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Aiming at the problems of surface deformation and unloading settlement caused by urban tunnel construction, the basic
characteristics of surface deformation caused by tunnel construction, the main influencing factors of surface deformation and
settlement, and the temporal and spatial evolution law of stress field and displacement field of surface deformation and
settlement are studied by using the comprehensive methods of evaluation factor analysis, theoretical research, and numerical
simulation. The results show that the surrounding rock deformation of the tunnel is mainly concentrated in the arch crown
and arch bottom, and the deformation gradually decreases from the center of the tunnel to the periphery. The surrounding
rock of arch crown has sudden settlement, large deformation rate and amount, and poor stability of surrounding rock, and is
prone to engineering accidents such as block falling and even collapse. The farther away from the tunnel, the smaller the
degree of settlement. As the time step of tunnel excavation increases, the influence area of surface deformation and settlement
increases gradually. After the tunnel adopts reasonable lining support, it can effectively prevent soil deformation transmission
and restrain tunnel instability deformation, so as to prevent surface deformation and settlement by improving the self stability
of surrounding rock and taking lining support and other measures.

1. Introduction

With the rapid development of China’s economy, the level of
urbanization is also in the stage of rapid development,
followed by a series of urban syndrome phenomena, such as
oversaturated urban population and congested building space.
Rational and effective use of underground space can solve the
problem of urban syndrome. Urban tunnel construction can
well solve the contradiction between urban construction and
lack of land resources, effectively promote urban sustainable
development, and accelerate the process of urban moderniza-
tion while protecting the environment [1]. However, the con-
struction of urban tunnels will destroy the surrounding soil to
a certain extent, and the soil will be disturbed by excavation,
resulting in soil instability and deformation, which will lead
to inclined deformation, tensile cracking, compression defor-
mation, and even collapse of ground buildings. Therefore, it
is of great significance to study the surface deformation and
environmental damage caused by urban tunnel construction.

The model establishment and settlement research on the
surface deformation and settlement characteristics caused by
urban tunnel construction will provide a scientific theoretical
basis for the rational design of tunnel construction and the
protection of surrounding buildings.

The construction methods of urban tunnels are divided
into open excavation method and concealed excavation
method. The construction methods of urban tunnels are
restricted by the hydrogeological conditions, engineering
properties, surrounding obstacles, economy and environmen-
tal protection, construction period, and quality requirements
of the excavation project. There are various construction
methods of urban tunnels. With the development and prog-
ress of urban underground tunnel construction in China, its
own construction technology is also developing and improv-
ing. New construction methods are emerging, and the level
of construction technology is gradually improved. Consider-
ing the safety and convenience of tunnel construction, shield
method and shallow buried excavation method are mostly
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used at present. Peck first put forward the estimation formula
of ground lateral settlement during shield tunnel construction
in 1969 [2]. Peck formula has been widely used because of its
simple usage. However, in the actual engineering practice,
peck formula cannot be used for detailed analysis. In the later
stage, many experts at home and abroad revised and improved
peck formula according to the actual situation. Y. Shao used
peck empirical formula and FLAC3D to establish a numerical
simulation model to predict the land settlement caused by
shield construction of Suzhou Metro Line 4 [3]. Y. Fan and
others demonstrated the feasibility of numerical simulation
of construction process with finite element tunnel model
based on the measured data [4]. For the restrictive factors
affecting the amount of land settlement, J. Jia and others stud-
ied the influence law of different construction methods on
land settlement [5], focusing on the deformation and failure
of surrounding rock mass caused by tunnel excavation and
unloading, Mohr-Coulomb criterion, Griffith strength crite-
rion, Murrell strength criterion, Drucker Prager criterion,
Hoek Brown criterion, Mises criterion, double shear strength
theory, unified strength theory, stress catastrophe theory
Fuzzy strength theory, maximum stress-strain theory, s crite-
rion, y criterion, t criterion, J-integral criterion, maximum
energy release rate criterion, and test criterion [6–10]. In terms
of surrounding rock failure criteria under dynamic load, the
most widely used are stress and strain strength criteria, energy
strength criteria, damage failure criteria, and empirical failure
criteria [11–14]. With the wide application of the strength fail-
ure criterion of rock and soil mass in tunnel excavation under
dynamic and static loads, it can explain and judge the fracture
behavior of disturbed rock mass, especially the application of
energy dissipation theory and acoustic emission loading
experiment, and reveal the deformation and failure law of
tunnel rock mass to a certain extent [15, 16].

Based on the above literature research, the surface defor-
mation caused by tunnel excavation has always been the focus
of current research, which needs to be further studied. Based
on the engineering background of urban tunnel construction,
the author focuses on the deformation of ground surface
under the disturbance of tunnel excavation and temporal
and spatial evolution law of rock and soil settlement and
failure, analyzes the main factors affecting the unloading insta-
bility and deformation of excavated rock mass, and lays a solid
foundation for the safety, stability, prevention, and control of
urban tunnel construction.

2. Characteristics of Surface Deformation
Caused by Urban Tunnel Construction

2.1. The Effect Characteristics of Surface Deformation. Land
subsidence does not occur at one time. A large number of
engineering practices show that land subsidence occurs in
stages, and there will be different forms of deformation in each
time period, and the magnitude of settlement is also different.
According to the time sequence, the deformation experience
can be divided into early deformation, deformation during
construction, and subsequent deformation. The time effect
characteristic curve is shown in Figure 1. In the early deforma-
tion stage, when the surface deformation is monitored, but the

heading face does not reach the position of the surface moni-
toring point, due to the insufficient support capacity of working
face and other reasons, the soil movement trend before work is
backward and downward, and the surface sinks slightly. Taking
shield construction as an example, the deformation in the con-
struction stage is mainly caused by soil loss and positive addi-
tional thrust without considering soil drainage. Due to the
influence of tunnel excavation, the stratum around the tunnel
will inevitably move. On the one hand, it is impossible to
support the surrounding soil immediately after tunnel excava-
tion; on the other hand, the support cannot completely prevent
formation deformation. At this stage, the surface will sink
significantly. In the subsequent deformation stage, the tunnel
settlement shows a dynamic development state. After the tun-
nel excavation, the surface settlement still shows an increasing
trend for a long time, sometimes even more than a few years.

Studying the time-dependent characteristics of long-term
surface settlement caused by tunnel excavation can study the
variation of maximum settlement with time and the variation
of width coefficient of long-term settlement tank with time
[17–18]. The width coefficient of long-term settlement tank
is a function of time and will change with time and consolida-
tion settlement. With the passage of time, the maximum
subsidence and width coefficient will continue to increase.

2.2. Spatial Effect Characteristics of Surface Deformation. The
rock movement caused by tunnel construction is three-
dimensional in space and changes with the advance of tunnel
working face. With the longitudinal development of tunnel,
the surface settlement trough continues to expand and
develop. The spatial movement of strata is shown in
Figure 2. Rock movement starts from the excavation face of
the tunnel and extends to the front, upper part, and upper part
of the side. From bottom to top, its influence range gradually
expands and is diffuse. The distance from the working face
of the tunnel affects the displacement of the vertical stratum,
and the largest settlement occurs in the vault area, forming a
“settlement trough” in the horizontal direction. The farther
away from the excavation face, the settlement decreases and
attenuates gradually, the shape of the settlement tank becomes
deeper and narrower, and the width of the settlement tank
becomes smaller and smaller. The settlement profile of the set-
tlement tank is conical, and the cone faces the direction of the
tunnel. The contour line will also extend forward with the
excavation. The surface settlement is symmetrically distrib-
uted. The position with the largest surface settlement is
directly above the tunnel axis, and the settlement begins to
decrease to the left and right.

According to the characteristics of spatial effect, the defor-
mation of soil during shield construction is shown as the trend
of horizontal movement of soil around the tunnel when the
shield passes through the tunnel; the settlement trough is nor-
mally distributed, and the settlement is symmetrically distrib-
uted. Themaximum settlement is directly above the axis of the
tunnel. The settlement of the soil above the tunnel increases
with the deepening of the tunnel, and the settlement reaches
the maximum near the top of the tunnel lining. The soil below
the tunnel has upward displacement and is in uplift state, with
the maximum value at the bottom of the tunnel lining.
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2.3. Scale Effect Characteristics of Surface Deformation. Peck
first proposed the estimation of land settlement to measure
the deformation and settlement of soil.

S xð Þ = Smaxe
−x2
2i2 , ð1Þ

Smax =
V loss
i

ffiffiffi
2

p
π
: ð2Þ

In formula ((1)–(2)), SðxÞ is the land settlement, m; x is
the horizontal coordinate, m; Smax is the maximum settle-
ment, m; V loss is the loss of soil mass, m3/m; i is the width
coefficient of settlement tank, m.

i = R
z0
2R

� �n
= Kz0: ð3Þ

In formula (3), R is the outer radius of the tunnel, m; z0
is the buried depth of the tunnel, m; n =0.8~1.0, the softer
the soil, the greater the n value; K is the width parameter
of sedimentation tank.

Formation loss rate Vl under the premise of no drainage,
the formula of maximum displacement and formation loss is
as follows:

Smax =
AVl

i
ffiffiffi
2

p
π
: ð4Þ

Taking the tunnel with circular section as an example,
the engineering formula for estimating land settlement is:

S = 0:313VlD
2

Kz0

� �
exp −x2

2K2z20

� �
: ð5Þ

The size effect of settlement can be measured by the forma-
tion loss rate Vl and the width coefficient K of the sedimenta-
tion tank. Vl determines the value of settlement, K determines
the width coefficient of settlement tank, and then affects the
curve shape of settlement tank, such as wide and shallow.
And there is a linear relationship between Vl and K [19].
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Figure 1: Time effect characteristic curve.
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Figure 2: Spatial pattern of stratum deformation.
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Attewell et al. put forward the estimation formula of
longitudinal ground settlement above the tunnel axis:

S yð Þ = Smax Φ
y − yi
i

� �
−Φ

y − yf
i

� �� �
: ð6Þ

In formula (6), SðyÞ is the land settlement, m; y is the
surface point coordinate, m; yi is the starting point of pro-
pulsion, m; yf is the current position, m.

By analyzing the settlement value of soil above the center
line of the tunnel, Jiang Xinliang obtained the formula of set-
tlement tank coefficient at different depths:

Sz xð Þ = Smax exp −
x2

2iz2
� �

,

Smax zð Þ = Smax 1 − z/hð Þ−0:3,
i zð Þ = i 1 − z/hð Þ0:3:

ð7Þ

In the construction of shallow buried tunnel, the scale
effect of ground deformation and settlement caused by the
shrinkage of section caused by the movement of soil around
the tunnel can be measured by the following formula, that is,
the difference of ground settlement caused by the change of
excavation range:

W Xð Þ =WΩ Xð Þ −Wω Xð Þ,

W Xð Þ =∬
Ω−ω

tan β

η
exp −

π tan2β
η

X − εð Þ2
� �

dε dη:

ð8Þ

Similarly, with the help of superposition principle, the
calculation formula of ground horizontal displacement is
obtained:

U Xð Þ =UΩ Xð Þ −Uω Xð Þ,

U Xð Þ =∬
Ω−ω

X − εð Þ tan β

η2
exp −

π tan2β
η

X − εð Þ2
� �

dε dη:

ð9Þ

The scale effect of surface deformation can also be mea-
sured by using the formulas of surface curvature deforma-
tion, horizontal deformation, and slope deformation.

3. Analysis on Influencing Factors of Surface
Deformation Caused by Urban
Tunnel Construction

3.1. Analysis of Influencing Factors of Surface Deformation. The
surface deformation caused by the construction of urban shal-
low underground engineering is related to the urban natural
environment, geological conditions, construction methods
and technologies (tunnel buried depth, tunnel section size),
and other factors. The influencing factors of surface subsidence
are divided into internal factors (formation conditions, changes

of groundwater, thickness of overburden) and human factors
(design and construction factors).

The influence of soil characteristics means that the rear-
rangement of soil particles will affect the surface deformation.
Geological characteristics are important factors affecting sur-
face deformation.When the direction of the tunnel is the same
as the direction of the fold, rock slide is easy to occur in the
building. Urban tunnels are easy to collapse when passing
through fault zones, and ground buildings are easy to produce
uneven settlement. The influence of soil properties on surface
settlement can be considered from soil parameters. The exper-
imental results show that the increase of elastic modulus,
cohesion, Poisson’s ratio, and internal friction angle of soil will
reduce the surface settlement to varying degrees.

Previous research shows that the depth of decline of for-
mation water level is directly proportional to land subsidence
[20]. When the rock is wetted by water, the particle surface
inside the rock will change, and the rock strength will decrease,
resulting in increased movement between rock layers. The
softening effect is closely related to the properties of rocks,
and the softening effect of formation water on high-strength
crystalline rocks is small. Confined water reduces the effective
normal stress and potential shear resistance. The lubrication
effect is reflected in the reduction of friction resistance and
water pressure, which leads to the reduction of normal stress
and reduces the shear strength of rock. The change of seepage
field leads to the change of rock and soil stress. When a large
amount of groundwater in the tunnel is drained, the pore
water pressure of saturated soil decreases, and the range of
negative pore pressure in unsaturated area increases, resulting
in the increase of effective stress. The seepage direction of
water is downward. With the increase of effective stress, new
settlement of soil will occur, and groundwater seepage will
expand the range of surface deformation [21, 22].

There are many factors that affect the surface deformation
in the process of urban tunnel construction, but they are ulti-
mately related to the in situ stress release value. With the
increase of in situ stress release on the excavation surface,
the surface settlement will increase obviously, and the defor-
mation of arch bottom, arch crown, and arch waist on the tun-
nel excavation surface will also increase. The plastic zone of
surrounding rock is also increasing, and the stability of sur-
rounding rock is destroyed, from stable state to unstable state.
According to the theory of stress release and formation loss,
the stress release rate is obtained with the help of numerical
simulation and theoretical calculation. With the increase of
stress release coefficient, the surface displacement directly
above the tunnel axis shows an increasing trend and increases
in a parabola. The law of surface settlement can be obtained by
analyzing the width coefficient of settlement tank.

3.2. Fishbone Diagram Analysis of Surface Deformation
Caused by Shield Construction. Causality diagram or charac-
teristic factor diagram is used to analyze the causality between
characteristic results and factors that may affect the results.
Many possible causes can be summarized into cause categories
and sub causes. Draw a figure similar to fish bone, so this tool
is also called fishbone diagram. All the listed problems are
classified according to the 5m factor method and marked on
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the fishbone diagram (5mmethod: five factors: man,machine,
material, method, and milieu). Through the fishbone diagram
analysis method, the research problems and causes are clearly
and intuitively displayed on a diagram, which can help
researchers quickly find out the problems and formulate
corresponding countermeasures.

At the beginning of excavation, the soil outside the slip
surface is consolidated and settled due to the groundwater
level. The soil in front is compacted, the pore pressure dissi-
pates, and the compression modulus increases, resulting in
settlement. After the shield is implemented, the surrounding
soil is unloaded and the pressure on the excavation surface is
too large, resulting in stratum uplift [23]. When the shield
passes through, the soil settlement is caused by the friction
shear force in the process of correcting the deviation when
the shield machine moves backward, heads up or heads down.
After the shield passes through, the rear clearance will
increase, which will cause settlement and soil disturbance.
Finally, a longer continuous settlement time. Soil loss refers
to the soil loss caused by the building gap after soil excavation,
unloading, and shield tail penetration. Frontal additional
thrust refers to the support force provided by applying frontal
thrust to maintain a stable excavation surface. However, when
there are unknown obstacles in front of the excavation face,
when the excavation face stops working for a long time, when
it is pushed again, when the machine head passes through the
interface of different soil layers, it is likely to produce large
changes in the front propulsion force, and then the soil mass
will have the soil squeezing effect of ground uplift before exca-
vation and ground settlement after excavation. The friction
between shield shell and soil is the friction generated by the
relative movement between the soil and the contact surface
of shieldmachine. After receiving the friction, the surrounding
soil will move, resulting in soil deformation.

Taking the surface deformation caused by shield construc-
tion as the main bone and the personnel, materials, construc-
tion technology, mechanical equipment, and environment as
the big bone, the fishbone diagram is drawn through the
system safety analysis method, as shown in Figure 3. Among
them, the selection of grouting materials is related to the
amount of ground settlement, while high-strength materials
cause less ground settlement. Grouting materials generally
need materials with excellent properties and reasonable
proportion. The construction technology can be considered
from the aspects of tunnel buried depth, excavation radius,
grouting process, shield machine propulsion speed, and so
on. When the buried depth of the tunnel is relatively shallow,
the soil settlement of surface deformation decreases with the
increase of the buried depth of the tunnel, showing a linear
relationship. When the buried depth of the tunnel increases
to a certain value, the settlement tends to be stable. And the
relationship between surface settlement and section size is that
the settlement increases with the increase of tunnel section
diameter [24]. Whether the backfill grouting is timely or not
will affect the displacement and deformation of the surround-
ing soil towards the tunnel. The grouting process shall be con-
trolled considering the grouting pressure, capacity, time, and
radius. Control the propulsion speed, and select different pro-
pulsion speeds under different geological conditions to pre-

vent the soil from being squeezed as much as possible. When
the shield must stop moving forward, measures must be taken
to prevent the shield from retreating, and the head and tail of
the shield should be tightly sealed to reduce the impact on soil
deformation during shutdown. The parameters and types of
mechanical equipment, i.e., shield, determine its adaptability
to the stratum, which is directly related to the stability of the
excavation surface and the control of excavated volume.
Therefore, the design and layout of cutter head and cutter
and the selection of screw conveyor are the focus of research.
Environmental factors mainly include the characteristics of
soil itself, such as water content, permeability, flow plasticity,
and the influence of groundwater on soil deformation.

4. Evolution Law of Surface Deformation
and Settlement

4.1. External Evolution Law of Rock Mass in Tunnel
Excavation

(1) Numerical model construction

In a shallow tunnel project in a city, the material mechan-
ical parameters of soil are set for tunnel excavation. The orig-
inal stress is self gravity field, and the tunnel diameter is 2m.
The method of full face excavation, excavation, and support
is simulated, and 1/4 of the soil is selected for simulation. This
excavation is divided into two times, and the support is estab-
lished every 1m. The support method is to spray concrete with
a thickness of 0.2m (elastic modulus of 10.5GPa and Poisson’s
ratio of 0.25). The establishment model is shown in Figure 4.

(2) Evolution law of stress field

Analyze the horizontal stress nephogram and vertical
stress nephogram of one excavation step (a), two excavation
steps (b), two excavation steps and one support step (c). The
horizontal stress nephogram is shown in Figure 5. The verti-
cal stress nephogram is shown in Figure 6.

According to the analysis, the stress of surrounding rock
around the tunnel is negative, indicating that they are in a
state of pressure. Under horizontal stress, the central pres-
sure of tunnel face is the largest; under the vertical stress,
the pressure around the tunnel (arch waist) is the largest.
According to the horizontal stress nephogram 5(a), 5(b),
and 5(c), the tensile stress at the top of the one-step excava-
tion model is 0.0274MPa, 0.0283MPa in two-step excava-
tion, and 0.0277MPa in two-step excavation with support,
indicating that with the increasing stress on the tunnel
excavation surface, the stress on the surrounding rock is
relieved to a certain extent after lining support. According
to the vertical stress nephogram and Figures 6(a)–6(c), the
tensile stress at the top of the one-step excavation model is
0.0275MPa, 0.0282MPa in two-step excavation, and
0.0278MPa in two-step excavation with support. From 6
(a) and 6(b), with the excavation of the tunnel, the force
on the surface soil is increasing; According to 6(b) and 6
(c), the stress is relieved to a certain extent after the shotcrete
lining support.
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(3) Displacement deformation law

The most obvious feature of surface deformation and
settlement is the change of displacement, so the research on
displacement can see the law of soil deformation and settle-
ment caused by urban tunnel construction. Similarly, the total
displacement nephogram, horizontal displacement nepho-
gram, and vertical displacement nephogram of different exca-
vation steps are analyzed to obtain their displacement and
deformation characteristics, as shown in Figures 7–9.

According to the total displacement nephogram 7, the
maximum deformation occurs at the vault. In one excava-

tion step, the maximum displacement is 1.89mm, in two
excavation steps, 0.815mm, and in one excavation two sup-
port step, the maximum displacement is 0.58mm. According
to the comparison between Figure 7(b) and Figure 7(c), the
displacement of soil in the area of shotcrete is almost 0mm,
and the influence range of soil deformation tends to decrease.
The displacement of the center of the tunnel face changes from
0.45mm to 0.5mm. By observing the horizontal displacement
Cloud (Figure 8), it can be seen that the deformation affected
area continues to extend with the advance of excavation, and
the maximum horizontal displacement appears near the arch
waist. It can be seen from Figures 8(b) and 8(c). After being

Type of shield machine

Mechanical
Equipment Material Personnel

Slurry type

Tunnel depth Shield machine retreat

Hydrogeology

Physical properties of soil

Construction
Technology Surroundings

Surface
deformation

caused by
shield

construction

Waterproof and drainage

Construction snake correction

Whether synchronous
grouting is timely

Tunneling speed

Excavation radius

Over excavation and
under excavation

Weak quality awareness

Slurry mix proportionShield machine parameters Inadequate personnel
training

Managers have a weak
sense of responsibility

Figure 3: Analysis of surface deformation fishthorn method.

(a) Initial model diagram (b) One-step model

(c) Two-step model (d) Lining support model diagram

Figure 4: Model diagram.
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Figure 7: Total displacement cloud map.

7Geofluids



supported by lining, the fluctuation range of horizontal dis-
placement decreases, indicating that lining support blocks
the propagation of deformation to a certain extent. According
to the vertical displacement Cloud Figure 9, the negative dis-
placement near the tunnel face is the largest. With the excava-
tion, the displacement around the tunnel is increasing. It can
be seen from Figures 9(b) and 9(c) that after the shotcrete is
supported, the displacement tends to zero, indicating that rea-
sonable support can control soil deformation and settlement
within a certain range.

4.2. Internal Evolution of Excavated Rock Mass

(1) Numerical model construction

Firstly, considering the size of the model, the range of the
soil block can be regarded as an infinite body. For the simula-
tion, only one piece needs to be taken out of the infinite body
for analysis and simulation. The excavation cross section of
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Figure 8: Horizontal displacement cloud map.
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Figure 11: Model diagram after excavation.
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the selected tunnel is a circle with a diameter of 6m. The
deformation of soil caused by tunnel excavation is relatively
large, so it is particularly important to select a reasonable
boundary range. Consult the data to understand the influence
scope of tunnel excavation. It is stipulated that the left and
right boundaries are 3 times of the outer diameter of the tun-
nel, the buried depth of the tunnel is 10m, and the bottom
boundary is 1.5 times of the outer diameter of the tunnel.
The whole calculation model is 25m high and 42m wide.
After the simulated tunnel excavation, the lining support
method is adopted, and the lining material is C30 concrete.
Mohr-Coulomb constitutive model is generally used for
mechanical calculation. The initial and boundary conditions
of the model are to load the gravitational acceleration along
the z-axis direction on the object with the initial density set,
and to fix the command flow with no displacement and veloc-
ity on five surfaces.

Secondly, the cylindrical tunnel with peripheral radial
grid, surrounding stratum, tunnel lining structure, and inter-
nal soil model are established to form a complete tunnel grid
model. The establishment results of the circular tunnel grid
and the formation grid around the tunnel are shown in
Figure 10. Then, the gravity and displacement boundary
conditions are applied and the material parameters are given
to solve the self weight stress field. Next, in order to ensure
the accuracy of the simulation and the correctness of the cal-
culation, the displacement in the initial stress calculation is
cleared and the rough hole is excavated. The model is shown
in Figure 11. Finally, the tunnel support is simulated, and the
elastic model is used to calculate the density, volume elastic-
ity, and shear modulus of lining concrete. The model after
excavation and support is shown in Figure 12, and the green
area in the figure is lining.

(2) Evolution law of stress field

Add boundary conditions, give material parameters, and
solve the self weight stress field. The stress nephogram under
the initial stress field is shown in Figures 13 and 14. After the
tunnel is excavated, the stress nephogram is shown in
Figures 15 and 16. After the tunnel adopts lining support,
its stress nephogram is shown in Figures 17 and 18.

Under the self weight stress field, the distribution of the
stress field generally presents a horizontal strip distribution.
In the area around the tunnel, there are changes and fluctua-
tions due to the change of unit size, as shown in themiddle part
of Figure 13. Under the action of self weight stress field, the
maximum vertical stress is -0.4425Mpa, according to the initial
stress cloud diagram, which represents the compressive stress,
as shown in Figure 13; the maximum horizontal stress is
-0.2179MPa, indicating compressive stress, as shown in
Figure 14. The stress diagram after excavation is as follows:
from Figure 15 to Figure 16, the maximum vertical stress and
compressive stress are 0.4661MPa, as shown in Figure 15; the
maximum horizontal stress, tensile stress is 3.916KPa and
compressive stress is 0.2477MPa, as shown in Figure 16. The
stress nephogram after support is shown in Figure 17 to
Figure 18. The maximum vertical stress, tensile stress is 1KPa
and compressive stress is 0.4524MPa, as shown in Figure 17;
the maximum horizontal stress is -0.2263MPa, indicating
compressive stress, as shown in Figure 18.

Before the tunnel is excavated, under the action of the ini-
tial stress field, it can be seen from the stress cloud Figure 13
that the surrounding rock is in a state of compression, so the
stress and vertical stress in ZZ direction are negative. The
compressive stress increases gradually from top to bottom.
The ground deformation around the tunnel is large, and the
place far from the tunnel tends to be balanced. After the tunnel
is excavated, as shown in Figure 15, the stresses of the arch
crown, arch bottom, and arch waist are negative and are in a
state of pressure, of which the arch waist has the largest nega-
tive stress. After the lining support is adopted, as shown in
Figure 17, a small range of simulated positive stress appears
near the tunnel, that is, the red area represents the occurrence
of tensile stress, and the tensile stress area appears within the
support range, that is, the reinforcement and support of sur-
rounding rock is reasonable and effective. The negative stress
at the arch waist is the largest and diffuses outward from the
two sides of the tunnel, and the stress becomes smaller, which
is caused by the extrusion of lining support after the excava-
tion of surrounding rock at this position.

(3) Displacement deformation law

The displacement nephogram under the initial stress field
is shown in Figure 19. After the tunnel is excavated, its dis-
placement nephogram is shown in Figure 20. After the tunnel
adopts lining support, its displacement nephogram is shown
in Figure 21. In Figures 19–21, the vertical displacement,
horizontal displacement and total displacement are obtained.

Under the self weight stress field, the distribution of dis-
placement field also presents a horizontal strip distribution,
which fluctuates due to the change of element size in the
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Figure 12: Model diagram after lining support.
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Figure 13: Initial vertical stress nephogram.
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surrounding area of the tunnel. Under the action of self
weight stress field, the maximum vertical deformation is
-25.26mm, and the direction is downward, indicating subsi-
dence, as shown in Figure 19(a). The displacement change in
the horizontal direction presents a “butterfly shape.” The
displacement after excavation is as follows: the maximum
vertical displacement is about 38.40mm, and the displace-
ment at the vault is the largest, as shown in Figure 20(a);
the maximum horizontal displacement is about 11.61mm,

which occurs at the left and right arch feet, as shown in
Figure 20(b). The maximum vertical displacement after sup-
port is 24.87mm at the vault, as shown in Figure 21(a); the
maximum horizontal displacement after support occurs at
the left and right arch feet, as shown in Figure 21(b). As
shown in Figure 20, after the tunnel is excavated, the defor-
mation around the tunnel is mainly concentrated in the arch
crown and arch bottom. The deformation displacement
decreases gradually around, the arch crown sinks and the
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Figure 14: Initial horizontal stress nephogram.
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arch bottom bulges. As shown in Figure 20(a), the vertical
displacement of the arch crown decreases by 38mm and
the arch bottom bulges by 7.5mm. As shown in Figure 21
(a), the vertical displacement after support can be obtained.
The arch crown drops by 10mm and the arch bottom bulges
by 7mm. Therefore, reasonable support can alleviate surface
deformation and settlement to a certain extent.

(4) Distribution law of plastic zone

The surrounding rock is in elastic zone, which means
that the stress of each part limit value. When the stress in
some areas of surrounding rock is greater than the strength
limit, the plastic zone of surrounding rock is formed. The
plastic zone after tunnel excavation can be divided into
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Figure 20: Displacement nephogram after excavation.
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Figure 21: Displacement nephogram after support.
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two parts, one around the tunnel and the other near the sur-
face, analyze the distribution of plastic zone after initial in
situ stress, excavation, and support, the distribution of plas-
tic zone is shown in Figure 22.

In the original rock stress field, the stratum will be in a
stable state. When the tunnel is excavated, the surrounding
rock is easy to reach the limit state, resulting in yield and plastic
zone. The limit state of tensile stress may also be reached at the
top and bottom of the arch, forming a tensile plastic zone. In
the spandrel and other parts, the shear stress increases gradu-
ally, which is easy to produce shear yield. The appearance of
surrounding rock plastic zone canmake the stress continuously
transfer to the deep part of surrounding rock, and can also
deform towards the direction of tunnel and gradually eliminate
the stress in the plastic zone. The deformation of tunnel
surrounding rock is accompanied by tunnel excavation. There-
fore, tunnel construction leads to the plastic state of tunnel
surrounding rock. The excavation and construction of tunnel
will inevitably produce the phenomenon of plastic zone diffu-
sion, that is, the area of plastic zone is becoming larger and
larger. In the initial stress field of the construction gravity field,
the plastic zone tensile failure occurs in the upper soil layer, as
shown in Figure 22(a). After the excavation of the simulated
rough tunnel, the plastic area around the tunnel becomes
larger, and the soil layer around the tunnel appears shear
failure, as shown in Figure 22(b). After the support, the failure
form of the soil around the tunnel is alleviated, and a plastic
zone mixed with shear failure, shear, and tension appears, as
shown in Figure 22(c). In tunnel construction, the plastic zone
mainly appears on the side wall, that is, the plastic zone on the
side wall of the tunnel is significantly concentrated, which can

be crescent-shaped, ear-shaped, or X-shaped extending
towards the deep part of the surrounding rock.

5. Conclusions

(1) Surface deformation and settlement are the interaction
and influence of time and space effects. Land subsi-
dence does not occur at one time. Land subsidence
occurs in stages, and in each stage, various types of
surface movement and deformation usually occur at
the same time. With the passage of time, it produces
three-dimensional deformation in space, and then
changes with the push of the tunnel working face.
With the longitudinal development of the tunnel, the
surface subsidence trough is also expanding and devel-
oping. It can be measured by the maximum settlement
and the width coefficient of the settlement tank

(2) The surface deformation caused by urban tunnel con-
struction is related to geological and hydrological con-
ditions, construction methods, and technology. The
factors of surface deformation are analyzed by analyz-
ing the deformation mechanism and combined with
the evaluation method. It is concluded that the change
of soil parameters will cause the change of surface
settlement to varying degrees, the existence of ground-
water will expand the influence range of surface defor-
mation, and the surface settlement deformation will
increase significantly when the in situ stress release
of the excavation surface increases. Using the fishbone
diagram analysis method, the weight of influencing
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Figure 22: Distribution of plastic zone.
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factors of surface deformation caused by shield con-
struction is obtained from five aspects: personnel,
materials, construction technology, mechanical equip-
ment, and environment

(3) The three-dimensional finite difference numerical
simulation software FLAC3D is used to analyze the
law of surface deformation and settlement failure
caused by tunnel excavation, and the temporal and
spatial evolution law of external and internal deforma-
tion and failure of rock and soil mass in tunnel excava-
tion is revealed. The rock mass deformation mainly
occurs at the arch crown and arch bottom, and most
of them are in the state of compressive stress. The stra-
tum settlement at the axis is the largest, and the plastic
area on the side wall of the tunnel is significantly con-
centrated. With the expansion of tunnel excavation
scope, the influence area of deformation is increasing.
After using concrete lining support, the deformation
of rock and soil around the tunnel is reduced and the
support stability is enhanced, which strongly verifies
the effect of lining support in tunnel stability control

(4) In this paper, theoretical analysis and numerical sim-
ulation methods are used to comprehensively study
the appearance characteristics, influencing factors,
and damage and failure law of surrounding rock
instability and deformation caused by tunnel excava-
tion disturbance, which provides an important refer-
ence for the study of unloading failure effect and
stability control of tunnel excavation rock mass. In
the later stage, application research will be carried
out in combination with laboratory tests and engi-
neering cases to enrich the research system and
make the research conclusions more universal
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