horizontal dis-
tances of 0 m and ±1 m from the soil unit, respectively.
When the buried depth was 9 m, σzmax � 0.20 kPa and
τxzmax � 0.05 kPa. When the buried depth was 12 m, σzmax
� 0.57 kPa and τxzmax � 0.15 kPa. At a buried depth of
15 m, σzmax � 8.74 kPa and τxzmax � 2.49 kPa. It could be
seen that the soil stress was proportional to the buried
depth, the greater the depth of the tunnel, the greater the
stress value, and the more rapid the stress change.
-erefore, the horizontal and vertical loads were smaller,
the distance from the soil was smaller, and the impact on
the stress state of the soil was greater.

3.2. Dynamic stress solution under multi-wheel load. -e
Nanning Metro Line 1 subway train used a 6B formation,
which meant that the metro was arranged with six type B
cars and the type B cars had a length of 19 m, a fixed distance
of 12.6 m, a fixed wheelbase of 2.2 m, an axle weight of 14 t,
and a maximum operating speed of 80 km/h. -e train
model is shown in Figure 6.

-e train load acted on the foundation soil through the
wheels, and the stress of the soil unit was calculated as the
superposition of the stress generated by each wheel load at
the point of action.-e train had four pairs of wheels in each
car, and the total stress value was the stress accumulation of
24 pairs of wheel pairs at the calculated point. -e stress
calculation formula was:

y
z

(x,y,z)

x

(0,0,c)

c
c

z=0

(0,0,-c)

0

R
2

P r
Ŕ

Figure 1: Concentrated force in the soil.
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(7)

3.2.1. Different loads. -e subway train load depth was taken
as c � 12 m, and it was calculated that the soil unit was
located 4 m directly under the tunnel (x � 0, y � 0, z � 16 m).
When the train ran at a speed of v � 80 km/h and when the
axle weights were 11 t, 14 t, and 16 t, the stress state of the soil
changed. -e train ran at v � 80 km/h, and the head distance

was calculated from the soil unit as -33m until the car left the
soil unit for a distance of 33 m, that is, for t �-4 s to t � 4 s.
-e stress state change of the soil element was calculated,
and the load movement was simulated with the distance
change between the load and the calculated soil element.-e
calculation result is shown in Figure 7.
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Figure 3: Changes of the soil stress state under a single wheel load.
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Figure 4: σz at different burial depths.
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Figure 5: τxz at different burial depths.
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Figure 2: Stress state of the soil element under a single wheel load.
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3.2.2. Different buried depth. -e depths of the load were
taken as c � 9 m, 12 m, and 15 m.-e calculated soil unit was
located 4 m directly under the tunnel (x � 0, y � 0, z � 16 m).
-e axle load of the train was 14 t. When running at a speed
of v � 80 km/h, the change of the soil stress state was studied.

3.2.3. Different speeds. -e axle load of the train was 14 t,
and the buried depth was 12 m. -e initial distance between
the train and the soil unit was -33 m, when the train ran
through the soil unit at speeds of 40 km/h, 80 km/h, and 120
km/h. At different speeds, the times for the vehicles passing
through the soil unit at different speeds were 16 s, 8 s, and 4 s.
-e stress state of the calculated unit is shown in Figure 9.

It can be seen in Figures 7 and 9 that under different
operating conditions, the stress of the soil unit of the metro
load always had a continuous cycle characteristic, and the
dynamic stress value of each cycle period was not completely
equal. -e stress state change at the calculation point in the
process of moving away from the soil unit was symmetrical;
that is, where the horizontal distance from the soil body was
equal, the stress value was almost equal.

-e cycle period was related to the length of the metro
and the speed; that is, the faster themetro passed through the
soil unit, the shorter of the cycle period. -e rear wheel of
each car and the front wheel of the next car were regarded as

a group. Each group of the wheel axle caused a group of
stress cycles. -e first car front wheel and the last car rear
wheel caused a group of cycles, for a total of seven cycles.-e
number of cycles was related to the number of wheels and
axles.-e peak stress in each cycle that appeared in the wheel
shaft reached directly above the soil element. -e closer the
wheel shaft to the soil element, the greater the influence on
the stress of the soil element.-erefore, the stress was related
to the burial depth of the tunnel. In addition, the stress was
positively related to the magnitude of the load applied to the
soil. -e load was related to the axle weight and speed.

It can be seen in Figure 7 that when the axle loads of the
train were 11 t, 14 t, and 16 t, the corresponding peak stresses
of the soil were 0.90 kPa, 1.40 kPa, and 1.60 kPa, respectively,

2.2 m 2.2 m 2.2 m 2.2 m 0

x

x (m)

y (m)

12 m 12 m
5 m

Figure 6: Schematic diagram of the vehicle model.
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Figure 7: σz (o)f soil with different axes.
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Figure 8: σz of soils with different depths.
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Figure 9: σz of soil at different speeds.
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and the stress increased with the increase of the axle load.
-e stress that was exerted by the lower wheel on the track
was proportional to the train speed. As shown in Figure 8,
when the train speeds were 40 km/h, 80 km/h, and 120 km/h,
the corresponding peak stresses of the calculated soil unit
were 1.26 kPa, 1.43 kPa, and 1.60 kPa.

It can be seen in Figures 4 and 9 that the effects of different
tunnel burial depths on the stresses of the soil elements under
multi-wheel loads and the dynamic responses under single
wheel loads showed a proportional relationship between the
stress and the burial depth. Additionally, the soil stress at the
depth of 15 mwas significantly greater than the soil stresses at
the depths of 12 m and 9 m.

4. Conclusions

In this study, based on the Mindlin solution, the change of
the stress state of the foundation under a single wheel load
and multiple wheel loads under different conditions was
calculated.-e law of the soil stress at a certain point directly
below the moving line of the train load was as follows.

1. Under the load of a single wheel, the stress σz reached a
maximum value of 0.56 kPa when the axle was directly above
the soil element, and the stress decreased until it approached
zero as the distance from the soil unit increased. -e stress
value and the burial depth had a positive correlation, and the
σzmax values corresponding to 9 m, 12 m, and 15 mwere 0.20
kPa, 0.57 kPa, and 8.74 kPa, respectively. -erefore, the
greater the burial depth, the greater the stress value, and the
more significant the stress change.

2. When a multi-wheel load was applied, the stresses of
the soil passing through the soil unit under different working
conditions all exhibited continuous cycle characteristics. -e
number of cycles was related to the number of wheels, and the
cycle period corresponded to the time it took for the wheel
loads to pass through the soil element, which was related to
the length of the metro and the speed of the vehicle.

3. Under the load of multiple wheels, the soil stress
peaked when each train axle was directly above the calcu-
lated soil element. When the metro axle weights were 11 t, 14
t, and 16 t, the corresponding peak soil stresses were 0.90
kPa, 1.40 kPa, and 1.60 kPa. When the train speeds were 40
km/h, 80 km/h, and 120 km/h, the corresponding peak stress
values of the calculated soil unit were 1.26 kPa, 1.40 kPa, and
1.48 kPa, respectively. -e corresponding peaks of the soil
stress at the burial depths of 9 m, 12 m, and 15 m were 0.72
kPa, 1.40 kPa, and 8.9 kPa, respectively. It could be seen that
the magnitude of the stress was directly proportional to the
axle load, speed, and burial depth of the tunnel.

In this paper, the calculated and analyzed metro axle
weights are 11 t, 14 t, and 16 t, and the metro speeds are 40
km/h, 80 km/h, and 120 km/h. -e vibration stress under
other metro axle weights and speeds needs to be further
studied.
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Saturated soft loess has a large pore structure, high compressibility, low strength, fluid plastic state, and poor engineering
properties. It is still one of the key problems that engineering needs to solve. In order to study the influence of deep foundation pit
excavation in the saturated soft loess area on the deformation of foundation pits, the deformation laws of ground settlement,
enclosure structure, and supporting axial force were clarified based on the field tests on the deformation characteristics of deep
foundation pits in areas with the high-water level in saturated soft loess, combined with geological conditions and on-site
construction procedures. .e results indicate the following: water supply and construction process were found to be the main
factor in changing the surface settlement curve of deep foundation pits in saturated soft loess; increasing the construction speed of
the pit bottom floor, inverted braces, floor frame beams, and sidewall frame beams to close the structure, which is conducive to
restraining the deformation of the continuous underground wall and foundation pits in similar areas. In the initial stage of support
layout, the axial force of steel support tends to increase too fast or even exceed the standard control value. .erefore, a reasonable
preadding axial force is an effective means to control the deformation of the continuous underground wall and the axial force of
the steel support. .e current research results may provide a reference for constructing deep foundation pits in similar areas.

1. Introduction

Loess is a kind of yellow silt sediment that is transported by
wind. It is widely distributed in arid and semiarid areas in
the Northwest of China, such as Shaanxi, Shanxi, and Gansu,
as shown in Figure 1. It was deposited under special climate
and geological conditions [1]. In this case, the naturally
deposited loess has a typical structure, and loading and
humidification can gradually destroy the loess structure
[2, 3], which can cause engineering hazards [4, 5]. One type
of loess is saturated after being soaked by water and loses its
collapsibility, but still has a large pore structure, with greater
compressibility, lower strength, flow plasticity, and poor

engineering properties, and is called saturated soft loess.
During precipitation excavation in saturated soft loess areas,
the surrounding ground subsidence usually occurs resulting
in accidents from time to time [6–8].

Saturated soft loess is mainly distributed in Xi’an, China.
In recent years, the rapid development of Xi’an has increased
the scale of foundation pit excavation in saturated soft loess
areas. Due to the complexity and uncertainty of the site
conditions of deep foundation pit excavation, the existing
theory cannot consider the influence of various factors on
the deformation simultaneously. On the other hand, the field
monitoring data reflect the comprehensive effect of various
factors in the construction process. .erefore, a thorough
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analysis of monitoring data has become an effective way to
understand deep foundation pits’ deformation laws in sat-
urated soft loess.

In recent years, many scholars have analyzed the
monitoring of different types of deep foundation pits in loess
and soft soil areas. Clough, Long, Moormann C, and others
carried out a classification study on the deformation of
different foundation pits around the world and obtained the
deformation law of foundation pits during construction
[9–11]; Mei and Yang analyzed the deformation charac-
teristics and influencing factors of foundation pits in Xi’an,
Shanghai, Ningbo, Hangzhou, and other regions, respec-
tively [12–14]; Zhou Yong, Ren Jianxi, Liu, Zhi, Li Zhe,
Eibaz, and Wang Guohui studied and analyzed the moni-
toring data of pile displacement, surface settlement outside
the pit, supporting axial force, and groundwater level during
the excavation of the foundation pit [15–21]; Xu Jian and
Zhang, respectively, compared numerical simulation and
monitoring data of foundation pit excavation to analyze the
deformation characteristics of foundation pit [22, 23]; Zhang
and Di studied the influence of the enclosure structure on
ground settlement [24, 25]; Farzi et al. [26] conducted a
systematic survey of the complex geotechnical characteris-
tics of Ahwaz, and the displacement value during con-
struction and excavation was checked and evaluated; Wang
et al. [27] analyzed the influence of soil structural changes on

the horizontal displacement of the retaining structure wall,
ground settlement, and adjacent subway tunnels during the
excavation of the foundation pit; and Liu et al. [28] analyzed
the influence mechanism of rainfall on the deformation of
the soft soil foundation pit support structure.

.e aforementioned research provides an effective ref-
erence for analyzing foundation pit excavation deformation
law. However, there is less monitoring and analysis of deep
foundation pit construction in saturated soft loess areas with
high-water levels. .erefore, this article aimed to analyze
and study the deformation laws between the groundwater
level, the ground surface, continuous underground walls,
and internal supports during the construction of deep and
high-level foundation pits in saturated soft loess. .e results
can provide references for the excavation and the defor-
mation prevention measures of deep foundation pits in
similar saturated soft loess areas to ensure the safety and
stability of the foundation pit.

2. An Overview of the Test Section

Saturated soft loess has the characteristics of large pore
structure, high compressibility, low strength, and flow plastic
state, whichmakes the engineering properties of saturated soft
loess poor..ese factors increase the construction risk of deep
foundation pit excavation in saturated soft loess areas. .e
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Chan River
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Xi’an

Main loess area of China

Xingqing park

Figure 1: Main distribution of saturated soft loess in Xi’an, China.
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saturated soft loess in Xi’an, China is mainly distributed in
Chanhe, Bahe, Xiaozhai, Xingqing Park, and other areas, as
shown in Figure 1. As construction progresses, a subway in
Xi’an passes through the core area of saturated soft loess in
Xingqing Park. As shown in Figure 2, the deep foundation pit
of the shield shaft is 28.6m from the nearest Xingqing Lake.
.e urban area is dense, and there are old constructions
around it. .erefore, the control requirements are very strict.
.erefore, the deep foundation pit was selected as the test
section for the on-site monitoring test.

.e outer size of the deep foundation pit is 26.7m× 8.6m,
and the open-cut method is adopted. .e depth of the
foundation pit is 30.45m, and the thickness of the roof
covering is about 11.6m. According to the geological survey
report, the top-down stratum of the site topography is arti-
ficial plain fill above the groundwater table, saturated soft
loess below the groundwater table, ancient soil, old loess, silty
clay, medium sand, and silty clay, as shown in Figure 3. Except
for artificial filling, the remaining soil layers are continuously
and evenly distributed throughout the site, and the layer
thickness is relatively uniform..e physical parameters of soil
are shown in Table 1.

3. Test Plan

3.1. -e Foundation Pit Support Plan. .e dewatering of the
foundation pit for this project uses the water-stop curtain
combined with the dewatering scheme in the pit. .e total
number of dewatering wells is 14. .ere are 4 dredging wells
and 10 observation wells. .e foundation pit adopts the
method of laying wells in the pit, as shown in Figure 4. After
the underground diaphragm wall construction is completed,
the foundation pit will be excavated when the dewatering
meets the design requirements. After the first layer is ex-
cavated, the reinforced concrete crown beam and the sup-
porting beam will be erected. After the concrete strength is
reached, the second layer will be excavated and erected in
time. .e steel support will be excavated downward layer by
layer.

.e supporting structure of the foundation pit adopts the
supporting form of a continuous underground wall com-
bined with internal support. .e continuous underground
wall adopts C30 concrete, the thickness is 1m, the under-
ground depth is 45m, and the embedded depth is 14.5m, as
shown in Figure 4.

.ere are six supports in the foundation pit. .e first
support is made of C30 concrete. .e second to sixth steel
supports are supported by steel pipes with a diameter of
609mm and a thickness of 16mm. .e fifth steel support is
set with inverted supports. During the continuous wall
construction, the steel plate is embedded in the corre-
sponding position, and the excavation and support are
conducted during the earth excavation process. .e steel
support layout is shown in Figures 5.

3.2. Monitoring Plan. To prevent the excessive deformation
of the foundation pit from causing safety problems, it is
necessary to monitor the surrounding environment, the

continuous underground wall, and the supporting system.
.e layout of the measuring points is shown in Figures 6 and
4, and the main monitoring items are shown in Table 2.

3.3. Analysis of Working Conditions. .e foundation pit
monitoring data collection work took 79 days from the
erection of the second steel support to the removal of the first
steel support. To study the general law of mutual influence
among water level, ground settlement, and enclosure
structure, the foundation pit was divided into 14 working
conditions, as shown in Table 3.

4. Analysis of Monitoring Results

4.1. Analysis of Groundwater Level and Surface Subsidence
Data. Before this experiment, the foundation pit had been
dewatered for 20 days. After the water level in the pit fell
below −31.5m, the foundation pit began to be excavated..e
monitoring data of the longitudinal observation wells GJ3,
GJ5, GJ6, and GJ8 of the foundation pit were extracted, and
the data from the beginning of the deep foundation pit to
when the water level outside the pit stabilized were selected
for analysis, which lasted for 64 days. .e groundwater-level
monitoring curve of the dewatering wells in each pit is
shown in Figure 7. It can be seen from the figure that the
overall trends of the 4 observation wells were consistent. 36
days ago, due to the continuous precipitation of the foun-
dation pit, the water levels of the 4 observation wells were all
decreasing; after 36 days, the water level outside the pit
fluctuated due to the occurrence of water gushing; and the
water level gradually stabilized after the water gushing
problem was solved. .e final descending water levels of the
observation wells were −3m, −2.5m, −4.1m, and −3.9m,
respectively. .e analysis shows that due to the replenish-
ment of the water source, the water levels of the observation

Xingqing lake

Deep foundation pit

Tunnel section

28.6 m

Figure 2: .e location of the foundation pit.
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wells GJ3 and GJ5 on the right side of the foundation pit
were significantly higher than those on the left side of the
foundation pit and the water levels of the observation wells
GJ6 and GJ8 on the other hand.

A total of 29 ground subsidence monitoring points were
set up in this experiment. Data from CJ1-1 to CJ5-6 were
examined. Figure 8 shows the settlement time-history curve
of the 3 loops around the foundation pit. .e positive value

represents the uplift and the negative value represents the
settlement. Referring to Figure 4, taking the center of the
foundation pit as the dividing line, it can be seen from
Figure 8 that due to the replenishment of nearby water
sources, the ground surface on the left side of the foundation
pit is partially uplifted, and the ground surface on the right
side is partially subsided. On the 14th day of the monitoring,
a water inrush occurred near the CX2 monitoring point, and

410.151 m

1

30
.5

14
.5

1

Bottom depth
379.651 m 

Dewatering well 

Diaphragm Wall 

0.7

Elevation

Figure 3: Underground diaphragm wall structure design (unit: m).

Table 1: Physical and mechanical parameters of soil.

Stratum Dry weight (kN/m3) Cohesion (kPa) Internal friction angle (。) Permeability coefficient (m/d−1) Poisson’s ratio
Plain fill — 10 12.0 — 0.38
Saturated soft loess 14.7 15 15.0 5 0.37
Paleosol 16.4 20 18.0 4 0.33
Old loess (soft) 16.6 20 18.5 3 0.35
Silty clay 16.0 30 21.0 3 0.30
Nakasago — 0 32.0 25 0.25
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the data fluctuated and began to disperse. After 7 days, the
water inrush problem was solved, and the ground subsi-
dence gradually stabilized..rough the comparative analysis
of Figure 8(a)–8(c), as the distance from the foundation pit
increased, the settlement or uplift of the ground outside the
pit gradually decreased.

Data were extracted from surface monitoring points
CJ3-1, CJ3-2, CJ3-3, CJ3-4, and CJ3-5, and the changes were
analyzed in surface settlement from the installation of the
second steel support to the end of the negative second floor
inverted support construction. As shown in Figure 9, it can
be seen that due to the water supply on the right side of the
foundation pit, the ground surface on the left side of the
foundation pit is partially uplifted, and the ground surface
on the right side is partially subsided. At the same time, in
condition S6, the data begin to change when water inrush
occurs, and then the data are stable.

An analysis was conducted from the installation of the
second steel support to the removal of the second and first
steel supports, the locations of the largest settlement and the
largest uplift of the ground surface, as shown in Figure 10. It
can be seen from the figure that the foundation pit con-
struction has the greatest impact on CJ5-5 before the water
inrush. However, the surface settlement deformation is
small, and the deformation is relatively slow. After the water
gushing, the uplift value of CJ4-4 is the largest, and the
settlement value of CJ2-5 is the largest..e surface uplift and
settlement are both experiencing high acceleration until the
water gushing problem is solved.

.e aforementioned data analysis shows that the water
gushing from the foundation pit significantly impacts the
groundwater level and surface settlement. During the
construction of the foundation pit, attention should be paid
to the changes in the groundwater level and ground set-
tlement to avoid water inrush accidents.

Figure 11 shows the maximum settlement (Hz) ratio of
the measured points of the actual measurement target
section to the maximum excavation depth (H) of the
foundation pit. It can be seen from the figure that the surface
settlement increases with the increase in the excavation
depth of the foundation pit. .e maximum surface uplift
distribution range is 0.0023%H∼0.0215%H, with an average
value of 0.0111%H, and the maximum surface subsidence
distribution range is 0.0032%H∼0.0187%H, with an average
value of 0.0096%H..e average value is less than the average
value of 0.043%H calculated by the statistics of the Xi’an
loess area [12]. .is is due to the reduction of surface set-
tlement caused by the water source replenishment near the
foundation pit, which is less than the average value of the
Xi’an loess area.

Figure 12 is a histogram of the maximum settlement of
each measurement point in the actual measurement target
section. Figure 12 shows that among all the measurement
points in the actual measurement bid section, the maximum
uplift value of the surface outside the pit is 6.57mm, the
average value is 2.432mm, the maximum settlement value is
5.68mm, and the average value is 1.286mm. .is is due to
the replenishment of the water source causing the surface
uplift value to be greater than the settlement value.

.rough comparison, it is found that the ground set-
tlement caused by deep foundation pit excavation is very
different due to the difference in soil quality. Long and
Michael [10] studied Hong Kong and other soft soil areas
and Hashash [29] studied that the clay layer foundation pit
characteristics are not much different..emaximum surface
settlement distribution range is distributed between 0.08%H
and 0.15%H; Moormann’s [11] statistics show that the
surface subsidence range of soft clay areas is from 0.5%H to
2%H; the surface subsidence range of Xi’an and other loess
areas studied by Mei et al. [12] ranges from 0.0114%H to
0.02%H. Compared with the above-mentioned soil quality,
saturated soft loess has higher compressibility and lower
strength. When excavating deep foundation pits in saturated
soft loess areas, special attention will be paid to changes in
the groundwater level during the design and construction
stages. Dewatering causes changes in the groundwater
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outside the pit, which will cause the pore water pressure in
the soil to drop. According to the principle of effective stress,
the decrease of pore water pressure in the soil layer will

increase the effective stress, leading to the compression of
the soil layer and the decrease of porosity. However, the
ground subsidence caused by the excavation of the deep
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Figure 6: Plan of steel support (unit: m).

Table 2: Main items of foundation pit monitoring.

Serial
number Monitoring items Monitoring

instrument Measuring point layout Measurement
accuracy Allowance

1 Surface settlement
around the pit Level

Arrange 2 rings along the circumference of
the pit, the first ring is 2.0m away from the
periphery of the foundation pit, the second
ring is 8m away from the periphery of the
first ring, and the distance between the
measuring points of each ring is 10–20m

1.0mm

0.3%H or
≤30mm,

whichever is
smaller

2
Horizontal

displacement of
diaphragm wall

.eodolite Total
station

Layout along with the middle and outside
corners of the periphery of the foundation
pit, with a spacing of no more than 20m, and
no less than 3 underground continuous walls

on each side

1.0mm

0.2%H or
≤30mm,

whichever is
smaller

3 Support axial force Axial force gauge
Strain gauge

.e deformation of the diaphragm wall is set
at the same monitoring section, and the

vertical supports at the same section position
are set at measuring points

0.15%F.s 0.8f

4 Groundwater level Water-level pipe
Water-level meter

.e midpoint of the long and short sides of
the foundation pit, and the distance between
20 and 50m when the foundation pit is large,
needs to be combined with the precipitation

plan

5.0mm
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foundation pits studied in this paper is smaller than that in
other areas. .is is due to the special situation of water
sources near the test area. Recharge was carried out during
the precipitation process, which weakened the impact of
precipitation on soil compression.

It can be seen that due to the nearby water supply, the
surface settlement caused by deep foundation pit excavation
in the saturated soft loess area is smaller than that in other
areas. However, it should be noted that the saturated soft
loess has greater compressibility and low strength. During
the excavation of deep foundation pits, once the water level
outside the pit drops too much, the consequences are often
serious. Special attention and control of ground settlement
should be given during design and construction.

Figure 13 shows the distribution of the maximum sur-
face settlement deformation of the monitored section and
the ratio of the distance from the edge of the foundation pit
to the excavation depth of the foundation pit during the
excavation of the foundation pit. It can be seen that the
settlement points caused by the excavation of the foundation

pit all fall within the area I summarized by Peck [30]; the
average distance between the maximum vertical deforma-
tion position of the ground surface and the edge of the
foundation pit is 0.341H, which is less than the average value
of the Xi’an loess area; and the statistical average is 0.521H
[12]. .is is because the water level outside the pit in the test
area is higher than the average water level in the Xi’an loess
area, and the pore pressure of the soil layer is large, resulting
in less ground settlement. .erefore, the average distance
between the maximum vertical deformation position of the
ground surface and the edge of the foundation pit is less than
the statistics of the Xi’an loess area. .e average value was
obtained.

Due to the small excavation area of the foundation pit
and the presence of nearby water sources, the groundwater
was recharged during the excavation of the foundation pit.
So the surface settlement outside the pit is small, but it will
cause surface swelling outside the pit. .erefore, during this
process, we need to pay attention to the surface subsidence
and the surface uplift.

4.2. Data Analysis of Horizontal Displacement of the Dia-
phragm Wall. Using the CX1 monitoring point as an ex-
ample to analyze the horizontal displacement of the ground
connecting wall, Figure 10 shows the horizontal displace-
ment curve of the diaphragm wall under different working
conditions. From Figure 14(a) and 14(b), it can be seen that
the horizontal displacement curve of the diaphragm wall
under different working conditions has the exact change.
Due to the installation and removal of the steel support, the
underground diaphragm wall and the middle change are
large. Due to the upper concrete and the lower soil support,
the deformation at the lower ends of the continuous un-
derground wall is smaller. It can be seen from the figure that
as the excavation depth of the foundation pit increases, the
deformation of the underground continuous wall is “ser-
rated,” which is different from the general “bow” [14]..is is
because the preaxial force of the steel support is too large,
resulting in the continuous underground wall not being able
to bear the force together with the steel support.

Table 3: Main analysis conditions of foundation pit.

Working condition Content Duration/day
S1 Install the second steel support 1
S2 Excavate to 17m, install the third steel support 3
S3 Excavate to 23m, install the 4th steel support 4
S4 Excavate to 27m, install the 5th steel support 3
S5 Excavation to 30.45m 2
S6 Start gushing water-gushing solution 6
S7 Slab pouring 11
S8 Demolition of the 5th steel support 2
S9 Negative second floor inverted support construction 13
S10 4th steel support removal 2
S11 Construction of sidewall and floor frame beam on the second floor 18
S12 Removal of the 3rd steel support 2
S13 Construction of frame beams on the sidewall of the negative first floor 10
S14 Demolition of the second and first steel supports 2
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Figure 7: Water-level change curve outside the pit.
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Figure 14(c) shows the relative horizontal displacement
curve of the underground diaphragm wall between different
working conditions. It can be seen from Figure 14 that the
relative horizontal displacement between working condi-
tions is gradually decreasing. It shows that working con-
dition S3 has a greater impact on the diaphragm wall. .is is
because when the fourth steel support is installed, the
preaxial force of the steel support is too large, and the
supporting structure does not effectively share the same
effect. During the excavation of the foundation pit, the
ground connecting wall bears greater lateral pressure of the
soil, resulting in the deformation of the ground connecting
wall into the pit. Working conditions S9 and S10 have a
greater impact on the continuous underground wall due to
the negative two of S9. .e construction of the layered

inverted sidewall makes the continuous underground wall
completely expand outward compared to the previous
working condition. .e above data analysis shows that the
water gushing from the foundation pit has a huge impact on
the surface settlement.

.erefore, the preaxial force of the steel support should
be reasonable so that the supporting structure can effectively
work together to avoid excessive deformation of the ground
connecting wall. Speeding up the construction of inverted
sidewalls, floor frame beams, and sidewall frame beams can
alleviate the impact of steel support removal on the con-
tinuous underground wall.

Figure 15 shows the cumulative curve of the displace-
ment of the maximum and minimum deformation points of
the diaphragm wall over time. It can be seen that in the
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S4–S6 stage, the horizontal displacement speed of the
ground connecting wall is called S1–S3 and is relatively slow;
in the S7–S8 stage, due to the removal of the fifth steel
support, the maximum and minimum horizontal defor-
mations of the ground connecting wall are reduced. .e
underground wall deforms into the pit; the S9–S14 stage:
after the negative two-story inverted bracing is completed,
the continuous underground wall gradually shifts outward,
and with the construction of the inverted brace, the floor
frame beam, and the sidewall frame beam, the underground
is continuous..e wall is restrained by its rigidity, effectively
controlling the development of horizontal deformation of

the continuous underground wall. Figure 16 shows that the
maximum horizontal displacement of the external wall
expansion is mainly distributed at 5m and 11m, which is a
saturated soft loess area. .e saturated soft loess has the
characteristics of a large pore structure and high com-
pressibility, so the wall is easy to expand. .e maximum
horizontal displacement of internal shrinkage is mainly
distributed at 17.5m and 22.5m, which is the old loess area.
.e old loess has the properties of a compact structure, high
strength, and local flow plastic state, so the wall is easy to
shrink. .erefore, it is believed that the horizontal dis-
placement of the wall may be related to the distribution of
the soil layer. Given the different properties of various soil
types, the ground connecting wall is subjected to different
lateral pressures of the soil. .erefore, the pit bottom floor,
the inverted support, and the floor slab should be accelerated
during the construction process. .e construction speed of
the frame beams and the sidewall frame beams restrains the
deformation of the continuous underground wall. Mean-
while, the deformation monitoring of the continuous
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Area I: sandy soil, hard clay, so� clay;
Area II: so� clay and very weak clay;
Area III: so� clay with thick depth and extremely so� clay 

??

�is pit
Statistics of Xi’an deep foundation pit 

?

-0.4

-0.3

-0.2

-0.1

0.0

(H
z/H

)%

3 41 20
Lz (H)
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underground wall should continue until the deformation is
stable to ensure the safety of the construction.

Figure 17 shows the ratio of the horizontal displacement
of the diaphragm wall (HQW) to the maximum excavation
depth (H) of the foundation pit. It can be seen from the
figure that the wall deformation increases with the increase
of the excavation depth of the foundation pit. .e maximum
horizontal displacement distribution range of the ground
connecting wall outside the pit is 0.0102%H∼0.0248%H,
with an average value of 0.0133%H. .e maximum hori-
zontal displacement distribution range along the pit is
0.0107%H∼0.0233%H, with an average value of 0.0141%H.

.e distribution range is less than the distribution range of
the Xi’an loess area, which is 0.0046%H∼0.0994% [12], and
the average value is less than the average value of 0.0366%H
[12]. .is is because the preadded axial force is too large
when laying steel supports, which fails the effective inter-
action of the enclosure structure. .erefore, the average
value of the ratio of the horizontal displacement of the
underground diaphragm wall (HQW) to the maximum ex-
cavation depth (H) of the foundation pit is smaller than
Xi’an..e statistics of the loess area obtain the average value.

.erefore, the preadded axial force of the steel support
should be reasonable so that the supporting structure can
work together to avoid an excessive increase in the axial
force of some steel supports.

4.3. -e Relationship between the Vertical Deformation of the
Ground Surface and the Lateral Deformation of the Dia-
phragm Wall. During the dewatering and excavation of
foundation pits, the earth pressure is unbalanced and the
enclosure structure is deformed, while the ground surface
behind the envelope structure is also deformed, which causes
the surface deformation to be closely related to the lateral
deformation of the ground connecting wall. Figure 18 shows
the relationship between the maximum surface settlement
and the maximum horizontal deformation of the ground
connecting wall. .e figure shows that the surface settlement
increases with the increase of the ground connecting wall
deformation, and the main distribution range of the max-
imum surface settlement is 0.24, HQWmax∼1.37HQWmax.
Since the foundation pit studied in this paper is close to the
water source and the surface settlement is small, the dis-
tribution range of the maximum surface settlement value is
smaller than the lower limit of the range calculated by the
Xi’an loess area, 0.65HQWmax [12].

.rough comparison, it is found that the relationship
between the vertical deformation of the ground surface and

Horizontal displacement of the underground
wall along the pit 
Horizontal displacement of the underground
wall along the outside of the pit
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the lateral deformation of the diaphragm wall is very dif-
ferent due to the difference in soil quality. Because of this
relationship, Clough [9] believes that H � (0.5∼1.5) HQWmax
exists in the sand, hard clay, and soft clay areas; Mana [31]
believes that H � (0.5∼1.0) HQWmax exists in clay areas;
according to Ou [32], there is H � (0.5∼0.7) HQWmax in the
Taipei area; Moormann [11] hasH � (0.5∼2.0)HQWmax in the
soft clay area; Wang et al. [33] analyzed the depth of the soft
soil area in Shanghai and, for excavation of foundation pits,
considered H � (0.4∼2.0) HQWmax; Mei et al. [12] calculated
the loess area in Xi’an and considered H � (0.65∼2.0)
HQWmax; and Xiao et al. [34] analyzed 92 soft soil foundation
pits in China, It is considered that there is H � (0.2∼2.5)
HQWmax. In the saturated soft loess area studied in this paper,
the ratio of the surface settlement to the lateral deformation
of the diaphragm wall is within the range of Xiao’s statistics,
but it is smaller than other areas. .is is due to the small
settlement value of the soil caused by the replenishment of
nearby water sources. It can be seen that the deformation of
the foundation pit is not only related to soil quality, design,
and construction factors, but the special environment of the
area may also be an important factor, such as the water
source near the test area.

4.4. Steel Support Axial Force Data Analysis. .e fourth
monitoring section has been used as the main section to
analyze the variation of the axial force of each steel support
with the excavation depth of the foundation pit, as shown in
Figure 19. GZC1-4 indicates the axial force monitoring point
of the first support section of the fourth section. Overall, the
axial force of the first support is the smallest and gradually
stabilized, and the axial force of the second, third, fourth,
and fifth steel supports increases with the increase in the
excavation depth..is is due to the increased pressure on the
front side due to excavating the deep foundation pit. When
the soil is unloaded, the passive earth pressure is reduced,
and the continuous underground wall along with the pit is

deformed, causing the axial force of the steel support to
increase.

It can be seen from the figure that the emergence of axial
force has the characteristics of “immediateness,” and it is
generated synchronously with the excavation. At the same
time, as the excavation stage S1 progresses, the axial force at
GZC1-4 slowly increases, but in stages S3 and S4, as the
depth of the excavation further increases, the axial force at
GZC2-4 and GZC3-4 appears to be decreasing. .e sig-
nificant increase is due to the “depth effect” of the
excavation.

Figure 20 shows the change curve of the measured axial
force of the steel support over time. It can be seen from the
figure that the steel support can withstand a large axial force
in a short time after installation and remains relatively stable.
.e supporting axial force of the measuring points of the
first and eighth cross sections is slightly smaller than that of
the fourth cross section. .e axial force of the second steel
support still increased significantly after installing the third
steel support. It indicates that the second steel support
shared part of the earth pressure that the third steel support
should bear, resulting in the second steel support. .e
supporting shaft force exceeds its standard value. .e axial
force of the third steel support tends to be stable after the
fourth support is installed..is is because the fourth support
shares the lateral pressure of the third steel support. It can be
seen from the figure (b) that when the 5th steel support starts
to work, the axial force of the 4th support increases faster.
.is is because the 5th support does not share the pressure of
the 4th support. .e continued excavation of the pit caused
the 4th support to bear greater lateral pressure of the soil,
causing the axial force of the 4th support to exceed its
standard value. .is is because the preadded axial force of
the steel support is too large, and the supporting structure
does not work together effectively.

.erefore, the preadded axial force of the steel support
should be reasonable so that the steel support, the steel
purlin, and the ground connecting wall are in contact with
each other without any joint force. In the early stages of
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excavation, it is necessary to speed up the deployment of the
steel support and increase the monitoring frequency to
prevent the smaller number of tracks from increasing the
value of the rest of the supporting axis.

4.5. -e Relationship between the Horizontal Deformation of
the DiaphragmWall and the Axial Force of the Steel Support.
During the excavation process of the foundation pit, the
horizontal displacement of the ground-connecting wall is
closely related to the axial force of the steel support. .e
axial force value of GZC2-4 and the horizontal displace-
ment value of the wall corresponding to the depth are

analyzed. As shown in Figure 21, the wall deformation
along the pit is set as a negative value. It can be clearly seen
from the figure that the axial force of the steel support
decreases with the decrease of the horizontal displacement
of the ground connecting wall, and shows a certain cor-
relation (R2 � 0.76), and the fitting curve generally shows a
downward trend. .is is because when the earth pressure
outside the pit is too large and the wall deforms into the pit,
the steel support needs to bear too much earth pressure and
the axial force is large. As the wall gradually deforms along
the outside of the pit, the steel support does not need to
bear it. With a high earth pressure, the axial force gradually
decreases.
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.erefore, during the construction process, it is neces-
sary to speed up the deployment of steel supports, share the
axial force of other steel supports, and avoid excessive de-
formation of the continuous underground wall.

5. Discussion

.is paper systematically analyzes the changes in the
groundwater level, ground settlement, horizontal displace-
ment of the diaphragm wall, and the axial force of the steel
support during the excavation of deep foundation pits. At
the same time, it analyzes the changes in the ground surface
settlement, the horizontal deformation of the diaphragm
wall, and the excavation depth. .e relationships between
the surface settlement and the horizontal deformation of the
diaphragm wall and the axial force of the steel support
provide a reference for the construction plan for the deep
foundation pit excavation in the saturated soft loess area.
However, due to the particularity of the location of the deep
foundation pit and the construction and other factors
studied in this paper, it does not apply to all the deformation
modes of the deep foundation pit in the saturated soft loess
area.

6. Conclusions

Based on a field test of a high-water level deep foundation pit
in saturated soft loess, through real-time monitoring and
data analysis, the conclusions are as follows:

(1) .e average value of the maximum surface uplift
outside the pit is 0.0111%H, and the average value
of the maximum surface subsidence is 0.0096%H
and the average value of the distance between the
maximum vertical deformation position of the
surface and the edge of the foundation pit is

0.341H, both of which are smaller than the average
value obtained by statistics of Xi’an loess area. .e
main distribution range of the maximum surface
subsidence is 0.24HQWmax∼1.37HQWmax, which is
smaller than the statistical scope of Xi’an loess
area. .erefore, in the design and construction
stages, the impact of water sources needs to be
considered.

(2) .e average value of the maximum horizontal
displacement along the ground wall outside the pit
is 0.0133%H, and the average value of the maximum
along the pit is 0.0141%H, both of which are smaller
than the average value obtained by statistics of Xi’an
loess area. .erefore, during the construction
process, the steel supports of the axial force should
be reasonable to make the supporting structure
effectively work together; speed up the construction
speed of the bottom slab, the inverted brace, the
floor frame beam, and the sidewall frame beam to
restrain the deformation of the continuous un-
derground wall.

(3) .e supporting axial force sometimes tends to in-
crease and decrease. Meanwhile, the steel supporting
axial force declines with the decrease of the ground
connecting wall deformation. .erefore, the pre-
added axial force of the steel support should be
reasonable to make the internal support uniformly
stressed to avoid local instability. In the early stage of
excavation, it is necessary to speed up the deploy-
ment of the steel support and increase the moni-
toring frequency.

Nomenclature

L: Distance between the measuring point and the
center of the foundation pit (m)

Lz: .e distance between the maximum vertical
deformation point of the surface and the edge of
the pit (m)

H: Excavation depth (m)
Hz: Surface subsidence (m)
Hz max: Maximum surface settlement (mm)
HQW: Cumulative horizontal displacement of

diaphragm wall (mm)
HQWmax: Maximum horizontal displacement of

underground diaphragm wall (mm)
HXD: Relative horizontal displacement of diaphragm

wall (mm).
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Stray current directly affects the regular operation of electrical equipment and facilities in the subway DC traction power supply
system. ,erefore, it is worthwhile to study the stray current distribution characteristics during train operation and the
quantitative corrosion of buried pipelines. ,is paper introduces the traction characteristics of power carriages and power
wheelsets of subway vehicles into the DC traction process. A finite element model considering the dynamic distribution of stray
current under the actual operation of subway vehicles is established. ,e interference characteristics of stray current and the
contribution of power sources under the multiparticle model are analyzed.,e rail insulation damage caused by long service time
and the quantitative calculation of rail and buried pipeline corrosion is considered. ,e model results show that the stray current
in the buried pipeline under the multiparticle model is more accurate and more suitable for the protection in the actual subway.
,e quantitative corrosion of the buried pipeline is stronger than the partial insulation damage environment when the rail is not
insulated. ,e rail and buried pipeline corrosion at both ends of the insulation damage position is relatively severe. ,e stray
current distribution model established in this paper gives full play to the solution advantages of the finite element method and
provides a new idea for the quantitative calculation of buried pipeline corrosion.

1. Introduction

With the development of China’s national economy and the
promotion of urbanization, urban rail transit has been
vigorously developed as an effective tool to alleviate traffic
congestion. DC electric traction is adopted in urban rail
transit systems such as subway and light rail. ,e train
receives power through the pantograph or collector boots,
and the rail is used to achieve reflux. In the initial stage of
subway operation, the degree of insulation between the
steel rail and the underground metal structure is relatively
high, the rail-to-ground transition resistance is rather large,
and the stray current leaking from the steel rail to the
surrounding soil medium is also relatively small. However,
with the increase of the working life of the subway, the rail-
to-ground insulation performance of the rail decreases, and
the stray current leaking from the rail to the surrounding
soil medium will increase [1]. ,erefore, the metro

equipment that has been built and used for a long time is
easy to lead to the corrosion of underground metal
structures under the interference of rail overpotential and
stray current [2–4].

According to the existing subway traction power supply
system, domestic and foreign scholars have alleviated the
leakage of rail overpotential and stray current by controlling
rail return mode [5–7], blocking current leakage [8–15], and
protecting affected structural parts [16–23]. For example,
increasing the supply voltage is helpful to reduce the rail
current [5]. ,e use of minimizing the distance between DC
railway substations helps to shorten the leakage path of track
current [5]. A fully insulated rail is installed as a special
return rail to transfer the return current from the rail to the
special return rail [6, 7]. Concrete sleepers, side column
insulators, insulating clips, and rail cushions are used to
insulate the track from the ground, blocking or reducing the
leakage path of track current [8–10].
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,erefore, this paper establishes the finite element dis-
tribution model of stray current to analyze the interference
quantitatively. ,e operating parameters of actual subway
vehicles are selected to be easy to measure and a dynamic
stray current interference calculation example is proposed.
,e main contributions are as follows:

(1) Considering the current distribution and marshaling
configuration inside the train, combined with the
actual running state of the subway vehicle, the stray
current leakage is analyzed when the bullet train
carriage is used as the particle and the train wheel as
the particle backflow. Furthermore, the contribution
of the leakage degree of each power car provides
reference information for additional protection
measures such as cathodic protection.

(2) As part of the rail insulation is damaged in the
section of the subway with long operating life, the
influence of rail insulation damage on the distri-
bution of stray current is analyzed, and the total
current density and corrosion area of rail corrosion
in the section are analyzed when the location of
insulation damage and the size of the damaged area
is different.

(3) According to the distribution of rail potential and
current density of buried pipeline, the cathode area
and anode area of the buried pipeline at any time are
determined, and the relationship between current
leakage position and buried pipeline corrosion under
different conditions is analyzed.

,e content of this paper is arranged as follows: Section 2
shows the theoretical analysis modeling process and solution
process of corrosion current on the buried pipeline; Section
3 discusses the distribution characteristics of rail potential
and stray current under the condition of multiparticle
distribution; Section 4 gives the dynamic cathode and anode
area changes of stray current, the corrosion accumulation of
metal structures, and the insulation damage of some areas
causing new stray current interference. Finally, Section 5
gives the conclusion.

2. Model Establishment and Solution

In urban rail transit, the typical configuration of the subway
traction power supply system is shown in Figure 1. ,e
power grid powers the subway system, and the main sub-
station is reduced from AC110 kV to AC35 kV by the
transformer. ,en it is divided into two parts. One part is
reduced by the rectifier transformer in the traction sub-
station to AC 1180 v voltage and converted into DC1500V or
(DC750V) through a 24 pulse rectifier circuit to supply
power to the catenary. After the contact between the pan-
tograph and catenary, it provides traction current to the
train and drives the train to run.,e other part is reduced to
AC voltage of 380V through the transformer of the station
substation, which supplies power to the elevator, ventilation
system, lighting, and other electrical equipment in the
station.

,is paper draws the traction current and running speed
curve of the train based on the operational data of the
Nanchang Metro Line 1 Metro Central Station to the
Qiushui Square Station, as shown in Figure 2. ,e train has
different traction currents at any time so that it can be
regarded as a movable current source and the whole loop
system as a constant electric field in the model.

2.1. Modeling. According to the analysis of the subway
mentioned above power supply system, a finite element
solution model including locomotives, stations, tracks, soil,
and buried pipelines is established, as shown in Figure 3.,e
model mainly includes four parts: the construction of ge-
ometry, the addition of physical field, meshing, and post-
processing. ,e geometric size of the soil domain is
1500×150×100m, the wheel radius is 0.5m, and the setting
size of steel rail is 1500× 0.5× 0.1m. ,e buried pipeline is
located 30m directly below the rail, with a length of 1500m
and a radius of 1m. According to the above dimensions, a
finite element model is established in COMSOL Multi-
physics. Since the train has traction current at any time, the
current module is added to treat the train as a current source,
and the inner wheel of the train is the input boundary of the
traction current as of the terminal of the model. ,e two
ends of the subway section are set as the negative poles of the
substation, which are directly grounded to study the dis-
tribution of stray current in the soil under themobile current
source and its corrosion effect on buried pipelines. ,e finite
element method divides a continuous solution region into a
set of element combinations. It uses the approximate
functions of these elements to express the unknown posi-
tions of the solution domain. ,erefore, the accuracy of the
model solution depends on the precision of meshing.
According to the computational accuracy and efficiency
requirements, the solution domain of the model is divided
into 30637 domain elements and 2068 boundary elements
through free triangular meshes.

Since this paper considers the distribution of actual
subway vehicles, in the process of establishing the model, if
other parameters are the same, the multiparticle model 1 is
based on the number of power cars in the subway train
formation, and the multiparticle model 2 is based on the
number of moving wheelsets of the train. ,e differences of
each model are shown in Table 1.

,e traction current flows into the wheel from the
positive pole of the traction substation through the catenary,
pantograph, high-speed circuit breaker, traction inverter,
coupling, and gearbox. ,e wheel current distribution is
shown in Figure 4. Since the traction current in Figures 4(a)
and 4(b) has the same current size and different directions at
the time of acceleration and deceleration, the current path in
reflux is very different. At the time of train acceleration
(when the current is positive), the traction current is
transferred from the connection between the wheel and the
axle to the tread where the axle is in contact with the rail.
Most of the current is transmitted from both sides of the
tread contact surface to the traction substations on the left
and right sides through the rail, but very little of the current
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leaks from the rail to the soil. At the time of train decel-
eration (due to the influence of current receiving power, the
current is negative at this time), according to the principle of
regenerative braking, most of the current is fed back to the
positive pole of traction substation through catenary cur-
rent, to reduce energy loss. However, very little of the current
leaks into the soil from the rails, thus corroding the rails and
buried pipelines.

Considering that the stray current distribution is a
constant electric field problem, some simplifications and
assumptions are made that the soil near the pipeline is
uniformly distributed and the concentration gradient in the
soil is ignored.,e finite element method is used to solve the
Maxwell equation, and the “AC/DC module” can solve the
Maxwell equation.

Governing equation is

∇ × E � 0,

∇ · J � 0.
(1)

,e current density J in soil electrolyte obeys Ohm’s law,
and its constitutive relation is as follows:

J � cE. (2)

,e interface conditions in the model meet

E1t � E2t,

J1n � J2n,
(3)

where E represents the electric field strength, J represents the
current area density, c represents conductivity, Et represents
the tangential component of electric field strength, and Jn
represents the normal component of current area density.

,e soil and buried pipeline are set as constant con-
ductivity, 1 E− 2 S/m and 1 E7 S/m, respectively. For sim-
plicity, the conductivity of metals (such as rails, train wheels)
is also set to 1 E7 S/m [24].

2.2. Solution of Corrosion Current Density of Metal Structures
under Stray Current Interference. Due to the dynamic
changes of underground metal potential during the subway
operation period, the metal surface is easy to reach the
primary conditions of electrochemical corrosion. ,en the
buried metal pipelines around the subway and the steel bars
in the main structure of the station and section tunnels will
be electrochemically corroded. Electrochemical corrosion
will shorten the service life of metal pipelines and reduce the
strength and durability of the subway’s reinforced concrete
[25–30].

When the dynamic stray current flows into the pipeline,
the pipe section is called the cathode area and will not be
corroded. However, cathodic polarization can increase soil
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Figure 1: Schematic diagram of subway traction power supply system.
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pH value (alkaline) around the damage point of the pipeline
anticorrosion layer, which will reduce the adhesion of the
anticorrosion layer and the peeling off of the anticorrosion
layer. When the density of the DC stray current flowing into

the pipeline is too high, it will cause the hydrogen evolution
reaction, which may cause hydrogen embrittlement of high-
strength pipes. In the area where the stray current flows out
(anode area), electrons flow from the anode to the cathode,

Table 1: Modeling methods of different models.

Models Modeling method
Single particle
model Regard the train as a whole as a particle.

Multiparticle model
1 According to the four-motion and two-drag grouping mode, each power car is regarded as a particle.

Multiparticle model
2

According to the fact that there are two switch machines in each power car to control four moving wheelsets, each
wheelset is regarded as a particle.

6

(a) (b)
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2
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0
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Figure 4: Traction current reflux path. (a) Positive traction current. (b) Negative traction current.
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Figure 3: Finite element solution model. (a) Solid geometry diagram. (b) Overall meshing. (c) Local meshing.
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while ions flow in the surrounding soil. ,e oxidation
process leads to the dissolution or loss of metal. ,erefore,
stray current directly leads to the corrosion of steel bars and
reduces the reinforced concrete. ,e service life of the
structure is reduced. Since the stray current changes dy-
namically, there will be alternating changes of the cathode
area and the anode area at the same position on the pipeline.
It can be seen from Figure 5 that there are mainly two places
where the traction current leaks: area A directly below the
train during the operation of the subway vehicle and area D
directly below the traction substation. At the same time, it is
verified that both leakage current and stray current are
dynamic changes, and the corrosion of rail and pipeline is
interlaced. When electrochemical corrosion occurs at rail A,
no corrosion occurs directly below the rail at the corre-
sponding buried pipeline B.

,e finite element model can calculate the leakage
current density i(t) of the buried pipeline. If the current
density in the anode region is i1(t) and that in the cathode
area is i2(t), the leakage current density of the buried pipeline
can be satisfied.

i(t) � i1(t) + i2(t). (4)

Since the current density in the cathode area will not
corrode the buried pipeline, considering only the anode
corrosion current density i1(t), the corrosion current density
of the pipeline at each moment is if(t):

if(t) � i1(t). (5)

,e total current area density of (T) of the cumulative
corrosion of the whole pipeline is

iF(t) � 􏽘
T

t�1
if(t) � 􏽘

T

t�1
i1(t), (6)

where T�1s, 2s, . . ., 83s, T is the total operation time of the
train in a single operation section.

Since all leakage currents are dynamic and the corrosion
current density leaked from each rail and buried pipe is a
function of time [9], we can define the time integral of the
leakage corrosion current density if(t) as the total leakage
charge Q:

Q � 􏽚
t2

t1

if(t)dt. (7)

According to Faraday’s law, the weight of rail corrosion
metal is proportional to the total leakage charge [31], so the
corrosion current density can be used as an objective pa-
rameter to evaluate rail corrosion indirectly.

3. Consider the Effect of Multiple Current
Sources on Stray Current

Traditional stray current analysis models generally use a
single-particle model (using a vehicle as a current source of
particles), common in analytical solutions. Cai et al. [32]
studied the influence of the subway track on the stray current
of the ground transition resistance under the single-mass

model. Xu [33] established a continuous track-drainage
network-earth-buried pipeline based on the single-mass
model and calculated the pipeline and earth resistance. Yang
et al. [34] established a mathematical model of the rail
potential distribution of the entire line based on the single-
particle model, revealing the subway rail potential distri-
bution law considering the edge effect of the finite boundary.
However, simplifying the single-particle model for the train
will affect the actual stray current distribution, so intro-
ducing a multiparticle model is considered. In a more op-
timized situation, a power car can be used as a particle
current source (multiparticle model 1, considering the rel-
ative distance between the power cars) and a set of moving
wheels as a particle current source (multiparticle model 2,
viewing the close distance between the moving wheels), as
shown in Figure 6. By comparing the three models, it is
found that the rail potential and the trend distribution of
stray current obtained by the calculation are consistent.
However, the result of the single-particle solution is slightly
larger than that of the multiparticle model, which may
happen although the length between the motor cars is
shorter than that of an interval, and it cannot be ignored that
there still be an impact on the steel pipe potential and stray
current. ,e same problem exists when considering the
multiwheel situation. Because the multiparticle model is
closer to the actual operation, the result is more relative to
the existing subway system, making pipeline corrosion
calculation and analysis more accurate.

According to the train formation of the subway vehicles
of Nanchang Metro Line 1, the four power cars in the ve-
hicles are concentrated in the central area. ,e relative
distance maintains a car’s length. Stray current leakage
occurs in each power car, and the leakage position is con-
sistent with the relative position of each carriage.,e current
is leaked to both sides. ,e buried pipeline produces the
maximum stray current at the relative position between the
carriage and the traction substation, as shown in Figure 6.
Although the traction current gap in each carriage is
minimal, the influence of each power car on the stray current
of the whole buried pipeline is significantly different, as
shown in Figure 7. Since the multiparticle model 1 analyzes
the train carriage as a particle, the four particles from left to
right are called power car 1, power car 2, power car 3, and
power car 4, respectively. ,e train runs from left to right. In
the initial stage of subway vehicle operation (traction state),
the first power car (power car 4) in the forward direction of
the subway vehicle has the most significant contribution and
drives the train. In the stage of constant speed operation of
subway vehicles, the contribution of each power car is the
same to keep the train running at a constant speed. In the
stop phase (braking phase) of subway vehicles, the fourth
power car (power car 1) in the forward direction contributes
the most. It is worth noting that the division of the areas
mentioned above does not entirely correspond to the op-
erating conditions of subway vehicles. However, the more
stray current is indeed leaked from the power cars at both
ends of the subway vehicles. In contrast, the stray currents
leaked from other power cars are relatively minor. In the
operation section, the power car closest to the middle
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position will return more traction current to the traction
substations on both sides through the rails. In contrast, other
power cars will return most of the traction current to the
traction substations on both sides through the rails.
,erefore, a small part of the current leaked into the soil,
causing the buried pipeline to be destroyed.

4. Effect of Rail Insulation Damage on Stray
Current Distribution

4.1. Quantitative Analysis of Rail Corrosion under Stray
Current Interference. Rail corrosion refers to the electro-
chemical corrosion of the rail at the leakage current, which
leads to severe corrosion at the bottom of the rail, and the
existing fasteners are not enough to make the corroded rail
safely fixed on the sleeper. It is also noteworthy that there are
dynamic changes in the position of rail corrosion; that is,
where the subway vehicle runs, the relative position of its
contact with the rail bottom will produce oxidation reaction
and electrochemical corrosion. ,eoretically, the wheel is in
point-line contact with the rail, and the corresponding
corrosion is also point-line corrosion. ,e oxidation reac-
tion is mainly the loss of electrons, and the more significant
the oxidation reaction rate, the greater the number of losses
of electrons. ,erefore, the more the traction current leaks,
the more pronounced the electrochemical corrosion. ,e
specific redox reaction equation is as follows:

anode: 2Fe − 4e−
� 2Fe2+

,

cathode: 4H+
+ 4e−

� 2H2↑(anaerobic acidic environment)

4H2O + 4e−
� 4OH−

+ 2H2↑(anaerobic environment)

O2 + 2H2O + 4e−
� 4OH−

(aerobic alkaline environment)

(8)

,e analysis shows that the area of rail leakage current is
related to the running state of the train without the insu-
lation between rail and soil. When the train is in the ac-
celeration state, the rail leakage current area is consistent
with the contact area of the rail wheelset; when the train is in
the deceleration state, the rail leakage current area is con-
sistent with the substation area. When the isolation con-
dition between rail and soil is applied, if damage occurs in a
certain area, no matter where the subway vehicle is running,
the breakage area or traction substation area will produce
current leakage. ,erefore, the electrochemical corrosion in
the breakage area and the area near the substation will be
more serious, as shown in Figure 8. Because the traction
current flows in different directions at different times, the
potential in the soil changes continuously. When the trac-
tion current is in the opposite direction, the potential change
in the soil is also just the opposite. ,e protection of the
insulating layer can better guide the loop current on the steel
rail and collect it to the negative pole of the traction sub-
station. ,e difference is that under the condition of no
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Figure 5: Electrochemical corrosion caused by stray current. (a) Train traction current is positive. (b) Train traction current is negative.
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insulation, the leakage area covers the whole rail, while
under the condition of insulation, leakage always occurs in
the insulation damage area, which accelerates the redox
reaction there.

Figure 9 is a comparison diagram of rail corrosion
current when the rail is without insulation and when the rail
is insulated, but the insulation is damaged at different po-
sitions. At this time, the length of the rail damage is the same,
and the position is different, as shown in Table 2. When the
insulation is added to the rail, the leakage of current in the
rail interval can be reduced obviously. When some physical
or human factors damage the insulation layer at a specific

position, it can be seen that the rail has apparent current
leakage at the damaged position. ,e leakage current makes
the oxidation rate of the rail more significant. It accelerates
the corrosion of the damaged part of the rail, thereby leading
to some hidden safety problems.,e rail corrosion current is
in a “concave” shape at both ends of the damaged insulation.
Compared with the middle of the damaged position, there is
more corrosion current leakage at both ends of the damaged
insulation. ,is shows that at the junction of damaged and
undamaged insulation, the corrosion current is the largest,
leading to the most severe corrosion of the steel rail. Still, it
reduces the corrosion of the rail near the traction substation
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when the rail is not insulated. In the middle of insulation
damage, the rail corrosion current is relatively small. When
the train runs at both ends, the rail returns current first
passes through the junction of insulation damage and sound
insulation, resulting in most current leakage at the junction
point. In contrast, the damage in the middle is relatively
more minor. Affected by the distance and traction current,
the current density of damaged rail corrosion is the accel-
eration, constant, and deceleration time in descending order.
,e corrosion current density of the rail near the traction
substation is just the opposite of the corrosion current
density of the damaged place.

If there is a damaged area of rail insulation, with the train
running in this section, the damaged area’s size is different,
leading to the severity of rail corrosion. If the damaged area
is tiny and approaches a point, all the stray current leaks at
that point, resulting in severe damage to the rail. When the
damaged area gradually becomes more extensive, the cor-
rosion current of the rail will be slowed down, but the
corrosion area of the rail will increase. As shown in
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Figure 8: Distribution in soil at different times (when partial insulation is broken). (a) Current leakage. (b) Potential distribution.
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Figure 10, taking insulation damage of 45m, 90m, and
180m as examples, as the damage area increases by mul-
tiples, the rail corrosion current gradually decreases. When
the rail insulation is completely damaged, the corrosion
current in the rail section reaches the minimum, but it
changes. ,e corrosion current near the power station
reaches its maximum.

4.2. Quantitative Analysis of Buried Pipeline Corrosion under
Stray Current Interference. Pipeline corrosion refers to the
corrosion problem caused by the stray current in the anode
area of buried pipelines. Since the magnitude and direction
of the stray current are constantly changing, it will cause
dynamic DC stray current interference to the pipeline. At the
same time, there are dynamic changes in the location and
degree of corrosion of buried pipelines. ,erefore, dynamic
pipeline corrosion needs to be quantitatively analyzed.

Firstly, the buried pipeline is divided into cathode and
anode regions. From the previous distribution of the stray
current on the surface of the pipeline at a specific time, it can
be seen that there are two peaks of the stray current on the
surface of the steel pipe, corresponding to the critical value
of the current inflow and outflow of the buried pipeline.
When the current flows forward, the rail position corre-
sponding to the inner side of the two wave crests is the
cathode area, and the rail position corresponding to the
outer side of the two wave crests is the anode area. Con-
versely, when the current flows in the reverse direction, the
rail position corresponding to the inner side of the two wave
peaks is the anode area, and the rail position corresponding
to the outer side of the two wave peaks is the cathode area, as
shown in Figures 6(a) and 6(c). Position B in Figure 6 is the
position where the train is located, and position C is the
position corresponding to the traction substation, which
corresponds to the position in Figure 5.

By comparing noninsulated conditions and insulation
damage, the size of the pipeline’s cathode area and anode
area is the same under noninsulated conditions. In the case
of insulation damage, the cathode and anode areas of the
pipeline have apparent size changes. When the traction
current flows positively, the anode area is larger than the
cathode area. On the contrary, the anode area is smaller than
the cathode area. It can be concluded that when the traction
current is positive, the anode area is inversely proportional
to the width of insulation damage, and when the traction
current is negative, the anode region is proportional to the
width of insulation damage.

According to the division of the cathode and anode areas
of the buried pipeline, the leakage current density of the

anode area is accumulated. ,e total corrosion current
density of the buried pipeline in the section is calculated,
forming a dynamic cumulative electrochemical corrosion
effect of stray current on the buried pipeline. ,e calculation
flow chart is shown in Figure 11.

Since the calculation of the model can directly obtain the
leakage current density in the buried pipeline, the leakage
current density of the damaged pipeline at the acceleration is
shown in Figure 12(a). According to the calculation process
of the flowchart, the corrosion area of the buried pipeline
and the corresponding corrosion current density can be
obtained at each moment, and the corrosion current density
of the buried pipeline damaged at the acceleration is shown
in Figure 12(b). By superimposing the corrosion current
density of the same area at each time, the corrosion area and
the corresponding corrosion current density of the entire
buried pipeline in the section can be obtained.

,e calculation flow chart of the corrosion current
density of the buried pipelines is shown in Figure 13. ,e
corrosion situation of the stray current at the specific lo-
cation of the pipeline can be obtained, which is convenient
for the reasonable evaluation of the quantitative corrosion
caused by the subsequent stray current. When there is no
insulation, the cathode and anode areas of the pipeline are
theoretically the same. ,e cumulative analysis of the dy-
namic pipeline corrosion current density shows that there is
still a large oxidation reaction interference area, which is

Table 2: Location and length parameters of rail insulation damage.

Type Insulation damage location (m) Insulation damage length (m)
Damaged acceleration 400–490 90
Damaged at constant speed 800–890 90
Damaged at deceleration 1100–1190 90
45m damaged at acceleration 422.5–467.5 45
180m damaged at acceleration 355–535 180
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significantly more potent than the insulation. ,e dynamic
corrosion accumulation caused by insulation damage is
relatively fixed; both ends show an increasing trend towards
the damaged area. ,ere are rapid increases and decreases
around the damaged position. Compared with the insulation
damage that occurred in different areas, corrosion accu-
mulation is different, and the cumulative corrosion in the
deceleration area is slight.

5. Conclusions

,e distribution of stray current is affected by multipa-
rameter variables. ,is paper considers the distribution and
operation of actual subway vehicles and the electrochemical
corrosion caused by the failure of relevant mitigation
measures to use the stray current finite element model to
guide the engineering practice and ensure subway vehicles’
safe and stable operation. ,e main conclusions are as
follows:

(1) ,e multiparticle model is more consistent with the
actual running state of subway vehicles than the
single-particle model. After solving and comparing,
the stray current calculated by the multiparticle
model is relatively small and has low pipeline po-
tential. At the same time, the front wheel leakage of
the train during the starting phase makes a more
significant contribution to the stray current, and the
rear wheel leakage during the braking phase makes a
more substantial contribution to the stray current.

(2) Rail corrosion is a dynamic corrosion process, and
the rail corrosion in the insulation damaged area is
more severe than that without insulation. In con-
trast, the rail corrosion near the substation is just the
opposite.

(3) ,e corrosion of the buried pipeline is closely related
to the damaged insulation area. ,e corrosion of

pipelines in areas without damaged insulation is
more severe than in some damaged insulation areas.
,erefore, buried pipelines’ corrosion degree and
corrosion area can be reasonably evaluated by ef-
fectively detecting damaged insulation areas to guide
targeted excavation and maintenance.
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To make accurate and comprehensive evaluation of the catenary and diagnose the causes of the catenary fault, a method of
catenary state evaluation and diagnosis based on the principal component analysis control chart was proposed, which can make
full use of the multidimensional detection parameters of the catenary. +e principal component analysis was used to reduce the
dimension of catenary parameters, the principal component T2 control chart was calculated to show the change of principal
component of catenary state data, the residual SPE control chart was calculated to show the change of their correlation, and the
contribution rate control chart was calculated to show the cause of abnormal state data. +e method can not only transform the
multidimensional detection parameters of the catenary into a statistic to realize the simple and intuitive evaluation of the catenary
state but also can accurately determine the cause of the abnormal state, so as to provide technical support for the targeted
condition-based maintenance of the catenary.

1. Introduction

As the only power supply line for electrified railway, cate-
nary’s working environment is harsh, and there is no backup
for it, once there is a fault, it will lead to the outage of
electrified railway, which will have a huge impact on the
railway operation. As a special power supply line, catenary
has the following characteristics:

(1) Operating environment is unique. Catenary is
erected along the railway, exposed to the air, and is
subject to the high-speed impact of locomotive
pantograph, the space environment, climate envi-
ronment, and working environment are unique
compared to ordinary transmission lines, which
makes the catenary more prone to failure and is
greatly affected by the external environment.

(2) +ere is no backup for catenary. Due to the par-
ticularity of the catenary operating environment,
there is no backup for catenary, Once the catenary is

abnormal, it will lead the electrified railway to fail,
resulting in huge economic losses.

(3) +ere is electromechanical compound effect for
catenary. As a complex mechanical structure, the
catenary’s main function is to ensure a good and
stable power supply, it needs to maintain structural
stability under various mechanical loads and elec-
trical shocks, thus to provide a good and stable
current to the electric locomotive.

(4) +ere are moving loads for catenary.+e pantograph
of electric locomotive gets energy by sliding through
the catenary, the load of the catenary fluctuates with
time, and its position moves dynamically.

+e statistical data show that the failure of the traction
power supply system is mainly caused by the catenary
failure, which accounts for more than 90% of the failure of
the traction power supply system [1]. In order to avoid safety
and economic losses caused by catenary failures, it needs to
maintain the catenary in good working condition. Accurate
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evaluation and diagnosis of the catenary status are the
prerequisites for realizing the maintenance of the catenary
and keeping the catenary in good condition.

+e state detection of catenary includes static detection
and dynamic detection. Static detection is a routine detec-
tion of manual use of portable detection equipment. Dy-
namic detection measures the parameters of the catenary
under the actual operation state by the detection equipment
installed on the special detection vehicle.

Static detection is carried out manually, which is in-
tensive, time-consuming, inefficient, and is limited by the
time of the skylight. A multifunctional laser measuring
instrument was proposed in [2] for the static detection. +e
multivision technology was proposed to determine the
catenary according to the image characteristics captured by
the camera and to analyse the pantograph catenary com-
ponents through intelligent image recognition [3].

Since the catenary is a flexible mechanical suspension
system, the pantograph will cause the catenary to rise, so the
dynamic parameters of the catenary are different from the
static parameters. In the 1950s, Germany and Japan began to
develop catenary detection vehicles, which installed various
sensors and other equipment on the roof of locomotives, so
as to detect the pull-out value and height under dynamic
conditions when the train was running [4–6]. With the rapid
development of high-speed railways, the relationship be-
tween the pantograph and the catenary has gradually be-
come complicated, the catenary detection parameters have
also expanded from the height and pull-out value to the
pantograph contact force, the vertical acceleration of the
pantograph head, and the off-line rate.

China proposes to build a traction power supply safety
detection and monitoring system (6C system), which aim to
achieve comprehensive detection and monitoring of the
traction power supply system in all directions and full
coverage [7–10]. +e catenary information obtained by the
6C system is more diversified, in addition to the traditional
geometric detection parameters of the catenary, it also in-
cludes various high-definition pictures, videos, and infrared
detection information, and this unstructured information
can be processed to extract the structural information of the
catenary.

It can be seen that with the development of detection
technology, the detection parameters of catenary become
more and more comprehensive. How to effectively use these
detection data to comprehensively and accurately evaluate
the state of the catenary has become a new problem.

At present, the single-threshold comparison method is
used to evaluate the state of catenary, which compares each
parameter with the corresponding standard value to de-
termine whether a certain parameter of the catenary exceeds
the standard [11]. Commonly used catenary parameters
include pull-out value and height [12], as well as dynamic
parameters such as height difference, hard point, and contact
force [1, 13]. With the increasing number of catenary de-
tection parameters, this single-parameter comparison
method is inefficient in judgment, and the judgment method
is simple, which cannot meet the needs of comprehensive
evaluation of the multidimensional parameters of the

catenary. At the same time, the single-parameter compar-
ison method does not consider the correlation between the
catenary parameters, and there may be conflicting judgment
results in some conditions [14].

Different detection parameters reflect the state of the
same catenary from different respects. +e comprehensive
evaluation of the multidimensional parameters can obtain a
more comprehensive and accurate evaluation result of the
catenary status. For example, the operation quality index
CQI was proposed to evaluate the operation quality of the
catenary [15], but the index does not consider the influence
degree difference of different parameters. On the basis of
CQI, [16] used the analytic hierarchy process to determine
the weight of each indicator, but it need to specify the
importance of each indicator manually, which was highly
subjective. In order to use the objective law embodied by the
catenary parameters, the entropy method was proposed to
determine the weight through the law embodied by the
change of the catenary parameters [17, 18], and the fuzzy
comprehensive evaluation method was proposed to evaluate
the state of the catenary comprehensively. A combination
method that combines subjective and objective methods to
perform hybrid calculations on the weights of indicators in
[19–21]. +e above method can determine the degree of
influence of catenary parameters on the state of the catenary
from a subjective or objective perspective, but the calculation
is complicated, and the results are not intuitive enough to
reflect the inherent relationship between the catenary pa-
rameters. For this reason, [22] carried out cluster analysis on
the catenary detection parameters and performed linear
regression on each type of data, so as to obtain the math-
ematical model of the catenary detection parameters, and
judge the state of the catenary based on the regressionmodel.
+e normal cloud model was proposed in [23, 24] to process
the detection index, solve the problem of ambiguity and
randomness of the evaluation index, and establish a com-
prehensive evaluation model of the catenary operating state.
+e set pair analysis method was proposed to determine the
degree of connection between each evaluation index and the
health status level [25]. +ese methods can carry out a
graded evaluation of the catenary status, but the evaluation
results cannot reflect the cause of the abnormal status, so
they cannot provide targeted guidance for the catenary
maintenance.

Normally, the detection parameters of the catenary
fluctuate around its standard value, and there is a certain
correlation between the parameters. When the state of the
catenary is abnormal, the state parameters of the catenary
will deviate from the standard value. At the same time, due
to the abnormality of the catenary structure, the original
correlation of the catenary parameters will be destroyed.
+erefore, the degree of deviation of the catenary detection
parameters from the standard value and the change in the
correlation between the catenary detection parameters can
reflect the abnormality of the catenary status.

Multivariate statistical analysis is a method of compre-
hensive analysis of multidimensional data, which can ana-
lyse the statistical distribution rules and interrelationships of
multidimensional parameters. +e multivariate statistical
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control chart based on multivariate statistical analysis is a
commonly used quality management tool [26]. It can di-
rectly reflect the change process of detection parameters in
graphical form and comprehensively monitor, control, an-
alyse, and evaluate the process with multivariate parameters
[27]. +is paper combines principal component analysis
with multivariate statistical control charts and uses principal
component analysis to reduce the dimensions of the mul-
tidimensional state parameters of the catenary. By obtaining
the principal component space and residual space of the
catenary detection parameters, the principal component T2

control chart and the residual SPE control chart of the
catenary detection parameters on this basis are established.
+e main element T2 control chart and the residual SPE
control chart are used to comprehensively evaluate the status
of the catenary and analyse the reasons for the abnormal
status of the catenary. +e results obtained can be used for
targeted guidance on the maintenance of the catenary.

2. Multivariate Statistical Analysis of Catenary
Status Based on Principal Component

2.1. Principal Component Analysis. +e detection parameters
of the catenary are numerous and related to each other. In
order to reduce the complexity of processing the catenary
detection data and reduce the computational workload,
principal component analysis is used to simplify and compares
the catenary detection data. +e original data space is trans-
formed into the main element subspace and the error subspace
to achieve the purpose of data dimensionality reduction.
Among them, the principal component subspace is the prin-
cipal component, which contains most of the data information;
the error subspace is the space orthogonal to the principal
component subspace and represents the degree of deviation of
the data from the principal component subspace [28].

+e steps to transform the catenary detection data into
the main element subspace and the error subspace are as
follows:

(1) Standardize the test data. Due to the differences
between the dimensions of each parameter lead to
too large deviations between the data, it is necessary
to standardize the detection parameters first to ob-
tain the standardized detection data X;

(2) Calculate the correlation coefficient matrix:

􏽘 � X · X
T
. (1)

(3) Calculate the principal components and load matrix.
Find the characteristic equation:

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
􏽘 −λI

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
� 0. (2)

Among them, I is the identity matrix. Solve the p
eigenvalues and their corresponding eigenvectors
and arrange the eigenvalues in descending order:
λ1≥ λ2≥ ,. . .,≥ λp，where p is the dimension of the
detection parameter.

(4) Determine the number of principal components of
the principal component subspace according to the
cumulative contribution rate. When the cumulative
sum of eigenvalues is greater than a certain specified
value CR, the selected data information of the k
principal components can already include most of
the data information, that is, satisfy:

􏽘

k

l�1

λl

􏽐
p
i�1 λi

􏼠 􏼡≥CR. (3)

(5) Determine the load matrix P and the principal
component space t. +e selected eigenvectors cor-
responding to the k principal components form the
load matrix P, and the principal component space t
of the detection data is expressed as

t � XP. (4)

(6) Calculate the score matrix. +e score matrix 􏽢X is the
projection of the standardized data X in the principal
component space t:

X
∧

� tP
T
. (5)

Since there is an error between the projection of the data
in the principal component space and the actual data, that is,
there is an error subspace E in the actual model space and the
principal component subspace, the original data can be
expressed as

X � X
∧

+ E. (6)

According to (5) and (6), the error space E under the
action of the principal component space:

E � X − 􏽢X

� X − tP
T

� X − XPP
T
.

(7)

It can be seen from (7) that the principal component
space reduces the p-dimension detection parameters of the
original data to k-dimension, and there is no correlation
between the data. +e remaining (p-k) dimensional data
constitute the error subspace E, which has not undergone
principal component transformation, and E contains the
correlation information of the detection parameters.

2.2. Evaluation of Catenary Status Based on Principal Com-
ponents Control Chart. +e control chart is a quality control
tool that can monitor and diagnose the process. In order to
display the catenary status more intuitively and reflect the
development trend of the catenary status, the principal
component analysis and the multivariate statistical control
chart are combined to obtain the multivariate statistical
control chart based on the principal component analysis,
which includes principal component T2 control chart,
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residual SPE control chart, and principal component con-
tribution control chart [29].

+e main component T2 control chart uses the T2

statistics to reflect the change of the main metadata, which
can realize the status judgment of the main metadata of
the detected data. +e SPE control chart uses the residual
SPE statistics for statistical testing, which reflects the
degree of deviation of the data from the pivot space and
can reflect the changes in the correlation between the data.
+e principal component contribution control chart
calculates the contribution rate of each parameter at the
abnormal point to the T2 statistic and the SPE statistic,
which can reflect the cause of the abnormality and play a
diagnostic role. Different from other types of control
charts, the principal component analysis control chart can
not only reflect the changes in state data but also accu-
rately diagnose the cause of the abnormality when the
state is abnormal, so as to provide guidance for
maintenance.

2.2.1. Principal Component T2 Control Chart. +e principal
component T2 control chart is a statistical control chart that
monitors the principal components in the principal com-
ponent space based on the T2 statistics [30]. It can reflect the
change trend and the degree of deviation of the principal
components after the dimension reduction of the catenary
detection parameters and reflect the change of the data in the
principal component space.

Based on the definition of Hotelling T2 statistic, for the
ith detection group, its principal component T2

i statistic is
expressed as

T
2
i � tiΛ

− 1
ti
′. (8)

Among them, ti represents the principal component of
the ith group, Λ represents the diagonal matrix composed of
the eigenvalues of the selected k principal components. Since
the principal component and the original data satisfy (4), it
can be expressed in the form of the original data and load
matrix:

T
2
i � XiPΛ

− 1
P

T
X

T
i . (9)

According to (8) and (9), it can be seen that the principal
component T2 control chart is a manifestation of the change
of principal component data in the principal component
space on the basis of eliminating the correlation between the
detection parameters of the catenary.

+e control limit of the T2 control chart is expressed as

T
2
UCL �

k(m − 1)

m − k
F1−α(k, m − 1). (10)

Among them, F1-α(k, m− 1) represents the number of
principal components of the first degree of freedom k, the
second degree of freedom is m− 1, m is the number of
detection parameter groups, and the confidence is the F
distribution of α. When T2

i >T2UCL, it means that the main
component data fluctuate beyond the normal range, and the
catenary status is abnormal.

2.3. Residual SPE Control Chart. +e SPE control chart is a
control chart that reflects the change of the error between the
k principal component information and the p parameter
information of the catenary detection parameters [31],
which includes the change of the correlation between the
catenary detection parameters.

Once the SPE control chart is abnormal in the evaluation
process, it means that the deviation between the data and the
principal component space is too large at this time, and the
data are abnormal. Since the SPE control chart is an error
value formed by integrating all parameters, the SPE control
chart can not only monitor the deviation of the data relative
to the principal element space but also detect the change in
the internal correlation of the data. For the ith sample, the
SPE statistics are calculated as

Qi � E
T
E

� X
T
i I − PP

T
􏼐 􏼑

T
I − PP

T
􏼐 􏼑Xi.

(11)

It can be seen from (11) that the Qi statistic reflects the
degree to which the data deviates from the pivot space and at
the same time reflects the change in the correlation between
the data. +e control limit of the SPE control chart is [32]:

QUCL � θ1
z1− αh0

���
2θ2

􏽰

θ1
+
θ2h0 h0 − 1( 􏼁

θ21
+ 1􏼢 􏼣

1/h0

. (12)

Among them, θi � 􏽐
p

j�n+1 λ
i
j(i � 1, 2, 3),

h0 � 1 − 2θ1θ3/3θ
2
2, z1−α is the 1− α quantile of the Gaussian

distribution. When Qi＞QUCL, it means that the non-
principal component part has a large deviation, and the
principal component model is out of control and needs to be
adjusted.

When the status of the catenary is abnormal, the status
parameters of the catenary will shift, and the correlation
between the parameters will also change, which will cause
the statistics of the T2 control chart and SPE control chart to
exceed the limit. +erefore, the main component T2 control
chart and the residual SPE control chart can be used to judge
the status of the catenary.

3. Catenary Status Diagnosis Based on
Contribution Rate Control Chart

+e T2 control chart and SPE control chart can reflect the
abnormality of the catenary status, but cannot find out the
cause of the abnormality. +e contribution control chart
calculates the sum of the contribution rate of each parameter
at the abnormal point to the abnormality, so as to determine
the cause of the abnormality [29].

+e abnormality in the T2 control chart is caused by the
principal component, and the contribution value of the jth
detection parameter Xj is

CONTT2
j � 􏽘

k

l�1
PjlXjλ

−1
l . (13)

Among them, CONTT2
j represents the contribution rate

of the jth detection parameter to the principal component
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T2, Pjl represents the value of the lth principal component of
the jth detection parameter in the load matrix P, and λl
represents the eigenvalue corresponding to the lth principal
component.

For the SPE control chart, the contribution rate at the
abnormal point is the error square value at the fault point,
and the contribution rate of the jth detection parameter to
the SPE statistics is

CONTSPE � X
T
j I − PPT
􏼐 􏼑􏼐 􏼑

2
. (14)

+e higher the contribution rate of the parameter, the
greater the impact on the abnormality of the fault, so the
cause of the abnormality of the catenary status can be de-
termined based on this.

+erefore, the establishment of the principal component
analysis control chart is divided into two processes. First of
all, the detection data are used to construct a principal
component analysis control chart model that can correctly
evaluate the status of the catenary, determine the number of
principal components required, and calculate the control
limits of the T2 control chart and the SPE control chart.
+en, on the basis of the control chart, the detection data of
other sections of the catenary is analyzed and evaluated, and
the corresponding principal component contribution con-
trol chart is drawn for the over-limit point to diagnose the
cause.

4. Case Analysis

Take the detection data of a certain section of the catenary
and use the multivariate statistical control chart to evaluate
and diagnose the state of the catenary. Select the lead height
X1, the pull-out value X2, the height difference X3, the hard
point X4, and the contact force X5 in the detection pa-
rameters as the detection parameters for judging the state of
the catenary and constitute the detection parameter X� (X1,
X2, X3, X4, X5). +e changes of 25 groups of detection
parameters of a certain section of catenary are shown in
Figure 1. +e red line in the figure is the allowable value
range determined in accordance with the current “High-
speed Railway Catenary Operation and Maintenance Rules”.

Table 1 shows the standardization value of the catenary
detection parameters in this section.

Calculate the eigenvalues and eigenvectors of the stan-
dardized data and arrange them in the descending order of
eigenvalues. Calculate the cumulative sum of different ei-
genvalues, take the cumulative sum criterion CR � 85%, and
the cumulative contribution rate of the first three principal
components is 87%. +erefore, the number of principal
components is determined to be three, and only the first
three principal components can include most of the in-
formation in the analysis, so as to achieve the purpose of
dimensionality reduction.

According to (9) and (11), the dot values of T2 control
chart and SPE control chart are calculated, as shown in
Table 2.

Given the confidence level α� 0.01, it is calculated
according to (10) that T2UCL� 13.50, calculate that

θ1 � 􏽐
5
j�4 λj � 0.65, θ2 � 􏽐

5
j�4 λ

2
j � 0.29, θ3 � 􏽐

5
j�4 λ

3
j � 0.14,

h0 � 1 − 2θ1θ3/3θ
2
2 � 0.25. According to (12), the SPE con-

trol limit is calculated as QUCL� 0.61. Plot the dot values
and control limits of the principal component T2 control
chart, SPE control chart, and conventional multivariate T2

control chart mentioned in this article in the same graph,
and the multivariate statistical control chart of the catenary
obtained is shown in Figure 2.

It can be seen from Figure 2 that the multivariate sta-
tistical control chart can integrate the multidimensional
detection parameters of the catenary into a statistical
quantity and visually display it in the form of graphics,
which makes it easier to judge the state of the catenary. For
this section of the catenary, the statistics of its state pa-
rameters are all within the control limit, indicating that the
detection data X are in a controlled state, and the state of this
section of the catenary is normal. At the same confidence
level, the principal component T2 control chart in this paper
retains the core principal components and is more sensitive
to the fluctuation of the detection parameters than the
multivariate T2 control chart.

Select the detection data of this section of the catenary in
another time period and draw the corresponding principal
component analysis control chart, as shown in Figure 3.

It can be seen from Figure 3 that the statistics of the 13th
group of the T2 control chart are abnormal, and the statistics
of the 13th and 25th groups of the SPE control chart are
abnormal. +e 13th set of data is abnormal in both the
principal component subspace and the error subspace, in-
dicating that the state reflected in this set of data is abnormal
and needs to be adjusted. +e abnormality of the 25th group
of statistics reflects that the data have a large deviation from
the principal component space, the correlation between the
data has undergone abnormal changes, and the contact
network status is abnormal and needs to be adjusted.

In order to find out the reasons for the abnormality of
statistics in the 13th and 25th groups, the contribution rate
of the abnormal parameter is calculated as shown in
Figure 4.

As can be seen in Figure 4, the hard point and height
difference in the 13th group have a larger contribution rate,
and the 25th group hard point and the leading height have a
larger contribution rate. Based on this, it is judged that the
state at the position of the catenary reflected by the 13th
group of statistics is abnormal, and the factors that cause the
abnormal state at this point are hard point and height
difference. +e factor causing the abnormality of the 25th
group of statistics is the change in the correlation between
the hard point and the height difference.

Combined with the actual detection parameter changes,
the analysis in Figure 1 shows that the principal component
analysis control chart does not need to analyse the detection
parameters in each detection group separately and can
comprehensively evaluate all the detection parameters to
evaluate the catenary status. Not only it is more sensitive to
data fluctuations, it can detect abnormalities in advance, and
it can also detect abnormalities caused by parameter out-of-
limits and changes in related relationships. +e principal
component analysis control chart can not only reflect the
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Figure 1: Changes of catenary parameters of one section. (a) Lead Height/mm; (b) pull-out value/mm; (c) height difference/mm; (d) hard
point/(g); (e) contact force/(N).
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Table 1: Standardized data of the catenary detection parameters in this section.

X1 X2 X3 X4 X5
0.33 0.92 −0.68 −0.68 −0.96
0.40 0.84 −0.95 −1.00 −1.05
0.09 −0.73 −0.79 −0.88 −0.67
1.19 −0.98 −0.72 −0.49 −0.71
−0.60 0.87 0.54 −0.60 −0.63
0.42 0.92 1.93 2.11 −0.36
−0.22 −0.71 −0.99 0.18 0.79
1.64 −1.15 0.55 2.39 1.38
−0.56 1.18 0.14 −0.21 −0.26
0.44 −0.76 −1.32 −0.83 −0.70
0.47 −0.78 −0.91 −0.95 −0.43
0.27 −0.74 −0.53 −0.86 −1.04
−0.08 1.03 0.23 0.70 2.81
−0.27 −1.11 −0.43 −0.24 0.75
0.96 1.14 1.53 0.25 −0.06
−1.00 −1.16 0.23 −0.23 0.73
−1.68 −1.22 1.87 0.19 −0.30
−2.05 −0.93 0.11 −0.06 0.29
1.42 1.17 −0.27 0.05 0.78
0.87 1.00 1.11 0.36 −0.29
−2.17 −1.07 1.34 2.55 2.14
−1.09 1.28 1.01 0.08 −0.07
0.36 0.88 −0.87 −0.73 −0.99
0.49 0.82 −0.92 −0.74 −0.36
0.36 −0.72 −1.22 −0.38 −0.80

Table 2: Rated value of T2 control chart and SPE control chart.

Group no. T2 Q Group no. T2 Q
1 3.40 0.14 14 1.61 0.11
2 2.42 0.12 15 3.15 0.17
3 4.13 0.18 16 1.80 0.20
4 5.72 0.21 17 6.36 0.43
5 2.11 0.01 18 4.63 0.02
6 7.31 0.49 19 2.97 0.00
7 1.86 0.13 20 2.40 0.00
8 9.68 0.01 21 9.46 0.16
9 2.00 0.31 22 2.18 0.03
10 2.91 0.07 23 3.10 0.26
11 1.59 0.07 24 1.32 0.52
12 2.49 0.00 25 2.90 0.19
13 8.48 0.04
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Figure 2: Continued.
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Figure 2: T2 control chart and SPE control chart of catenary in normal states. (a) Principal component T2 control chart; (b) SPE control
chart; (c) conventional multiple T2 control chart.
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changes in the principal component space, show the cor-
relation within the data, but also find out the cause of the
failure.

5. Conclusion

(1) +e main component T2 control chart can show the
degree of fluctuation and deviation of the catenary
status parameters.+e residual SPE control chart can
reflect the changes in the relationship of the catenary
state parameters. +e main component T2 control
chart and the residual SPE control chart of the
catenary parameters can be used to evaluate the state
of the catenary.

(2) +e principal component T2 control chart and the
residual SPE control chart can convert the multi-
dimensional detection parameters of the catenary
into a statistic. It is displayed in the form of graphs,
and the relationship between statistics and control
limits is used to judge the status of the catenary. +e
method is simple and the result is intuitive.

(3) +e contribution rate control chart can reflect the
contribution degree of different parameters to the
abnormal state on the basis of the main component
T2 control chart and the residual SPE control chart to
realize the abnormal judgment of the catenary state.
It can be used to determine the cause of the abnormal
state of the catenary, so as to provide targeted
guidance for the maintenance of the catenary.
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It is generally accepted that selecting the key segment position for trapezoidal tapered rings and controlling the shield machine
advancement are challenging tasks for shield tunneling projects. In this work, we propose a method for calculating the key
segment position based on the shield tail gap, jack stroke difference, and lining trend. To calculate all possible key segment
positions other than that corresponding to the straight joint configuration, the shield tail gap that remains after segment assembly
and the jack stroke difference corresponding to the advancement of the segmental lining and lining trend were computed; then,
values and importance coefficients were assigned to these factors according to current operating conditions. To ensure that the
segmental lining can be assembled successfully with the calculated key position, we established a model to calculate the change in
the shield tail gap before and after shield machine advancement based on the spatial relationships of the shield machine, the
currently installed segmental rings, and the segment to be installed. Further, we propose a method for calculating the range of jack
stroke differences when the predetermined “permitted shield tail gap” and key position are provided. -e method is based on the
change in the shield tail gap calculated with the above model and the positional relationship between the shield machine’s actual
axis and the designed tunnel axis after the current segmental ring has been assembled. -e calculated range of jack stroke
differences may then be used to control the advancement of the shield machine.We validated the viability of our methods by using
the data of Phase 1 works on Line 2 of the Ningbo Rail Transit system.

1. Introduction

In the field of urban tunnel construction, shield tunneling
has become the preferred method, as it causes minimal
ground disturbance and allows for fast construction. -e
trapezoidal tapered ring is a tunnel lining method that is
becoming increasingly popular because of its cost-effec-
tiveness, simple construction, and adaptability for a wide
range of radius curves [1]. However, a tapered ring has many
potential key segment positions (or key positions), which
makes their selection a challenging task. If the key posi-
tions are not selected correctly, the segments will not fit the
designed tunnel axis. -is can cause the shield machine
to deviate from the designed tunnel axis or damage the

segmental lining. In addition, the advancement of the shield
machine directly affects segment installation. If the ad-
vancement of the shield machine is not controlled as per
operating conditions, it may become impossible to install the
segmental ring with its calculated key position, which will
subsequently affect the quality of the construction. -ere-
fore, studies on selecting the key position and controlling
shield machine advancement with a predetermined key
position are very important for engineering applications.

A number of important research findings have been
obtained in China and abroad about the key position se-
lection for trapezoidal tapered rings and shield machine
advancement. In studies on technologies for the construc-
tion of tapered rings, Song used the least-squares method to
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optimize the selection of the segment posture [2]. Li et al.
created an algorithm for calculating the coordinates of the
key position on planar and vertical curves, a bisection al-
gorithm for calculating the ideal key positions of a tunneling
route, and a computational geometry algorithm for a spa-
tially arbitrary point rotating around an arbitrary axis [3].
Zhao et al. optimized the design of the ring thickness, overall
ring deflection, ring segmentation/joint positioning, and
segment assembly methods [4]. Song et al. analyzed the
principles that underlie the design of ring segmentation, key
position, and ring dimensions [5]. Zhang et al. used the
coordinate system transformation theory to derive a method
for segment typesetting that is based on the positional pa-
rameters of segment erectors in segment assembly processes
[6]. Hu proposed a classification method based on a re-
strained support vector machine, which can regulate the
position of the key segments by utilizing historic engineering
data [7]. Zhang et al. calculated the advancement of the
segmental lining in different directions and analyzed the
influencing factors that need to be considered in the layout
design for universal segmental lining combined with actual
construction experience [8]. Besides, Li and He simulated
segment lining with the beam-spring model and calculated
loads acting on segment lining with the load-structuremodel
[9]. Yang et al. chose three test sections with different
geological conditions to study the segment internal force
during the construction of the shield tunnel [10]. Chen and
Mo analyzed a tunnel with 9 segment rings by the three-
dimensional finite element method [11]. -e loads include
injected pressure, jacking force, and squeezing action of the
tail of shield machine. -e analytical results indicate that
during the construction stage, the difference of loads along
longitudinal direction causes various displacements and
stress distributions in different segment rings.

In studies on shield machine advancement, Xu et al.
developed a method for calculating the thrust force of Earth
pressure balance (EPB) shield machines and investigated the
factors that affect this force based on the excavation
mechanisms of these machines [12]. Dai divided the total
buoyancy force experienced by the rings behind the shield
machine into static and dynamic components based on the
assumptions of ideal simultaneous backfill grouting and
negligible changes in grout characteristics [13]. -e static
component is generated by the envelopment of the liquid
grout, while the dynamic component changes with the
ground conditions and buried depth of the tunnel. Formulas
to calculate these buoyancy force components were also
derived. Li et al. experimentally studied how Earth pressures
inside and outside the soil chamber are correlated with
changes in the cutter disc torque and thrust, as well as factors
that influence this correlation [14]. In addition, they studied
the effects of the cutter disc’s opening ratio on the total
thrust of the shield machine and the torque of the cutter disc.

In addition to the above studies, a large amount of basic
research has been performed on selecting segmental linings,
calculating the key position, axial line fitting, and the me-
chanical properties of segmental linings [15–28]. Although a
number of important results have been obtained, the vast
majority of studies on tapered rings have focused on

segment measurement, structural optimization, correcting
the segment typesetting process, or the selection of segment
types. Studies on controlling shield machine advancement
have been relatively scarce.

In most of the above studies, the distance between the
fitted center of the segment assembly plane and the target
point of the designed tunnel axis was often the sole con-
sideration to calculate the key position. Other operating
conditions were simply overlooked. Furthermore, many of
the proposed methods cannot fully prevent the occurrence
of straight joints, which reduce the applicability of the
calculated key position. Even after the key position of the
segment to be installed has been determined, a mature and
reliable method for controlling shield machine advancement
toward the next segmental ring does not currently exist.
Consequently, ring assembly in the calculated key position
may be impossible under certain circumstances. In this
work, we constructed a model for calculating the change in
shield gap before and after shieldmachine advancement, and
we propose a method for calculating the key position based
on the shield tail gap, jack stroke difference, and lining trend.
-ese methods are based on the spatial relationship between
the shield machine, current segmental ring, and ring to be
installed as well as a careful review of the existing literature.
We also established a method for calculating the range of
jack stroke differences for shield machine advancement to
the next ring when the key positions are fully determined
and a “permitted shield tail gap” has been defined. -is
method is based on the positional relationship of the shield
machine’s actual axis with the designed tunnel axis after the
current ring has been assembled.

2. CalculationofKeyPositions inTaperedRings

2.1. Factors &at Affect the Key Position Calculation. -e
shield tail gap, jack stroke difference, and lining trend were
selected as the most important factors for calculating the key
position based on actual field conditions and spatial rela-
tionships between the segmental lining, shield machine, and
designed tunnel axis during shield machine advancement.

2.1.1. Shield Tail Gap. -e segment is assembled into a ring at
the shield tail and then ejected. However, the shield machine
always deviates slightly during the tunneling process.
-erefore, a gap between the shield housing and the outer
surface of the segment (i.e., the “shield tail gap”), as shown in
Figure 1, is necessary to ensure that the next ring can be safely
assembled. -e shield tail gap is defined as the shortest
distance from the outer ring at the front end of the assembled
segmental ring to the inner ring of the shield housing.

In theory, there is an ideal value for the shield tail gap in
the top, bottom, left, and right directions. However, during
the tunneling and assembly processes, the shield tail gap
changes because of the jack stroke difference and ad-
vancement corresponding to each key position. -e shield
tail gap (a2) after the segmental ring assembly consists of two
parts: the shield tail gap of the previous segmented ring a1
and the change in the shield tail gap d:
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a2 � a1 + d. (1)

-e total change in the shield tail gap d consists of
changes in the shield tail gap that are caused by jack stroke
differences d1 and the key position of the segment to be
installed d2:

d � d1 + d2, (2)

where

d1 � ±
ΔsB

Dj

. (3)

d2 �

±
δB

2Dr

cos
π
8

N1 − 1( 􏼁􏼔 􏼕
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2Dr

sin
π
8

N1 − 1( 􏼁􏼔 􏼕

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(4)

Here, ∆s is the stroke difference of the jack (mm), B is the
width of the segment (mm), Dj is the diameter of the jack
(mm), Dr is the segment diameter (mm), δ is the taper of the
tapered ring (mm), andN1 is the key position of the segment
to be installed. Equations (4) calculate the vertical and
horizontal changes, respectively, in the shield tail gap. D1
and d2 are positive for shield tail gaps at the top and right
sides of the segmental ring and negative for gaps at the
bottom and left sides.

-e shield tail gap of the previous segmental ring is
obtained using an automated measurement system. -e
above equations are then used to calculate the postassembly
shield tail gap. If the postassembly shield tail gaps in the
top, bottom, left, and right directions are greater than
permitted, this position may then be selected for ring as-
sembly. If the postassembly shield tail gaps do not meet the
above criterion, then this position cannot be selected for
ring assembly.

2.1.2. Jack Stroke Difference. -e jack stroke difference can
vary significantly during the tunneling process of a shield
machine. If the jack stroke difference is very large, the
segmental rings will be subjected to excessively large force
differentials, and the attitude of the shield machine also
becomes difficult to control. -erefore, the effects of the jack
stroke difference should be considered when selecting the
key position for the next segmental ring. Because the

advancement of the segmental ring (due to the selected key
position) should match the intended advancement of the
designed tunnel route, the advancement of each possible key
position should be calculated in the horizontal and vertical
directions by using (5) and (6), respectively. A threshold
value may then be defined for the jack stroke difference
according to the operating conditions. A key position should
not be selected if the resulting postassembly stroke difference
exceeds this threshold value.

Δrv � −δ cos
π
8

N1 − 1( 􏼁􏼔 􏼕, (5)

Δrl � δ sin
π
8

N1 − 1( 􏼁􏼔 􏼕. (6)

2.1.3. Lining Trend. During the advancement of a shield
machine, the assembled segments should fit the designed
tunnel axis in both distance and angle. -e lining trend is
defined as the distance and angular deviations of the
segment axis from the designed tunnel axis. Hence, the
main objective when selecting the key position is to
minimize the distance and angular deviations between
the segment axis and the designed tunnel axis to ensure
that the segmental rings are closely aligned with the latter
axis.

It is easy to observe that distance deviations induced by
the key position are equivalent to changes in the shield tail
gap. -erefore, distance deviations can be calculated with
equations (4). Angular deviations induced by the key po-
sition in the vertical and horizontal directions may be cal-
culated with (7) and (8), respectively:

arcsin
δ

2Dr

cos
π
8

N1 − 1( 􏼁􏼔 􏼕􏼨 􏼩 ≈
δ

2Dr

cos
π
8

N1 − 1( 􏼁􏼔 􏼕, (7)

arcsin
δ

2Dr

sin
π
8

N1 − 1( 􏼁􏼔 􏼕􏼨 􏼩 ≈
δ

2Dr

sin
π
8

N1 − 1( 􏼁􏼔 􏼕.

(8)

Because the key position should be selected to minimize
distance and angular deviations between the segment axis
and designed tunnel axis, the lining trend needs to be
minimized. -is is performed by calculating and comparing
the distance and angular deviations induced by different
possible key positions in various practical settings.

Shield tail gap

Wire brush

Installed segmental rings

Shield tail

Jack

Figure 1: Schematic diagram of the shield tail gap.
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2.2. Segment Position Selection and Software Development.
Visual Basic was used to develop an automated position
selection program to calculate key positions for segmental
ring assembly. After the shield tail gap, jack stroke differ-
ence, and lining trend are measured or calculated, each
candidate key position is assigned a value based on the
principles of key position selection. -is value indicates the
“selectability” of a candidate key position according to the
previously described conditions. Candidate key positions
that are suitable for selection have a value of 1, while po-
sitions that cannot be selected have a value of 0.

2.2.1. Shield Tail Gap. -e shield tail gaps are calculated in
the top, bottom, left, and right directions after the assembly
of the next segmental ring. If the gaps in all directions are
greater than some defined limit, a value of 1 is then assigned
to this candidate key position. If the gap in some direction is
less than the limit, a value of 0 is then assigned to the
candidate key position.

2.2.2. Jack Stroke Difference. -e jack stroke differences are
calculated in the horizontal and vertical directions after the
assembly of the next segmental ring. If these stroke differ-
ences fall within a certain limit, a value of 1 is then assigned
to the candidate key position; a value of 0 is assigned
otherwise.

2.2.3. Lining Trend. Distance and angular deviations in the
horizontal and vertical directions after the assembly of the
next segmental ring are calculated. If the values of these
deviations fall within a certain range of limits, a value of 1 is
then assigned to the candidate key position; a value of 0 is
assigned otherwise.

-e above limits should be selected rationally according
to actual operating conditions. In special circumstances (e.g.,
an excessively large jack stroke difference), a larger value
should be assigned to the selectable key positions. -is is
because the attitude of the shield machine is very poor in this
instance, and the jack stroke difference needs to be corrected
in a timely manner. A larger value is thus assigned to the
selectable key positions. In this case, all selection factors
other than the jack stroke differencemay be neglected until it
has been reduced to an acceptable value.

Each candidate position has three assigned values V1i,
V2i, and V3i, which correspond to the shield tail gap, jack
stroke difference, and lining trend, respectively. -e overall
value of each candidate position is the sum of these factors
multiplied by their corresponding importance coefficients
I1i, I2i, and I3i.

-e overall value of each position is

Ji � V1iI1i + V2iI2i + V3iI3i, (9)

where Ji is the overall value of a candidate position; V1i, V2i,
and V3i are the values associated with the shield tail gap, jack
stroke difference, and lining trend, respectively; I1i, I2i, and
I3i are the important factors associated with the shield tail

gap, jack stroke difference, and lining trend, respectively;
and i represents a candidate position.

-e importance coefficients are selected as follows. -e
shield machine operator selects the importance coefficients
of the factors according to his or her judgment of the current
situation; certain factors may be assigned larger values if a
problematic situation is encountered. For example, if the
shield tail gap is currently very poor while the jack stroke
difference and lining trend are satisfactory, a larger im-
portance coefficient is assigned to the shield tail gap. -e
degree of importance, therefore, depends on the judgment
and selection of the shield machine operator.

-e above calculations can be used to calculate n se-
lectable candidate key positions for the next segmental ring
by using the key position of the previous segmental ring.-e
overall calculated values of these n positions are then
compared, and the next ring is then assembled with the key
position having the greatest overall value. -e Visual Basic
programming language was used to write a program that
performs our key position calculations.

3. Calculating the Range of the Jack Stroke
Differences in Tapered Rings

Even after the key positions are fully determined, assembling
the segments in the calculated key positions during the
tunneling process may not be possible, or the segments may
simply break after being assembled. -is is caused by a lack
of theoretical research on the advancement of shield ma-
chines toward the next ring. To address this issue, we
propose a method for controlling the advancement of a
shield machine by calculating the range of Jack stroke dif-
ferences needed to reach the next ring.

3.1. Calculation of the Shield Tail Gaps before and after Shield
Machine Advancement. -e shield tail gap is the most
important factor for determining whether a segment can be
assembled successfully. If the shield tail gap is too small, the
shield tail will interfere with the segment during shield
machine advancement. A minimal level of interference will
increase resistance against the advancement of the shield
machine, whereas a severe level of interference can lead to
dislocations or damage in the segmental ring that will
subsequently induce tunnel leakage or surface settlement.
Because the shield tail gap has a significant impact on the
advancement process, this factor was selected as the con-
trolling index for calculating Jack stroke differences.

3.1.1. Shield Tail Gap after the Current Ring Has Been Re-
leased from the Shield Tail at the End of the Shield Machine’s
Advancement. Figure 2 illustrates the calculation of the
shield tail gap after a segmental ring is released at the end of
the shield machine’s advancement. -e contact between the
installed segmental ring and jack is the datum plane, and the
manually measured shield tail gap of the previous segmental
ring after the advancement of the shield machine is a1. If the
shield tail gap after the current segmental ring is released
from the tail is a3 and all shield machine displacements
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caused by other factors are negligible, the following equation
may then be obtained from the geometric relationship be-
tween the shield machine and segmental lining:

a3 � a1 − d1 − d3, (10)

where d1 is calculated from Equation (3) and d3 is the change
in the shield tail gap caused by the installed segmental ring.
-e vertical and horizontal components of this change may
be calculated using equation (11), respectively:

d3 �

±
δB

2Dr

cos
π
8

N1 − 1( 􏼁􏼔 􏼕

±
δB

2Dr

sin
π
8

N1 − 1( 􏼁􏼔 􏼕

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

, (11)

where N2 is the key position of the installed segment. All
other symbols retain their previous definitions.

3.1.2. Shield Tail Gap at the Segment after the Next Segmental
Ring Has Been Fully Assembled. Further constraints may be
applied to the jack stroke difference by considering the shield
tail gap after the next segmental ring has been assembled.
-e shield tail gap after the assembly of the next segmental
ring (a2) can be calculated using equations (1)–(4).

-e vertical top-side shield tail gap is taken as an ex-
ample here. Substituting (3) and (11) into (3) and (10) and
(4) into (1) yields

a3 � a1 − Δs
B

Dj

−
δB

2Dr

× cos
π
8

N1 − 1( 􏼁􏼔 􏼕, (12)

a2 � a1 + Δs
B

Dj

+
δB

2Dr

× cos
π
8

N1 − 1( 􏼁􏼔 􏼕. (13)

3.2. Calculating the Range of Jack Stroke Differences with
Predetermined Key Positions. A reasonable range of values
for the shield machine’s jack stroke difference may be ac-
quired by applying constraints based on the shield tail gap.
Determining the range of jack stroke differences is effectively
a method for controlling shieldmachine advancement that is
compatible with segment typesetting schemes.

Boundary conditions are added to (12) and (13). -e
shield tail gap when the current ring is released from the
shield tail (a3) and the shield tail gap after the next segmental
ring is assembled (a2) should not be smaller than ε (i.e.,
a2 � a3≥ ε). By setting a2 � a3 � ε, the range of the jack stroke

difference ∆s, which is represented by [x1, x2], may then be
calculated with equations (12) and (13). -e minimum re-
quirements of the upper shield tail gap on the top side are
satisfied when ∆s ∈ [x1, x2]. -e range of ∆s for the shield tail
gap on the bottom side, which is represented by [x3, x4], may
be calculated in the same way. -e results of [x1, x2]∩ [ x3,
x4] are then denoted as [xmin, xmax]. When all other factors
are negligible, [xmin, xmax] is the vertical range of jack stroke
differences that satisfies the minimum shield tail gap.
Similarly, the horizontal range of jack stroke differences that
satisfies the minimum shield tail gap may be calculated by
using the minimum shield tail gaps on the right and left sides
of the shield tail.

To further minimize the calculated range of jack stroke
differences, the positional relationship between the actual
axis of the shield machine and the designed tunnel axis needs
to be considered. -e initial stroke difference in the vertical
direction after the current segmental ring is assembled is
denoted as ∆s0, and the height deviations of the shield
machine and shield tail are denoted as h1 and h2, respec-
tively. -ese height deviations are positive if the shield
machine is above the designed tunnel axis and negative if the
shield machine is below the designed tunnel axis. -e goal is
to keep the shield machine moving along the direction of the
designed tunnel axis.

When ∆s0 ∈ [xmin, xmax], the following values define the
vertical range of jack stroke differences that satisfies the
minimum shield tail gap:

When h1< h2, ∆s ∈ [xmin, ∆s0];
When h1> h2, ∆s ∈ [∆s0, xmax];
When h1 � h2,

If h1> 0 and h2> 0, then ∆s ∈ [∆s0, xmax];
If h1< 0 and h2< 0, then ∆s ∈ [xmin, ∆s0];
If h1 � h2 � 0, then ∆s�∆s0.

If ∆s0 ∉ [xmin, xmax], the requirements of the shield tail
gap need to be prioritized to ensure that the segmental lining
does not break or crack. Hence, the constraints imposed by
the need to fit the designed tunnel axis are abandoned in this
instance, and the value of ∆s0 remains within [xmin, xmax].

-e range of jack stroke differences in the horizontal
direction may be calculated in a similar manner. -e Visual
Basic programming language was used to write the software
for calculating the range of Jack stroke differences.

4. Case Study

4.1. Project Overview. Project TJ2101 (Phase 1 in Line 2 of
the Ningbo Rail Transit system) covers the section from
Lishe Station up to Yinzhou Avenue Station. Shield tun-
neling was used to construct this section. -e design lengths
of the up and down lines were 1463.318 and 1445.695m,
respectively. -e running tunnel has a minimum buried
depth of 5.8m and a maximum buried depth of 21.6m. Most
of the tunnel is situated in (2) 2 gray silty clay, (4) 1 silty clay,
(5) 1 clay, and (5) 1a sandy silt clay. -e soil layers are
therefore weak and unstable, so they are prone to uneven
settlement and large deformations.

installed segental ring

a1a3

d1

d3

Figure 2: Diagram of the shield tail gap upon the release of a
segmental ring at the end of the shield machine’s advancement.
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A Komatsu TM634PMX shield machine (Japan) was
used for this project. -is shield machine has a length of
8680mm and an outer diameter of 6340mm.-e jack group
consists of 22 cylinders and has a diameter of 5850mm. -e
tapered ring has an inner diameter of 5500mm, an outer
diameter of 6200mm, a thickness of 350mm, and an annular
width of 1200mm. -e segments were designed as doubly
tapered segments with a maximum taper of 37.2mm and a
tapering angle of 20′37.59″ for each segment. Each seg-
mental ring was composed of six segments: one key segment
(F), two countersegments (L1, L2), and three regular seg-
ments (B1, B2, B3). Each ring had a total of 16 possible key
positions for segment assembly, and a tongue and groove
construction was used for the joints of the segmental ring.
-e structure of the segmental ring is shown in Figure 3.

4.2. Example of Key Position Selection. -e key positions
selected by our program and actually selected during the
project were compared. Twenty-five samples from a linear
section of the down line were used, which corresponded to
rings 104–116 and 129–140. -is area of the tunnel was
mainly excavated in a single stratum of (2) 2 gray silty clay,
and no damage or leakage was observed in these 25 seg-
mental rings. -is implies that the shield machine operator
chose the key positions of these segmental rings in a rational
manner according to all operating conditions and factors.
-ese selections may therefore be used as a reference for

comparison. -e data input and parameter configuration
interfaces are shown in Figures 4 and 5, respectively. Table 1
compares the actual key positions with those selected by our
program.

-e key positions computed by our program for these 25
segmental rings are very similar to the key positions that
were actually selected.-ere are 17 instances where the same
position was selected, which accounts for 68% of all selec-
tions. -erefore, the results of our program are highly re-
liable. Because the importance coefficients of the shield tail
gap, jack stroke difference, and lining trend were set to 1 : 3 :
2 in all of the calculations, some of the calculated positions
significantly differed from the actual positions used for
segment assembly. -erefore, the importance coefficients
need to be chosen according to the actual operating con-
ditions prior to each calculation.
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Figure 3: Schematic of a tapered ring (dimensions: mm). (a) Front view and (b) sectional view.

Figure 4: Data input interface.
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4.3. Example Calculation for the Range of Jack Stroke
Differences. In this case, the key position of the ring cur-
rently being assembled was assumed to be Position 5, while
Position 13 was predicted to be the key position for as-
sembling the next ring. -e current shield tail gap (which
may be measured by using a specialized instrument or
manual measurements) was 20mmon the top, 30mmon the
bottom, 18mm on the left, and 33mm on the right. -e
permitted shield tail gap was set to 10mm. -e current
stroke difference of the shield machine was 15mm in the
horizontal direction and −20mm in the vertical direction.
-e horizontal and vertical deviations in the attitude of the
shield machine were 5 and −15mm, respectively, at the
cutter head and 15 and −30mm, respectively, at the shield
tail. Figure 6 shows the calculated range of jack stroke
differences for a permitted shield gap of 10mm.-ese ranges
were 49mm to −20mm in the vertical direction and
15–56mm in the horizontal direction. -ese ranges are
clearly too large to be of any use for shield machine operators.
-is is because the attitude of the shield machine is currently
in a good state, and the permitted shield tail gap was too small.
Consequently, the range of jack stroke differences was not

restricted in a meaningful manner. -is calculation was
therefore performed again with an adjustment to the per-
mitted shield tail gap.

-e permitted shield tail gap was adjusted to 15mm, and
the recalculated range of jack stroke differences is shown in
Figure 7. -e results were −25 to −20mm in the vertical
direction and 15–33mm in the horizontal direction. -e
range of stroke differences was significantly reduced com-
pared to the previous example, and this range is sufficiently
precise for practical applications.

-e case study showed that the calculated range of stroke
differences is closely related to the permitted shield tail gap.
Hence, the shield machine operator should select a suitable
permitted shield tail gap according to the actual project
conditions. -e attitude of the shield machine may then be
maintained in a good state by the operator using the range of
jack stroke differences calculated by the program to control
the advancement of the shield machine.

5. Conclusion

Based on a review of previous relevant studies, we propose a
method for key position selection based on the shield tail
gap, jack stroke difference, and lining trend. We also con-
structed a method for calculating the range of jack stroke
differences with predetermined key positions and a user-
defined permitted shield tail gap to ensure that a segmental
ring can be safely installed in the calculated key position.
Comparisons with a case study showed that the calculation
results of our method are highly reliable.

Our automated key position selection program (based
on our algorithm) accounts for the impacts of the three

Figure 5: Parameter configuration interface.

Table 1: Comparison of the calculated and actual positions for
segment assembly.

Ring number 104 105 106 107 108 109 110 111 112
Actual key
position 13 5 13 5 13 5 13 11 13

Calculated key
position 13 5 7 5 7 5 13 5 13

Ring number 113 114 115 116 129 130 131 132 133
Actual key
position 5 3 5 13 5 13 5 13 15

Calculated key
position 11 13 5 13 14 13 5 13 15

Ring number 134 135 136 137 138 139 140
Actual key
position 13 5 13 5 7 5 13

Calculated key
position 13 11 13 5 7 5 16

Figure 6: Calculated range of jack stroke differences when the
permitted shield tail gap is 10mm.

Figure 7: Recalculated range of jack stroke differences when the
permitted shield tail gap is adjusted to 15mm.

Advances in Civil Engineering 7



most important factors for shield tunneling, and the im-
portance coefficients of these factors can be adjusted
according to actual operating conditions. -is program is
therefore viable for practical applications. When the pro-
gram was used in an engineering application, the impor-
tance coefficients of the shield tail gap, jack stroke
difference, and lining trend were found to affect the quality
of the calculated results to some extent. -erefore, the
shield machine operator should select importance coeffi-
cients for each factor according to the actual operating
conditions.

-e range of jack stroke differences was calculated by
using the shield tail gap as the controlling index. -e cal-
culated ranges based on the permitted shield tail gap are
sufficiently precise for practical applications, and the cal-
culations are straightforward to perform. In the validation
experiment, the range of jack stroke differences corre-
sponding to a permitted shield tail gap of 10mm was very
large. Increasing the shield tail gap to 15mm significantly
reduced the range of Jack stroke differences to be sufficiently
precise for practical requirements, which proved the viability
of this method.-erefore, the permitted shield tail gap needs
to be selected according to actual operating conditions in
practical applications.

Segment floating often occurs during shield con-
struction, especially under the condition of crossing soft
soil layer. In this paper, we do not consider the influence
of the segment floating on the key position selection as
well as the calculation of jack stroke differences. -is
point will be studied with an emphasis on our future
research.
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