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Using numerical simulation technology, the dynamic three-dimensional model of the turning shield and the foundation pit under
the condition of vertical intersection is established.,e disturbance law of the longitudinal settlement of the foundation pit under
the condition of shield construction is studied, and the stress path in the soil is analyzed. ,e results show that with the gradual
advance of the turning shield construction, the settlement mode of the foundation pit changes with the shield construction.
During the construction of the turning shield, when the tunnel face is located in front of the foundation pit and under the
foundation pit, the ground loss rate is inconsistent, which leads to the change of settlement mode. Under the influence of turning
shield construction disturbance, the soil undergoes compression deformation caused by larger additional stress increase; after
shield crossing, the soil undergoes unloading deformation caused by more obvious stress relaxation.

1. Introduction

,e shield method is the most commonly used construc-
tion method for urban subway tunnel construction. With
the increasingly tense urban space, it is inevitable for an
urban shield tunnel to cross under and side through the
existing building structure. ,e disturbance impact on the
surrounding building structure is a problem that must be
considered in the shield construction of urban subway
tunnel; aiming at the settlement disturbance analysis of
surrounding buildings caused by shield construction of
urban subway tunnel, scholars have analyzed such prob-
lems from the perspectives of construction monitoring
[1–3], theoretical analysis [4–8], and numerical simulation
[9–13, 31]. ,ere are many related research results, most of
which are lateral disturbance analysis of straight-line
section shield, while there is less analysis on the disturbance
of existing building structure caused by the construction of
turning shield tunnel, the interaction mechanism between
turning shield tunnel excavation and existing buildings is
more complex, which is affected by turning radius, advance

excavation volume, ground conditions, tunnel structural
characteristics, relative space position between shield and
tunnel, type of shield machine, shield construction pa-
rameters, and whole process [14–18]. In the related re-
search of the shield method, most experts and scholars have
made a detailed analysis from the perspectives of theo-
retical analysis, numerical simulation, and field monitor-
ing. ,e existing theoretical studies include the calculation
theory of ground loss and the deformation prediction
model of ground and surrounding buildings caused by
construction. In the analysis of the construction of a
turning shield tunnel, the theoretical analysis method is
difficult to accurately consider the deformation disturbance
caused by various loads on the construction site, and the
calculation results will inevitably deviate from the actual,
while the field monitoring method is difficult to investigate
the disturbance deformation mechanism. Different from
the straight-line shield tunnel, the turning shield tunnel can
be regarded as a series of discontinuous straight lines [19],
but the theoretical calculation and field monitoring are
difficult to achieve this process. As the most accurate and
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effective method in disturbance analysis of the turning
shield, the numerical simulation method can be used to
simulate the influence of different working conditions on
ground loss and ground structure [20]. ,erefore, the
numerical simulation model under the condition of vertical
intersection between turning shield tunnel and existing
foundation pit is established, the accuracy of the numerical
simulation model is verified by theoretical calculation and
field monitoring data, and the disturbance effect of shield
construction on the existing foundation pit is analyzed by
the numerical simulation model.

Aiming at the disturbance of shield construction to
surrounding buildings, experts and scholars have carried out
multiangle analysis. Most of them focus on the analysis of
building disturbance along the transverse direction of the
excavation tunnel in the process of shield tunneling directly.
Vgerinos et al. [21] established a numerical simulation
model, under the cross conditions of shield construction and
existing tunnels, conducted an analysis of the disturbance of
the shield construction to the tunnel. Li et al. [22], based on
the theoretical derivation method of Timoshenko beam
solution, analyzed the disturbance of shield construction to
the existing tunnel. Based on Shanghai metro tunnel, Wu
et al. [23] proposed a new longitudinal structure model
considering shear dislocation between rings, which can
reasonably describe the actual deformation mode of the
tunnel. Lin et al. [24] analyzed the variation of ground
settlement trough and Earth pressure acting on the existing
tunnel during the construction of shield tunnel. On this
basis, the transverse deformation, internal force, and torsion
characteristics of the existing tunnel caused by the new
tunnel excavation are obtained. In addition, the influence of
the intersection angle of new and old tunnels on the de-
formation behavior of existing tunnels is also discussed.
Under the working condition of soft soil foundation, Do
et al. [25] established a three-dimensional numerical sim-
ulation model and studied its disturbance effect. So far,
aiming at the problem of disturbance analysis of horizontal
buildings caused by linear shield excavation, there has been a
lot of research, but there is little research on the construction
tunnel along the longitudinal direction of the excavation
tunnel and the disturbance analysis of the curve tunnel with
a small turning radius. Based on the project of Hohhot
Metro Line 1 in Inner Mongolia, based on the combination
of numerical simulation and construction site monitoring,
this paper analyzes the disturbance of small turning radius
shield tunnel excavation to longitudinal buildings. ,e
numerical simulation model of shield excavation with a
small curvature radius is based onmirror-imagemethod and
Mindlin solution [26, 27]; combined with the field moni-
toring data, this paper deduces the calculation formula of the
tunnel longitudinal building structure settlement caused by
the construction of the small curvature radius curve shield
tunnel and calculates and analyzes the longitudinal ground
loss along with the tunnel excavation and the longitudinal
settlement law of the surface foundation pit, which provides
a theoretical basis for the construction disturbance analysis
under the cross condition of the turning shield tunnel and
the existing foundation pit.

2. Project Overview

,e total length of Hohhot Metro Line 1 is 21.7 km, in
which the left line of a small curvature turning section is
327.6m, the right line is 326.1m long, the outer diameter of
the shield tunnel is 6.5m, the segment thickness is 0.35m,
and the average distance between left and right tunnel
center lines in shield interval is 14m. ,e buried depth of
the subway tunnel is 20.8m, while the buried depth of the
tunnel bottom is 10.5m. ,e clear distance between the
tunnel bottom and the outer edge of the shield top of the
right tunnel of Metro Line 2 is 10.5m. Open cut method is
adopted for this section of tunnel. ,e cross section is
mainly composed of gravel sand and silty clay, and the
depth of foundation pit is 10.8m. ,e buried depth of the
shield tunnel in this section is 9∼14m, and the section
includes a small radius turning shield tunnels, with a
turning radius of 810m; settlement measuring points are
arranged on the ground, and 40 measuring points are set on
the longitudinal ground of the shield tunnel. According to
the technical requirements of leveling, the ground and
building settlement data are monitored in real time during
the construction of the shield tunnel. ,e plane diagram of
the foundation pit, measuring point, and shield tunnel is
shown in Figure 1.

3. Theoretical Calculation Model

3.1. Ground Loss in Excavation Face and Shield. In the
calculation model of turning shield tunnel, it is necessary
to consider the large volume of overbreak on the soil
inside the curve, the uneven distribution of thrust on the
excavation face due to the large stroke of jack on the
outside of the route, and the different thrust distribution
of the excavation face caused by the extrusion of the soil
mass by the shield shell inside the line, which leads to the
uneven ground loss along the excavation transverse di-
rection, which is different from the straight-line shield
tunnel. ,e theoretical calculation model of excavation,
involving the curve shield excavation model, is more
complex, the existing calculation model is mostly linear
shield excavation ground loss calculation model, less
established curve excavation ground loss theoretical
calculation model. In this part, the stratum loss model of
curved shield tunnel construction is divided into two
parts. ,e first part is the stratum loss within the scope of
the excavation face and shield shell. ,e stratum loss
profile of this part is generated by the whole process from
the extension of overbreak cutter-to-the cutter contrac-
tion, and the void range starts from the excavation face
and extends to the shield tail. ,e coordinate transfor-
mation is as follows [28]:

x0 � r cos θ,

y0 � y − s,

z0 � H − r sin θ.

⎧⎪⎪⎨

⎪⎪⎩
(1)

,e formula is substituted into the image method to
calculate the formation loss:
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s is the distance between the calculation point and the cutter
head; S1 is the area of excavated soil and overexcavated soil;
S2 is the area of cutter head; V1 is the volume of excavated
soil and overexcavated soil; andV2 is the cutter head volume.

3.2. Formation Loss at Shield Tail. ,e second part is the
formation loss at the tail of the shield, which is the

superposition of overbreak profile and stratum loss profile of
the shield tail. ,e deformation of this part of soil adopts the
equal radial movement mode. ,e model assumes that the
soil is undrained, and its volume is incompressible, and the
volume of the ground settlement tank is equal to the volume
of soil loss. According to the research results of Sagaseta, the
land subsidence formula of this part is as follows [28]:

w3 �
Vloss

2π
h
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2

+ h
2 1 −
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����������
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2

+ y
2

+ h
2

⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠, (4)

where Vloss � soil loss per unit length of tunnel (m3/m).

(1) Calculation of Ground Deformation Caused by Front
Additional Stress
Taking the differential area in the excavation face
under the action of the front additional thrust, the
vertical deformation of the ground caused by the
front additional thrust is obtained by integrating the
Mindlin solution in elastic mechanics, and the cal-
culation formula is as follows:

w1 �
Px

4πG

2π

0


D/2

0

−h + r sin θ
W

3
1

+
1 − 2]

W1 W1 + h − r sin θ( 
 r dr dθ, (5)

where X� horizontal distance between heading di-
rection and excavation face (m); P� additional thrust
of shield face (kPa); D� shield diameter (m);
H� buried depth of tunnel axis (m); and G� shear
modulus of elasticity of soil (MPa).

(2) Calculation of Ground Deformation Caused by
Friction between Shield and Soil
Taking the differential area of shield machine sur-
face, using Mindlin solution, the calculation formula
of ground vertical deformation caused by friction
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Figure 1: Plane diagram.
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between shield shell and soil is obtained by direct
integration of shield machine surface [29]:

w2 �
pR

4πG

2π

0
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0
(x + l) +

−h + R sin θ
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3
2

+
1 − 2μ

W2 W2 + h − R sin θ( 
  dl dθ, (6)

where L� shield machine length (m);

W2 �

���������������������������������

(x + l)2 + (y + R cos θ)2 + (h − R sin θ)2


;
R� outer diameter of shield machine 0 (m); and
p� friction force per unit area between shield and
soil (kPa).

4. Numerical Simulation Model

4.1. Shield Excavation Model. To further analyze the influ-
ence of small-radius turning shield construction on the
spatial deformation mechanism of longitudinal buildings,
ABAQUS is used to establish the finite element numerical
simulation model. In this paper, the Mohr–Coulomb plastic
model is adopted as the soil constitutive model. ,emodel is
suitable for various soil properties such as clay and sand,
which is more consistent with the typical soil characteristics
of Hohhot city. ,e soil layer and its soil mechanical indexes
along the metro line are shown in Table 1; the soil layer type
of shield crossing in this section is mainly silty clay.
According to the research results of Mollon et al. [2, 30]
combined with the actual working conditions, the minimum
tunnel length to eliminate the boundary conditions of the
model is 110m, so the 3D model established by numerical
simulation software is 120m, and the boundary condition
constraint mode is displacement/rotation mode.,e normal
displacement (perpendicular to the boundary direction) is
constrained on the four sides of the numerical analysis
model. ,e upper surface of the model is not constrained
and is allowed to move freely, and the bottom boundary is
completely fixed. According to the actual working condi-
tions, a three-dimensional dynamic numerical simulation
model of shield excavation is established. ,e dynamic
tunnel excavation process is that the unit killing method is
used to excavate the shield, and then the lining construction
and shield tail grouting construction are carried out, the unit
killing process is to change the Young modulus of the soil in
front of the shield to simulate the excavation process. At the
same time, the Young modulus of the soil in the first ring of
the shield tail is dynamically changed, and the grouting
pressure is applied to simulate the grouting and hardening
process of the shield tail. ,e longitudinal settlement caused
by shield construction can be divided into five stages: first
settlement, settlement before excavation, settlement through
shield body, clearance settlement at shield tail, and con-
solidation settlement. Settlement and settlement before
excavation refer to the settlement of surrounding soil and
foundation pit before the tunnel face reaches the monitoring
point, the settlement of shield body refers to the settlement
caused by the movement of shield machine during tunnel

construction, the settlement caused by the clearance of
shield tail after the soil is cleared, and the settlement caused
by consolidation refers to the soil settlement caused by the
redistribution of stress in the soil after the completion of
excavation and the soil entering the consolidation stage.

4.1.1. Face Pressure. During the establishment of the shield
excavation model, the method of importing ODB from
ABAQUS is used for in situ stress balance. ,en, the nu-
merical model of vertical cross between foundation pit and
shield is established.

During shield construction, the surface pressure changes
linearly with height and soil density. According to the re-
search results of Do et al. [30], the surface pressure at the axis
of the shield tunnel is generally equal to 50% of the total
horizontal ground stress, that is, the sum of the stress on the
top of the tunnel and the stress on the opposite side of the
tunnel. In the excavation model, the tunnel surface pressure
at the tunnel axis is set to 200 kPa.

4.1.2. Grouting Pressure of Shield Tail. ,e grouting pressure
at the tail of the shield is the grouting pressure in the gap
between the tunnel lining and the outer wall after the shield
excavation. According to the actual working conditions, the
grouting pressure is equivalent to the uniform load and is
positively correlated with the top ground pressure. ,e
grouting pressure of the shield tail is calculated according to
the following formula:

σp � 1.2 · σv (7)

where σv � c(h − R); c is the soil density; and h is the tunnel
depth.

4.1.3. Turning Shield Model. In the straight-line shield
tunnel, the jacking pressure of the hydraulic jack on the face
is equivalent to a uniform load, which acts on the face plane,
and its size is 3.421MPa. In the turning section of the tunnel,
the jacking force acting on the tunnel face pushes the shield
machine forward. ,e surface subjected to the jacking force
is divided into the inside and outside of the curved channel.
According to the field monitoring data, the average ratio of
the jacking force between the outer and inner sides is close to
2. Based on this ratio, the total force of hydraulic jacking is
adjusted on the corresponding area of each segment in the
model. ,erefore, the uniformly distributed pushing pres-
sure acting on the inner and outer sides of the circle of the
section is 2.312MPa and 4.571MPa, respectively. In addi-
tion, the direction of the jacking force is inclined to the
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outside of the curved tunnel by an angle α, which is equal to
that of the shield advancing forward by one ring, and the
distance is the angle of the segment ring. In practical en-
gineering, it is difficult to measure and quantify the friction
between shield machine shell and surrounding soil. As-
suming mechanical balance, the difference between the
jacking force acting on the pipe section and the thrust acting
on the working face of the foundation pit is used to ap-
proximate the friction force. Similarly, the outer ring surface
of the shield machine is also divided into internal and ex-
ternal regions, and the friction force per unit area is 54 kPa
and 102 kPa, respectively. ,e friction sliding model is
established by a contact pair composed of shield skin and
excavation interface. In ABAQUS, Coulomb’s friction law is
adopted, and the friction coefficient is 0.25 [7].

In the finite element model design of shield excavation,
the excavation process along the tunnel axis is divided into
different stages, and the corresponding finite element model
program is designed for each excavation stage. In the first
stage of excavation, the original soil layer is removed and the
material properties of the original soil layer are changed. At
the same time, the shield jacking pressure acts on the surface
of the next layer, and the friction contact in the current layer
is activated. At the end of the shield machine, the grouting
pressure is applied, and the elastic model of the cement
slurry is gradually improved to simulate the hardening
process of the slurry. With the gradual advance of the shield
machine, the elastic modulus of the cement slurry is finally
increased to 500MPa.

,e process of shield excavation consists of a series of
stages, each of which follows a series of procedures, which
leads to the increase of the width of a ring. Taking stage “n”
as an example, the simulation of excavation of curved shield
tunnel is as follows: in the current excavation stage, when the
“n” of ground section is removed, the material character-
istics of the overcutting elements will change. At the same
time, the pressure from shield jacking will be applied to the
surface of section “n+ 1.” With the development of shield
tail from “N-7” layer to “n− 1,” when the shield layer “N-7”
is removed, the shielding and friction contact pairs at layer
“n” are activated. At the same time, the specified friction
force is applied to the outer ring of the shield “n.” Segment
installation is performed by activating segment “N-7” and
the specified jacking force is applied to segment “N-7.” ,e
“synchronous grouting” at the tail of shield (section “N-7”) is
realized by applying the specified grouting pressure on the

ground and section after the grouting pressure acting on the
section “N-8” is removed. In addition, the grouting element
(modulus of elasticity is 30MPa) is activated in this step.
With the development of shield machine, the elastic mod-
ulus of hardened cement slurry in the “N-14” layer increased
to 500MPa.

4.2. Foundation Pit Engineering. To ensure the accuracy of
the simulation, the design dead load is applied to the
foundation pit according to the actual situation. ,e steel
support is installed on the retaining wall of the foundation
pit, and the axial force is applied to the steel support
according to the actual axial force monitoring data. ,e No.
1 foundation pit is located in the 98th ring to 118th ring of
the shield tunnel, with a depth of 7m, a length of 30m, and a
width of 14m. ,e No. 2 foundation pit is located in the
172th ring to 190th ring of the shield tunnel, with a depth of
7.2m, a length of 27m, and a width of 16m, and measuring
points are arranged at the bottom and bottom side of the
foundation pit, of which 4 measuring points are arranged
equidistantly on two long sides and 3 measuring points are
arranged equidistantly on two short sides. To avoid the
mutual interference between the two foundation pits and
ensure the comparability of the calculated data, the inde-
pendent analysis method is used in the numerical analysis
model. Firstly, the model of No. 1 foundation pit is estab-
lished for analysis, and then the No. 2 foundation pit is
established for analysis. ,e model diagram is shown in
Figure 2.

5. Results and Discussion

5.1. Analysis of Actual Monitoring Results. ,e structure of
the shield tunnel passing through two foundation pits is
similar, and the vertical distance between the two foundation
pits and the shield tunnel is close. ,e plane length–width
ratio of No. 1 and No. 2 foundation pit is 2.1 and 1.7, re-
spectively, which is relatively close. ,erefore, the field
monitoring data of the two foundation pits are comparable.
In the analysis of settlement caused by shield tunnel con-
struction, the surface settlement along the longitudinal di-
rection of the tunnel can be divided into five stages:
settlement before excavation, settlement before excavation,
settlement of shield body, settlement of turning over-
excavation, settlement of clearance at shield tail, and

Table 1: Material parameter.

Sequence Layer ,ickness (m) c (kPa) φ (°) ρ (kg·m−3) k (m·d−1) Eref
50 (MPa) Eref

oed (MPa) Eref
ur (MPa)

①3 Artificial fill 2.8 2.4 11.7 1500 1 3 3 9
② Silt 3.2 1.0 20.4 2040 0.3 12.5 10 37.5
②1 Silt 4.1 1.1 18.9 2100 0.3 11.3 9.8 28.7
④1 Silty clay 13.2 21.4 15.7 1950 0.5 10 6 30
⑥5 Silt 8.6 2.6 29.7 1920 3 12.7 10.4 36.4
⑥6 Silt 7.8 3.7 26.9 2050 3 13.2 13.2 41.2
⑦2 Fine sand 6.4 5.7 18.4 1900 5 13.5 13.5 40
⑩1 Gravelly sand 10.8 4.1 27.6 2030 50 13.4 13.5 39.4
⑩2 Gravelly sand 28.4 5.3 26.9 2000 60 13.7 13.7 40.5
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consolidation settlement; the relationship curve between
shield excavation location and foundation pit bottom set-
tlement is shown in Figure 3.

It can be seen from the figure that the settlement law at
the bottom of the foundation pit is basically consistent with
that in the analysis of shield settlement, so the actual
monitoring results have high reliability. Due to the corre-
sponding changes in the settlement law of the foundation pit
bottom caused by shield construction in different stages, the
settlement is mainly composed of ground loss, shield turning
overexcavation settlement, shield tail grouting gap settle-
ment, etc., its size is mainly affected by the vertical distance
between the measuring point and the tunnel line, the
number of subway excavation rings, and the length–width
ratio of the foundation pit. Due to the influence of the lag
effect, the settlement of the foundation pit reaches the
maximum after the shield is excavated to a distance directly
below the measuring point. ,e ground loss caused by the
shield causes a large settlement of the foundation pit. In the
actual monitoring, the settlement value caused by this part is
not too large. ,is is because synchronous grouting will be
used in the excavation process, which will reduce the ground
loss. After reaching the maximum settlement, affected by the
high face pressure, the bottom of the foundation pit will have
1–3mm uplift; about 50m before the shield construction
arrives at the foundation pit, the foundation pit bottom has
the first settlement due to the disturbance of the tunnel face
pressure on the foundation pit structure; in the advanced
settlement stage, the maximum settlement of foundation pit
No. 1 is near the end of the metro tunnel (measuring point
MF-A1-MF-A5), and the maximum settlement is 6.9mm. In
the turning overexcavation settlement stage, the foundation
pit settlement is mainly affected by the amount of overbreak
and turning radius. After the excavation is carried out below
the foundation pit, the settlement of the foundation pit
shows a decreasing trend after the shield construction passes
through the foundation pit, and the settlement is gradually
stable after the shield construction leaves the foundation pit
for about 30m. Compared with No. 1 foundation pit and No.
2 foundation pit, No. 1 foundation pit has a larger

length–width ratio, weaker resistance to deformation, and
more vulnerability to shield excavation disturbance.
,erefore, the settlement of measuring points near themetro
end or far metro section is greater than that of the No. 2
foundation pit. ,erefore, in the construction under similar
working conditions, densified measuring points or effective
engineering treatment measures should be taken to reduce
the settlement of foundation pit with a large aspect ratio.

5.2. Deformation Analysis of Foundation Pit Bottom.
Figure 4 shows the three-dimensional images of the bottom
of the No. 1 andNo. 2 foundation pits.,e data was collected
after the foundation settlement was stable and the shield
tunnel excavation was completed. It can be seen from the
figure that during the construction of the turning shield
tunnel, the deformation of the bottom of the foundation pit
along the line is irregular concave, which is mainly caused by
multiple factors such as overexcavation during shield
turning construction and settlement in advance during
shield construction. ,e settlement of the middle part is
larger than that of the surrounding of the foundation pit
bottom. ,e sunken trend of the foundation pit gradually
develops with the advance of the number of shield con-
struction rings; because the settlement law of the sur-
rounding foundation pits during shield construction is
obviously affected by the lag effect of shield construction, the
deformation of the bottom of the foundation pit is the largest
when the shield construction position is 50m below the
building. ,e distance is greatly affected by the turning
radius, the amount of turning over excavation, the type of
foundation pit, and the disturbance of the foundation pits.
,e final deformation of the foundation pit bottom is in-
clined and concave towards the direction of shield con-
struction. ,e maximum settlement of the foundation pit is
controlled within 8mm. Compared with the settlement of
the two foundation pits, the concave deformation caused by
the disturbance of shield tunnel construction is larger be-
cause of the larger plane length–width ratio of foundation pit
No. 1.,e settlement near the tunnel side is greater than that
at the far tunnel side. ,e average settlement of No. 1
foundation pit near the tunnel side is −6.69mm; the average
settlement of the far tunnel side is −4.97mm, while that of
the No. 2 foundation pit is −5.83mm and −3.95mm, which
are all less than that of the No. 1 foundation pit.

5.3. Numerical Simulation Results

5.3.1. Verification of Numerical Simulation Results. To verify
the accuracy of the model, the theoretical analytical solution,
the actual monitoring data, and the numerical simulation
model are compared and analyzed, and the MF-A3 mea-
surement point is selected as the verification point. ,e
results are shown in Figure 5. It can be seen that the nu-
merical simulation results are basically consistent with the
theoretical calculation values and the measured values, with
only a small error, and the relative error is about 9%, in-
dicating that the theoretical calculation and numerical
simulation results have high accuracy. Comparing the actual

50
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0.0
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Figure 2: Model meshing.
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monitoring data with the numerical simulation data, it is
found that the main source of the error is that the measured
value slightly lags behind the numerical simulation value.
,e reason is that some compensation grouting measures
will be taken in the actual shield tunnel construction and the
lag effect in the shield construction.

5.3.2. Influence of Length–Width Ratio of Foundation Pit on
Settlement Mode. In the actual monitoring results, it is
preliminarily considered that the plane aspect ratio of the
foundation pit will have an impact on the settlement mode of

the bottom of the foundation pit, and the foundation pit with
a larger plane aspect ratio is more vulnerable to the distur-
bance of shield excavation, resulting in greater settlement. To
further explore the influence of length–width ratio on the
settlement mode of foundation pit structure, the foundation
pit models with plane length–width ratio of 2.1, 2.0, 1.9, 1.8,
and 1.7 are established for comparative analysis. To ensure the
comparability of data, the center position of the foundation
pit with different length–width ratio and the distance between
the foundation pit and tunnel axis are the same. Run the
model and extract the settlement curve of measured exca-
vation rings and measured points, as shown in Figure 6.
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It can be seen from Figure 6 that, under the influence of
the construction disturbance of the shield tunnel for the
existing foundation pit, the plane aspect ratio of the
foundation pit has a certain influence on its settlement
mode. ,e larger aspect ratio makes the settlement of the
foundation pit larger in the process of shield tunnel con-
struction. For the settlement data of two different
length–width ratios (2.1 and 1.7), it is found that compared
with the length–width ratio of 1.7 For the foundation pit,
the average settlement ratio of the foundation pit with
length–width ratio of 2.1 is 37.4% higher than that in the
excavation process, and the final settlement is 21.3% higher
than that in the excavation process. ,erefore, the foun-
dation pit with a larger plane length–width ratio has weaker
resistance to deformation and is more vulnerable to shield
excavation disturbance. In the construction under similar

working conditions, it is necessary to increase the mea-
suring points or take effective engineering treatment
measures to reduce the settlement.

5.3.3. Analysis of Numerical Simulation Results. Based on
the actual working conditions, the numerical simulation
technology is used to establish the model to calculate the
ground loss caused by the construction of small turning
shield tunnel and the longitudinal deformation along the
shield tunnel. ,e calculation results are compared with the
actual monitoring results and theoretical calculation results.
To improve the simulation efficiency, the symmetrical
analysis method is used to simulate the shield tunnel. To
ensure the simulation accuracy, the shell element is used to
simulate the shield shell, and the solid element is used to
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Figure 5: Model validation. (a) MF-A1. (b) MF-A3.
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simulate the shield segment; the element killing method is
used in the shield excavation process, and the load is applied
to the construction face during the shield construction
process to simulate the tunnel face pressure, shield jacking
force, and shield tail grouting process.,e simulation results
are shown in Figure 7.

,e longitudinal deformation curve at the bottom of the
foundation pit is shown in Figure 7, where l is the distance
between the shield construction face and the edge of the
foundation pit. It can be seen from the figure that with the
gradual advance of shield construction, the settlement mode
of the foundation pit is constantly changing.

In the No.1 foundation pit, when l� 15m, the working
face is located directly below the foundation pit. Before that,
the face has not reached the center of the foundation pit. Due
to the disturbance of shield excavation, the bottom of the
foundation pit inclines to the excavation side and produces
deflection deformation. Due to the overbreak of turning
shield construction and other reasons, the ground loss
causes uneven soil settlement; the plane aspect ratio of the
two foundation pits is large, which is easy to be disturbed by
shield tunnel construction and produce deflection defor-
mation. When the excavation is beyond the bottom of the
foundation pit, the bottom of the foundation pit will be bent
longitudinally, showing a concave settlement, and it will
gradually become stable after the construction face leaves the
scope of the foundation pit. ,is is basically consistent with
the law analyzed in the previous part. Franzius [7] pointed
out that during the construction of the turning shield, the
stratum loss rate caused by the tunnel face in front of the
building structure is inconsistent with that under the
building structure, which is also the reason for the change of
the settlement mode at the bottom of the foundation pit. ,e
influence of disturbance on the side near the bottom of the
foundation pit is more obvious, and the deformation in the
longitudinal direction is greater. After the shield

construction passes through the bottom of the foundation
pit, the concave deflection is larger. ,e side farther away
from the shield construction is less than the side near the
tunnel in terms of settlement and deflection deformation.
Compared with the deformation law of No. 1 and No. 2
foundation pits, the deformation modes of the two are the
same, but because the length–width ratio of No. 1 foun-
dation pit is greater than that of No. 2 foundation pit, the
deflection deformation degree of No. 2 foundation pit is less
than that of No. 1 foundation pit.

As shown in Figure 8, the lateral deformation curve of
the foundation pit bottom is shown. Due to the small width
of the foundation pit, compared with the longitudinal de-
formation, the lateral deformation of the foundation pit
bottom is mainly inclined deformation, with only slight
upward convex deflection deformation; through the com-
parative analysis of the transverse and longitudinal defor-
mation modes of the foundation pit bottom, it is found that
the longitudinal deformation and transverse deformation
mode of the foundation pit bottom are quite different. ,e
longitudinal deformation is composed of settlement and
deflection deformation, while the transverse deformation is
mainly settlement.

5.3.4. Stress Path Analysis. To study the deformation law of
the turning shield tunnel more deeply, the stress path of
typical measuring points is selected for analysis, and the
variation law of stress path is used to explain the settlement
mode equivalently. In the plane of 5m at the bottom of the
foundation pit, the measuring points M1, M2, M3, and M4
are typical measuring points for analysis. M1 is located
directly below the center of the bottom of the foundation pit,
M2 is located at the center of the long side of the bottom of
the foundation pit, M3 is located in the center of the short
side at the bottom of the foundation pit, and M4 is outside
the foundation pit, 20m away from the foundation pit. As
shown in Figure 9, the vertical–horizontal effective stress
path curve of typical measuring points is shown.

According to the stress path broken line of each mea-
suring point, the stress path state of each measuring point
can be divided into five stages. Under the conditions of
turning shield construction and existing foundation pit, the
stress state of soil between foundation pit and shield tunnel
is complex. Because the buried depth of the three measuring
points is the same, the initial stress state is the same.,e first
stage is the stage of shield thrust. In this stage, before the
measuring point, the horizontal stress in the stratum in-
creases due to the thrust exerted by the hydraulic jack on the
working face, so the horizontal stress increases obviously,
while the vertical stress almost remains unchanged. In the
second stage of shield tunneling, when the tunnel face enters
under the foundation pit, the thrust effect of the face is more
significant, and the vertical stress of soil increases rapidly. In
the third stage, the shield construction has passed through
the bottom of the foundation pit, and part of the stress in the
soil is released. ,e ground loss caused by shield excavation
leads to a large decrease in stress. In the fourth stage, the
shield construction enters into the stage of grouting at the
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tail of shield. At this time, the soil is affected by the gap
settlement and grouting pressure at the tail of shield, and the
vertical stress in the soil increases slightly; in the fifth stage,
the shield construction is far away from the foundation pit,
and the soil under the foundation pit enters the stress re-
covery stage, the stress and strain of the soil body tend to be
stable, and the vertical stress of the measuring point slowly
recovers. Due to the friction between the shield and the soil,
the final horizontal stress of the soil increases, but the final
vertical stress of the measuring point is less than its initial
state, which is obviously the impact of soil loss. With the
consolidation of soil for a long time, the vertical stress will
increase slowly, and the consolidation settlement of soil and

buildings will occur. ,e consolidation stage of soil has not
been considered in this model. By comparing the stress path
of soil under the conditions of straight excavation and
turning excavation, it is found that the vertical stress in-
creases slightly at first, then the stress relaxation occurs, and
the horizontal stress increases due to the influence of jacking
pressure of turning shield and stress release after
overexcavation.

,e stress paths of M1, M2, and M3 are compared and
analyzed. In the first stage, because the additional stress in
the center of the foundation pit is greater than that in the
edge of the foundation pit, the stress increment of the
measuring point M1 is obviously larger than that of the M2
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measuring point, which is also the main reason for the
longitudinal concave deformation of the foundation pit
bottom. For stage 2, due to the larger additional stress of the
M1 measuring point, greater vertical stress increases under
the thrust of the face. ,e settlement of the foundation pit
caused by shield excavation is mainly caused by stress re-
lease. It can be found that the stress release degree of the M1
measuring point is significantly greater than that of the M2
measuring point, which directly leads to the “concave”
bending deformation of the building after shield excavation.
For stage 5, although the stress increases, the deformation of
the stratum increases slightly. ,is is because the stratum is
in the stress history of “loading (stages 1-2)-unloading (stage
3)-reloading (stages 4 and 5),” and the soil deformation is
controlled by rebound and recompression modulus. Finally,
the horizontal stress of M1 is slightly larger than M2. In a
word, the soil under the middle part of the foundation near
the shield side undergoes the compression deformation
caused by the increase of additional stress under the in-
fluence of the construction disturbance of the turning shield;
and after the shield passes through, it also experiences the
unloading deformation caused by the stress relaxation,
which finally leads to the “concave” bending deformation of
the foundation pit. Compared with the M2 measurement
point, the M3 measurement point is farther away from the
shield tunnel and is less affected by disturbance. ,erefore,
in the whole stress–strain path, the horizontal and vertical

stresses of the M3 measurement point are less than M2.
Different soil stress paths lead to different horizontal strain
patterns at different positions of the bottom of the foun-
dation pit, which eventually leads to the displacement of the
bottom plane of the foundation pit tilting towards the shield
tunnel.

M4 is far away from the foundation pit, which is less
affected by the construction disturbance of the turning
shield, so there is no additional stress increase in stage 1. At
the end of stage 2, the vertical stress is only 78% of that of the
M1 measuring point; this also leads to a lower reduction of
stress at the M4 measuring point when Z is reduced to the
same stress level in stage 3, but the stratum settlement at M4
measuring point is larger. ,e reason is related to the de-
formation caused by stress recovery. Since theM3measuring
point does not go through an obvious loading stage (the
degree of overconsolidation is low), the deformation will be
obvious in stage 5, and the stress level is still low at the end of
stage 5. By analyzing the initial state and the final state, the
vertical stress of M1, M2, and M4 decreased by 20%, 40%,
and 42%, respectively. Compared with the straight shield
construction and the turning shield construction, the ver-
tical stress of measuring point M4 is less affected than that of
M1 and M2. ,e reason is that the influence of turning
factors on the settlement and stress distribution mode of
long-distance measuring points is greatly reduced in the
process of shield excavation.
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Figure 8: Relationship between face distance and lateral settlement of foundation pit. (a) No. 1 foundation pit near tunnel side. (b) No. 2
foundation pit near tunnel side.
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6. Conclusion

,is paper investigates the disturbance analysis of turning
shield construction on foundation pit under vertical cross
condition. ,e following conclusions can be drawn:

(a) ,e actual monitoring results show that its size is
mainly affected by the vertical distance between the
measuring point and the tunnel line, the number of
subway excavation rings, and the length–width ratio
of the foundation pit. After the settlement reaches
the peak value, it will be affected by the higher face
pressure, and the bottom of the foundation pit will
have a 1–3mm uplift, and the settlement tends to be
stable after the shield construction crosses the

foundation pit for 30m. ,e foundation pit with a
larger length–width ratio has weaker resistance to
deformation under the influence of subway con-
struction disturbance of turning shield.

(b) ,rough the comparative analysis of the transverse
and longitudinal deformation modes of the foun-
dation pit bottom, it is found that the longitudinal
deformation and transverse deformation mode of
the foundation pit bottom are quite different. ,e
longitudinal deformation is composed of settlement
and deflection deformation. When the excavation
exceeds the bottom of the foundation pit, the bottom
of the foundation pit presents a vertical bending and
concave settlement. Compared with the longitudinal
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Figure 9: Change of stress path. (a) M1. (b) M2. (c) M3. (d) M4.
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deformation, the lateral deformation of the foun-
dation pit bottom is mainly inclined deformation
and only slight convex deflection deformation.

(c) ,e change mode of stress path caused by turning
shield construction can be divided into five stages,
namely, the stage of shield thrust action, the stage of
tunnel face entering the lower part of foundation pit,
the stage of partial stress release in soil, the stage of
grouting at the tail of shield, and the stage of stress
recovery. By comparing the stress path of soil under
the conditions of straight excavation and turning
excavation, it is found that the vertical stress in-
creases slightly at first, then the stress relaxation
occurs, and the horizontal stress increases due to the
influence of jacking pressure of turning shield and
stress release after overexcavation.
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