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Under the background of rapid economic development and the continuous expansion of city size, people’s travel is deeply
troubled by the problem of urban traffic congestion. Subway is an effective way to relieve traffic pressure and plays an important
role in its use. In the process of building the city subway, the excavation of the underground tunnel is the most critical. However,
the excavation of the tunnel will inevitably disturb the nearby soil, change the stratum stress conditions, and make the stress
distribution uneven. If the surface settlement is too large, it will not only affect the normal construction of the tunnel but also cause
damage to the surrounding buildings (structures), roads, underground pipelines, and so on, resulting in very serious malignant
consequences. In this study, Cuobuling Station is taken as a case study. First, the construction status of the subway tunnel in the
station is analyzed, and then the monitoring results are analyzed. According to the cross-section settlement law, the numerical
simulation and neural network are used to build a model, calculate the numerical simulation results, and carry out a risk
assessment of regression model. Finally, combined with the tunnel construction situation of the station, according to the risk
assessment results, the concrete measures are put forward to deal with the subway tunnel construction settlement problem.

1. Introduction

As an effective way to relieve traffic pressure, the subway
plays an important role. It is foreseeable that the con-
struction of urban subways in the future will usher in new
development opportunities. .e well-developed shield
construction will still disturb the soil layer, and different
levels of ground displacement and surface subsidence will
occur [1]. Once this phenomenon exceeds a certain range,
the safety of adjacent buildings and underground pipelines
will not be guaranteed, and geotechnical environmental
engineering problems will be caused one after another [2]. In
order to reduce the disturbance of surrounding soil and
reduce the adverse impact on adjacent buildings (struc-
tures), many experts and scholars are committed to finding a
method to control surface settlement to a great extent [3].
.erefore, it is very important to study the evolution law and
control method of surface subsidence, which is one of the
most critical research issues [4, 5]. Based on the Cuobuling

Station project of QingdaoMetro Line 4, the evolution law of
ground subsidence caused by subway shield construction
was analyzed and studied in this paper. And a series of
measures are summarized to control the ground subsidence,
so as to ensure the safety of Qingdao metro shield con-
struction, but also to provide a reference for the ground
subsidence caused by the construction of similar areas in the
future.

2. Project Summary

Cuobuling Station is a nine-seat station of Qingdao Metro
Line 4, which interchanges with the Cuobuling Station of
Line 3. .e strata involved in the temporary construction of
the shaft and the cross passage are mainly the artificial filling
soil of the Quaternary-Holocene, alluvial and diluvial de-
posits of the Quaternary Holocene, and late Yanshanian
granite. Controlled by the Cathaysia tectonic system, the
regional main tectonic trajectory in the Qingdao area is a
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group of NE-trending faults distributed diagonally, with the
characteristics of high inclination, overall inclination to the
northwest, and local counterinclination. From west to east,
there are the Cangkou fault, the Pishikou-Fushan fault, and
the Wanggezhuang-Shandongtou fault. .e main types of
groundwater in the field are Quaternary pore water and
bedrock fissure water. .e Quaternary pore water mainly
occurs in the filling soil and the ninth layer of coarse sand,
which is rich in water and belongs to medium to strong
permeable layer. .e bedrock fissure water occurs in layers
and bands in the strong wind zone of the bedrock and the
densely developed zone of fissures. Due to the uneven de-
velopment of fissures, its water richness is uneven.

3. Monitoring Results

3.1. Testing Arrangement. In Cuobuling Station, a total of
seven survey lines are arranged on the road surface, in-
cluding five-line survey and two-point survey. .e surface
detection line layout diagram is shown in Figure 1:

Within the detection range, the electromagnetic wave is
distributed regionally, and the distribution uniformity of the
energy group is poor. .ere are obvious diffraction and
refraction phenomena in the local electromagnetic wave.
.ere is a fault in the in-phase axis, and the reflected wave
energy in local areas is strong, and the amplitude is high. In
view of the complex structure of the overlying soil layer and
numerous pipelines under the road surface, there is a great
interference to the identification of radar Atlas. It is expected
that the local area rock strata are broken, and there are weak
structures and bedding structural planes. Surface detection
results map is shown in Figure 2.

3.2. Cross-Section Settlement Law. .ree sections are se-
lected, and five groups of monitoring data are taken from
each section [6]. During the whole process of the shield
machine passing through each section (including before,
during, and after the shield machine passing through), the
field surface subsidence monitoring is carried out. Because
the number of rings advanced by the shield machine is
different in different monitoring periods, the interpolation
method is adopted locally for data processing when the
monitoring data is counted.

3.3. Analysis Method. With the development of computer
technology, numerical analysis methods have been realized;
the application of numerical analysis methods in geotech-
nical engineering began in the 1960s [7], among which the
most widely used methods are the finite element method
(FEM) and finite difference method (FDM).

3.3.1. Finite Element Method (FEM). .e finite element
method establishes the relationship between force and
displacement based on the basic mechanics principle of
continuum and calculates the displacement and stress of
unknown nodes according to the known stress and strain of
each division element [8].

3.3.2. Finite Difference Method (FDM). .e solution of a
given initial and boundary value problem is the finite difference
method, an earlier numerical analysis method. With the rapid
development of computer technology, the finite difference
method has shown certain advantages in the numerical analysis
due to its unique calculation format and calculation flow [9].

3.4. Numerical Simulation Software. At present, the com-
mon numerical analysis software includes ANSYS, MIDAS/
GTS, ABAQUS, PLAXIS, and so on. Different numerical
simulation software have their own advantages and disad-
vantages and are suitable for different research fields.

In the civil construction industry, ANSYS simulation
software can accurately deal with and simulate the situation
of stressed nodes. Because of its own characteristics, ANSYS
software can be used for physical simulation analysis in
many disciplines, such as fluid mechanics, geotechnical
engineering, structural engineering, and other disciplines.

.e MIDAS/GTS provides a reference for the research and
calculation of underground engineering. It has advanced rep-
resentation, and it can provide good solutions in tunnel con-
struction or other more complex environments [10]. .e
ABAQUS is not only well used in simple linear domain sim-
ulations, but also for relatively difficult nonlinear simulations.
.e simulation in the linear domain can also be solved a lot.

In this paper, PLAXIS 3D numerical analysis software is
used to carry out numerical simulations of the shield
construction process. Now the PLAXIS software is briefly
introduced, with emphasis on its calculation and analysis
function and modeling process. PLAXIS has powerful cal-
culation and analysis functions, stable calculation, and ac-
curate results [11]. .e software CCP includes three
modules: main module, seepage module, and dynamic
module, which can perform numerical analysis of various
conditions such as consolidation, fluid-solid coupling,
plasticity, and dynamics.

4. Model Building

4.1. Shield Excavation Model. .e lining of shield tunnels is
usually composed of precast concrete segments, and the
precast concrete segments are connected by bolts during
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Figure 1: Surface detection line layout diagram.
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shield tunneling to form the tunnel lining [12]. .e simulated
construction process is divided into several construction
stages according to the length of each ring lining segment,
which is generally about 1.5m long. Considering that the
overlaying soil layer above the tunnel is different at different
sections, numerical simulation analysis is carried out on the
three selected representative sections to calculate the settle-
ment results. .e detailed modeling process is as follows.

4.1.1. Geometric Model Building and Parameter Input.
Shield construction is mainly a construction method in which
the shield machine is used as a tunnel excavation tool. In order
to prevent the collapse of the tunnel surrounding the rock, the
shield machine is pushed forward while laying tiles and lining.
Before excavation, the soil is excavated with a cutting device.
.e excavatedmachine is out of the hole, the jack is pressed on
the top, and precast concrete segments are assembled to form a
tunnel structure. In the numerical simulation of the tunnel
excavation construction process, the project is often simplified
appropriately. According to the geological investigation data
and the study of boundary conditions, two adjacent borehole
intervals are selected as the study area of the geometric model
[13]..e length of the model is 80m (in the direction of theX-
axis); the width is 20m (in the direction of the Y-axis); and the
thickness is 30m (in the direction of the Z-axis). .e buried
depth of the tunnel is 18m; the outer diameter of the shield is
6.3m; the inner diameter of the shield is 5.7m; each segment
ring is 1.5m; and the wall thickness is 0.3m. .e physical and
mechanical parameters such as cohesion, friction angle, elastic
modulus, and Poisson’s ratio of the overburden soil layer are
simulated by solid elements. Reference table of section soil
material is shown in Table 1.

Model plate unit material properties are shown in
Table 2.

Numerical simulation of three-dimensional model
meshing is shown in Figure 3.

4.1.2. Defining Structural Units and Creating Advanced
Excavation Segments. Shield excavation, support, and other
relevant contents are defined under the “structural mode,”
and the tunnel shield machine (TBM) is used to carry out the
excavation [14]. .e length of the shield is 9m, and the
diameter is 6.3m. .e tunnel inner and outer diameter
profile is established, and the inner and outer diameter
profile surface of the left half tunnel lining is established to
form the left half tunnel entity. In order to simulate the
shield machine’s propulsion process, it is divided into five
stages, including the initial position of the shield and four
stages of propulsion, with each stage advancing 10m and
each advancing 1.5m, divided into seven times. .e initial
position of the section shield is shown in Figure 4.

(1) Creating the Tunnel Face to Balance the Pressure and Jack
9rust. .e equilibrium pressure of the tunnel face is
bentonite pressure, which increases linearly with depth. At
the same time, in the process of tunnel excavation, the shield
needs to push itself forward and separate from the com-
pleted lining. .is process is realized by hydraulic jacks.
.erefore, the force exerted by the jacks on the tunnel lining
should be considered in the model.

(2) Defining Shield, Surface Shrinkage, Grouting Pressure,
and Soil-Structure Interaction. .e “Create Plate” of the
outer cylinder of the model is selected to specify the plate
element for the surface representing the shield machine.
Each stage is only 9m long in the active state to simulate the
shield machine [15]. Once again, the “Creation Surface
Shrink” of the outer cylinder is selected, and the distri-
bution type and value of the contraction will be defined in
the calculation stage. .e grouting pressure was defined,
and the “original surface load” of the outer cylinder was
selected to simulate the grouting pressure. Finally, the
interaction between soil and structure is simulated around
the tunnel.

Line 1 Line 2

Point 1 Point 2

Figure 2: Surface detection results map.
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4.2. Numerical Results. .e width of each ring of segments
is 1.5 m. For the convenience of numerical simulation
calculation, each shield tunneling is carried out in a group
of seven-ring segments with 1.5 m of each advance. When
the distance of the shield tunneling machine from the
monitoring surface is −10m, 0m, 10m, 20m, and 30m,
the research and analysis are carried out. .e settlement
amount of the study section is counted, and the cloud
map of a complete calculation stage is shown as follows.

(1) 9e Shield Machine Advances to a Position of −10m from
the Monitoring Surface. .e shield machine advances to a
position of −10m from the monitoring surface, which is
equivalent to the part of the soil before “freezing.” .e
excavation releases Earth pressure, and a small amount of
settlement is generated on the monitoring section. .e

maximum stratum uplift value is 2.814mm, which occurs at
the grouting behind the bottom wall of the tunnel. Vertical
cumulative subsidence cloud image at −10m from section
YDK13 + 001 is shown in Figure 5.

4.2.1. Simulating Ring Wall Grouting for Excavated Soil.
In the second stage, due to soil excavation, a small part of the
monitoring section has subsided, so it is necessary to sim-
ulate ring wall grouting in real-time. Cloud image of ring
wall grouting settlement before −10m from section
YDK13 + 001 is shown in Figure 6.

4.2.2. Shield Machine Advances One Step Forward. A new
stage is added to hide the surrounding soil of the tunnel,
making it easy to select TBM, lining, surface load, and

Table 1: Reference table of section soil material.

Tab Parameter Symbol Concrete Marl layer Clay layer Plain fill layer Unit

General

Material model — Linear elasticity Moore-Cullen Moore-Cullen Moore-Cullen —
Drainage type — Nonporous Drain Drain Drain —
Natural severity cunsat 27 17 16 17 kN/m3

Saturation severity csat — 20 18 20 kN/m3

Parameter

Elastic modulus Eref 3.10E7 7.50E4 1.00E4 1.30E4 kN/m3
Poisson’s ratio V — 0.10 0.30 0.35 0.30

Cohesion C′ — 35 15 10 kN/m3
Friction angle ρ — 31 25 21 (°)
Dilatancy angle ψ — 0 0 0 (°)

Interface Interface strength Rinter Rigidity Rigidity Rigidity Rigidity —
Initial conditions Initial horizontal stress coefficient K0 Automatic Automatic Automatic Automatic —

Table 2: Model plate unit material properties.

Name of the material Natural density (g/
cm3)

Compression modulus
(MPa)

Angle of internal
friction (°)

Cohesion
(kPa)

Poisson’s
ratio

Shield shell (70mm thickness) 7.72 210,000 50.00 20,000 0.28
C50 concrete segment (300mm
thickness) 2.49 35,000 62.63 4,241 0.16

Shield tail void medium (grouting
material) 1.63 0.94 10.00 1.12 0.45

Length: 80m

�ickness: 30m

Width: 20m

Figure 3: Numerical simulation of three-dimensional model meshing.
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surface shrinkage from the outside and inside of the tunnel.
.e load between −10m and −8.5m is frozen; its forward
interface is activated; and the TBM is used to advance 1.5m.
Sedimentation cloud map at −8.5m from section
YDK13 + 001 is shown in Figure 7.

4.2.3. 9e Shield Propulsion Process from −8.5m to −6m Is
Simulated. In the fourth stage, TBM was advanced from
−8.5m to −6m, and the simulation process is basically the
same as that in the previous stage, except that the whole
process is advanced along the X-axis by 1.5m. Grouting
pressure from −10m to −8.5m remains unchanged; the jack
thrust at −10m is removed; the grouting pressure from
−10m to −8.5m needs to be changed to the lining; and the

jack thrust is applied; Only 6 m–8.5 m is required from the
tail of TBM to the grouting pressure Settlement cloud di-
agram at −6.5m from YDK13 + 001 section is shown in
Figure 8

4.2.4. 9e Shield Reaches the Monitoring Section. .e shield
machine advances cyclically, advancing forward 1.5m each
time, and When the TBM shield machine advances to the
ydk13 + 001 section, the numerical simulation cloud dia-
gram is shown in Figure 9.

4.3. Regression Model Risk Assessment. .e artificial neural
network evaluation model for large-section tunnels uses a

Figure 4: Initial position of section shield.
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Figure 5: Vertical cumulative subsidence cloud image at −10m from section YDK13 + 001.
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three-layer neural network. .e geological conditions and
construction parameters of the surrounding rock of the
tunnel are used as the input layer, and the evaluation in-
dicators of the dome subsidence, ground settlement,
structural force, and the extent of the plastic zone are used as
the output layer [16]. Suppose the input neuron is h, the
hidden layer neuron is i, and the output layer neuron is j

using nh, ni, and nj to denote the number of nodes in the
input layer, hidden layer, and output layer, θi and θj are
thresholds of hidden layer node and output layer node,
respectively. .e input sample is as follows:

Xk,h|k � 1, 2, ..., nk; h � 1, 2, ..., nk; . (1)

.e output sample is as follows:

dk,j|k � 1, 2, ..., nk; h � 1, 2, ..., nj; . (2)

In this evaluation, the median value nk is the number of
nodes in the input layer, which is 75, and the number of
nodes in the output layer nh is 14. .e larger the number of
hidden layer nodes ni, the higher the fitting accuracy of the
network, but the lower the generalization ability of the
network and the longer the training time. .erefore, under
the condition of satisfying accuracy, the value ni should be as
small as possible. It is taken as 15 in this assessment.

Functions used:

y � (x − min)(max − min). (3)
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Figure 6: Cloud image of ring wall grouting settlement before −10m from section YDK13 + 001.
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Figure 7: Sedimentation cloud map at −8.5m from section YDK13+ 001.
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.e input and output samples are normalized, where x

represents the original data and represents the normalized
data. .e 1 in the normalization process is processed into
0.99, and the 0 in the normalization process is processed into
0.11.

In order to reduce the learning error and make the
evaluation result more accurate, the four evaluation indexes
of the output layer are trained separately. All the samples
corresponding to the four evaluation indicators are learned
successively, and their weights and thresholds are obtained.
.e evaluation result is substituted into the input layer of the

artificial neural network model. After calculation, the result
of the output layer is the evaluation index value of the
current tunnel. .e evaluation results are shown in Table 3.

5. Responses

5.1. Management Process Optimization. Based on a large
amount of engineering practice experience in the past,
combined with many engineering accident lessons, and
consulting a large number of literature materials, according
to the specific engineering characteristics of Cuobuling

Total displacement | u |
Maximum=0.00960m (Unit 1872 is at node 6549)
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Figure 8: Settlement cloud diagram at −6.5m from YDK13+ 001 section.
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Figure 9: Deformation cloud image when TBM shield reaches YDK13 + 001 section.
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Station, the management process optimization measures are
formulated.

5.1.1. Advanced Geological Forecast. .e survey of subway
tunnel is very difficult. At the same time, due to the
equipment and technical reasons, the geological conditions
considered in the design are often different from reality [17].
.erefore, it is necessary to use an advanced geological
forecast system and geological radar to forecast the geo-
logical condition of the tunnel face.

5.1.2. Monitoring Measurement. .e tunnel vault subsi-
dence, tunnel circumferential convergence and deformation
of the support structure, and water inflow are monitored and
measured. According to the disclosed surrounding rock
information, a geological sketch of the palm surface is done
[18]. .e monitoring data and construction information are
analyzed in a timely manner and fed back to the technical
leader and site supervisor in time.

5.1.3. Dynamic Risk Management. In the process of exca-
vation, a dynamic information management system with the
advanced geological forecast, risk assessment, and moni-
toring measurement as the core should be developed to
timely deal with advanced geological forecast results and
feed back to the risk assessment system. And the revised
construction method should be reassessed according to
whether the risk is reduced. .e dynamic management
diagram is shown in Figure 10.

5.2. Grouting Process Control. Generally speaking, there are
two aspects to ensure the effect of field grouting. Firstly, it
should strictly control the grouting speed. .e filling speed
of the slurry should be consistent with the excavation speed
of the shield machine as far as possible, so as to minimize the
generation of shield tail voids, so as to avoid the settlement
caused by shield tail voids. When the grouting speed is too
fast, it is necessary to pay attention to the leakage phe-
nomenon of shield tail and damage the construction effect.
.erefore, the specific grouting speed should be determined
according to the actual construction situation. Secondly, the
grouting time is accurately grasped, through the analysis of
the above surface subsidence reasons; one of the important
reasons for the subsidence is not timely grouting. In the
construction of a shield, it is necessary to grasp the timing of
grouting. Generally, the best time for grouting is the time
when the segment is off the tail of the shield.

5.3. Setting of Heading Parameters. .e three parameters of
formation earth pressure, groundwater pressure, and pre-
liminary pressure are the earth pressure parameters that
need to be controlled during shield construction. Because
there are too many factors that cause ground settlement, it is
impossible to accurately calculate the specific value of the
settlement, so the shield parameters should be adjusted while
digging..ere are many factors to consider when calculating
the earth pressure. .e construction of shallow tunnels
should follow their respective formulas and make selections
based on past experience.

6. Conclusion

By increasing the grouting amount, the soil deformation
caused by shield construction can be well controlled. .e
influence range of grouting pressure is 10M smaller than
that of the tail, and it has an obvious effect on reducing the
instantaneous settlement of the tail. In addition, in the
process of shield propulsion, the influence of shield thrust
force and cutter head torque on soil deformation is small,
and the change of cutter head torque has no obvious rela-
tionship with the change of vertical displacement. .e in-
fluence of working face pressure is mainly concentrated
around the shield incision and has little influence on the
shield tail, which is the main factor affecting the soil de-
formation in front of the shield. It should be pointed out that
the soil deformation caused by shield tunneling is a com-
prehensive expression of the interaction of various influ-
encing factors, and the relationship between vertical
displacement and each influencing factor cannot be fully
reflected by the relationship between them. According to the
measured settlement data and numerical simulation anal-
ysis, the influence factors of shield tunnel construction on
ground settlement are obtained, which provides a reference
for further study of settlement control of shield tunnel
construction. In order to deal with settlement caused by
metro tunnel construction, the management process should
be optimized; grouting technology should be controlled; and
tunnel parameters should be set. Taking the ground set-
tlement caused by the shield construction of Cuobuling
Station as an example, the field settlement is monitored and
analyzed, and the influence of different strata is considered.
In the process of tunnel excavation, the shield machine
damages the earth pressure balance of the original soil,
which leads to the settlement of the top part of the tunnel

Table 3: .e evaluation results.

Projects Risk degree (%)
Water burst 71.21
Surrounding rock deformation 88.96
Plastic zone 99.12
Landslide 83.42
Supporting structure 82.47

�e decision of construction

Advanced geological prediction

Monitoring measurement

Risk assessment

Figure 10: Dynamic management diagram.
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and the cracking of the bottom of the tunnel. PLAXIS 3D
software is used to construct the shielding model, and the
calculated results are close to the measured data, indicating
that the ground subsidence and subsidence trend caused by
the shielding constant can be accurately predicted by using
PLAXIS 3D software for finite element analysis.

Data Availability

.e experimental data used to support the findings of this
study are available from the corresponding author upon
request.
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