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Abstract: In contrast to straight tunnels, the mechanisms of displacement of surrounding soil induced
by shield excavation of small radius curved tunnels are more complex. Based on field monitoring
data of surface settlement and horizontal displacement of a small radius curved shield tunnel in
a section of Zhengzhou Metro Line 3, a numerical model using three-dimensional a finite element
method is established to evaluate factors of the displacement of surrounding soil. The results verify
the validity of numerical simulation by comparison with field monitoring data and the influence of
unbalanced additional thrust at tail jacks, curvature radius of a tunnel and tail grouting pressure on
surface settlement and horizontal displacement of surrounding soil. Maximum surface settlement
and horizontal displacement of surrounding soil at the outer side and inner side of curved tunnel
axes are positively related to thrust ratio, while negatively related to curvature radius and grouting
pressure. The ultimate objective of this study is to ascertain factors of displacement of surrounding
soil induced by small radius shield excavation and provide a theoretical basis and technical support
for the design and construction of similar tunnel.

Keywords: small radius curved tunnel; shield tunneling method; surface settlement; horizontal
displacement; unbalanced thrust ratio; curvature radius; grouting pressure; numerical simulation

1. Introduction

With the flying development of the economy and acceleration of urbanization process,
road traffic system is suffering increasing pressure [1–4]. Metros are considered priorities to
solve congestion and improve traffic efficiency because of their high transport capacity and
speed, low environmental pollution and little disturbance to ground traffic [5–9]. On the
basis of a statistical report from China Association of Metros, nearly 1000 km of metro lines
were brought into operation annually in the past 3 years. Further, up to the end of 2022,
there were 55 metro cities in China, and the total length of metro lines in operation exceeded
8000 km. The shield tunneling method is extensively applied in metro construction due to
its high level of mechanization and automation, fast construction speed, high safety and
strong adaptability to stratum and ground water [10–14].

The vast majority of tunnel axes of metro sections are straight lines or flat curves
with relatively mature construction experience and technique [15]. Nevertheless, limited
by complex surrounding environments, such as urban transportation planning, existing
buildings and structures and underground utilities, it is necessary to construct curved
axes with small radiuses to fulfill the requirements of metro lines. In comparison with a
straight or flat curved section, shield construction of a small radius curved tunnel section is
characterized by its enhanced stratum disturbance, uneven ground losses on both sides
and complicated ground deformation [16,17]. Thus, more attention should be paid to
deformation and displacement of surrounding soil induced by shield excavation of small
radius curved tunnels.
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Plenty of studies have been conducted to evaluate the effect of shield construction
surrounding soil by field monitoring, theoretical analysis, model tests and numerical mod-
eling. According to massive engineering data, Peck [18] found that surface settlement
trough is in accord with Gaussian distribution and proposed an empirical formula. Modi-
fications to Peck formula were carried out hereafter [19,20]. Cao et al. [21] monitored the
surface settlement of a subway station using a combined shield and shallow tunneling
method, and discovered that surface settlements were mainly induced by the excavation
of a shield tunnel slope and that double arch and grouting could effectively limit the
surface settlement. Finno et al. [22] developed a finite element simulation procedure to
evaluate soil response to shield tunneling and found the ground disturbance was both
three-dimensional and time-dependent. Khademian et al. [23] systematically compared
settlement data and results of numerical modeling to evaluate the accuracy of several
methods to predict surface settlement caused by tunnel excavation. Benmebarek et al. [24]
analyzed ground disturbance induced by the excavation of a shallow tunnel and found
that surface deformation is the result of complex interactions between stratum, construc-
tion process and shield parameters. Zheng et al. [5] used numerical model to assess the
influence of shield excavation on surrounding soil and bridge substructures and verified
the validity of the model by comparison with monitoring data. Cheng et al. [25] studied
surface settlement induced by a large diameter earth pressure balance shield, discussed
the effect of construction parameters on surface deformation and proposed a calculation
method to predict ground losses during various excavation stages. Wu et al. [12] combined
field monitoring data and a three-dimensional finite element model and assessed ground
deformation characteristics caused by the advance of a mechanized shield along a curved
alignment. Imamura et al. [26] employed a model shield in a centrifuge to simulate excava-
tion of tunnel and discussed the effect of the thickness of overlying soil and ground loess
on ground settlement. Atkinson et al. [27] conducted a scale test to analyze the process
of shield advances and studied impressions of buried depth and crown effect on surface
settlement. Zhou et al. [28] studied the relation between ground displacement and type,
relative and water content of surrounding soil and obtained calculation parameters of
settlement trough.

Existing research about surface settlement produced by shield excavation is concen-
trated on straight line tunnels, whereas studies about curved tunnels are relatively less [29].
Feng et al. [30] considered additional thrust, grouting pressure, ground loss and friction
between shield shell and soil and analyzed the variation of surface settlement during small
radius curved shield excavation. Lou et al. [16] established a numerical model considering
over excavation to evaluate the influence of excavation of a curved shield tunnel on ground
settlement and segment stress. Lu et al. [31] monitored the surface settlement of a curved
shield tunnel in clay stratum, discussed the effect of tunnel depth and curvature radius on
surface deformation and proposed a prediction formula on the basis of the Peck formula.
Previous studies about curved shield tunnels mainly focus on surface settlement induced
by excavation. Horizontal displacement of surrounding soil leads to a shear layer in the
stratum and might affect the structural stability of the tunnel and surrounding buildings.
In spite of severe threat to construction safety, research about horizontal displacement of
surrounding soil during shield excavation is few.

In this paper, the influence of excavation of small radius shield tunnels on displacement
characteristics of surrounding soil are evaluated. On account of field monitoring data of
a surface settlement and horizontal displacement of a small radius curved shield tunnel
in a certain section of Zhengzhou Metro Line 3, a numerical model using a finite element
method is established to analyze the effect of unbalanced additional thrust at tail jacks,
curvature radius of a tunnel and grouting pressure on the displacement of surrounding
soil. The ultimate objective of this study is to ascertain factors of the displacement of
surrounding soil induced by small radius shield excavation and provide a theoretical basis
and technical support for the design and construction of similar tunnels.
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2. Engineering Background
2.1. Engineering Overview

The Jiaru River Parking Yard entry line of Metro Line 3 is located in Huiji District,
Zhengzhou City, Henan Province. As shown in Figure 1, Metro Line 3 starts from Sport
Center station, moves northwest along Changxing Road and turns east to the parking
yard after passing through the Lianhuo Expressway. Designed interval mileage of this
section is CK0+000-CK1+603 and the length of shield construction is 1200 m following the
construction sequence of first the right line and then the left line. A small radius curved
tunnel of the right line with a length of 469.21 m and a curvature radius of 300 m was
selected as the object of this study. The tunnel was excavated by an earth pressure balancing
shield with a length of 8 m and a diameter of 6.48 m. The inside diameter and outside
diameter of the shield segment were 5.5 m, 6.2 m, respectively. The width of the segment
was 1.2 m and the thickness was 0.35 m in the curved tunnel.
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Figure 1. Location of the small radius curved shield tunnel of Jiaru River Parking Yard entry line of
Zhengzhou Metro Line 3.

2.2. Engineering Geological Conditions

The geomorphic unit of this tunnel is Yellow River alluvial-proluvial plain with flat
terrain. The stratum is mostly Quaternary loose deposits, with a total thickness of about
280–300 m. The surrounding soil of the shield is mainly composed of Holocene fill and
alluvial and Epipleistocene alluvial, which could be divided into three layers from the top
down; relevant physical and mechanical parameters are listed in Table 1. No surface water
was observed in the field investigation. The type of underground water is phreatic water
with a depth of 9.60–11.7 m and a water level elevation of 81.2–83.3 m.
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Table 1. Physical and mechanical parameters of soil.

Soil Layer Thickness
(m) Poisson’s Ratio Compression Modulus

(MPa)
Friction Angle

(◦)
Unit Weight

(kN/m3)
Cohesion

(kPa)

Fill 2.0 0.30 3.6 15.6 18.4 17.0
Clayey silt 20.6 0.31 9.4 14.3 19.6 22.5
Silty clay 17.4 0.27 7.9 19.6 19.7 33.8

2.3. Monitoring Scheme

A cross section at the midpoint of the small radius curved tunnel axis was selected
as a representative to monitor the displacement of surrounding soil. A level gauge and
slip inclinometer were installed to monitor surface settlement and horizontal displacement,
respectively. The layout of the monitoring points are shown in Figure 2. Centered on the
axis line, a total of 15 monitoring points of the surface settlement, numbered as S1–S15
from left to right, were arranged at both sides of the tunnel, with an interval of 3 m. Two
monitoring points of horizontal displacement were placed at both the inner and outer sides
of the curved tunnel and numbered as Hi and Ho, respectively. The horizontal distance
between the monitoring point and tunnel wall was 0.9 m. The depth of the installed
inclinometer was 20 m, approximately 1.5 times the depth of the tunnel axis. The frequency
of monitoring generally decreased with the increase in distance between heading face
and monitoring cross section during excavation. Detailed information about the field
monitoring is listed in Table 2.
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Figure 2. Layout of monitoring points of the representative cross section.

Table 2. Detailed information of field monitoring of displacement.

Monitoring Items Instruments Standard Deviation Frequency

Surface settlement Level gauge 0.3 mm/km Once a day (d * ≤ 20 m)
Once every two days (d > 20 m)

Horizontal displacement Slip inclinometer 0.02 mm/500 mm Once a day

* “d” means the distance between heading face and monitoring cross section.

3. Numerical Modelling

In this study, Midas GTS NX (New eXperience of Geo-Technical analysis System) was
adopted to simulate displacement characteristics of surrounding soil induced by shield
excavation of a small radius curved tunnel [12]. As a finite element software, Midas GTS
NX is widely applied in analysis of geotechnical problems, such as deep found pit [32],
slope stability [33], pile–soil interaction [34], seepage deformation [35] and tunnels [36].



Buildings 2023, 13, 803 5 of 19

3.1. Model and Boundary Conditions

The size of the soil mode is of high significance because an oversized model would
sharply increase the calculation work load, and an undersized model might cause a bound-
ary effect. According to engineering practice and the related literature [1], the later influence
range of soil induced by tunnel excavation is about three times the diameter, and the longitu-
dinal influence range is three–five times the tunnel diameter at both sides of the excavation
face. A preliminary trail calculation was carried out to evaluate the accuracy and efficiency
of the simulation and revealed that deformation of the soil outside the influence range
could be neglected. Taking into account scale and boundary effect [37], the length of the
model along the tunnel axis was set as 70 m, about 10 times the tunnel diameter, and the
width was set as 60 m, extending approximately 5 times the diameter at both sides, and the
height was set as 40 m, about 6 times the diameter. A schematic diagram of the model is
shown in Figure 3.
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Figure 3. Schematic diagram of the model.

Base on the engineering properties of surrounding soil, a three-dimensional solid
element with the constitutive relation of Mohr–Coulomb model was used to simulate
soil behavior. The bottom boundary of the model was fixed, lateral boundaries were
constrained in normal direction and the top boundary was free [38]. During meshing of the
model, computational accuracy was negatively correlated with the efficiency. Taking both
accuracy and efficiency into consideration, the size of the mesh generally increased with
the distance from tunnel excavation. The size of the mesh near the tunnel was 1 m, and that
near the boundary was 4 m. The model had a total of 22,027 elements and 18,002 nodes.

3.2. Simulation Process

Grouping of tail jacks is shown in Figure 4a. Sixteen circumferential jacks with
22 propulsion cylinders were divided in to four groups, and each group had a cylinder
with a built-in displacement sensor. During excavation of the curved tunnel, the thrust of
groups B and D were equal and turning of the shield was implemented by adjustment of
the thrust of groups A and C. In this model, thrust on the tail was divided into two groups
by vertical center line to simulate unbalanced thrust during excavation of a tunnel of small
radius and shown in Figure 4b.
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Figure 4. Arrangement and grouping of thrust: (a) tail jacks; (b) in the simulation.

In order to maintain the stability of the tunnel face, it is necessary to exert sufficient
pressure according to geological conditions. In this simulation, a uniform pressure of
0.15 MPa according to earth pressure at rest was applied on the tunnel face. During
shield excavation, synchronous tail grouting was a significant method to control surface
deformation. Excessive grouting pressure might lead to leakage and a decrease in filling
ratio, or displacement and damage of segments and surrounding soil, whereas insufficient
grouting pressure could not effectively fill tail void, which would cause excessive surface
settlement. Grouting pressure was determined by monitoring data of surface settlement
and similar engineering experiences and adjusted with excavation. Shield tail void, filling
range of tail grouting and disturbance range of tunnel excavation were generalized as a
homogeneous, isopachous and elastic equivalent circular layer [39]. In simulation, segments
and shell of shield were generally considered as a homogeneous ring around the tunnel [40].
With the advance of shield excavation, solidification of the grouting layer was simulated
by variation of elastic modulus. After solidification, elastic modulus of grouting layer was
10 times that before [41]. Physical and mechanical parameters of materials are listed in
Table 3.

Table 3. Physical and mechanical parameters of materials in the simulation.

Materials Unit Weight
(kN/m3)

Elastic Modulus
(MPa) Poisson’s Ratio

Segments 27 2.93×104 0.20
Shield shell 76 2.15×105 0.30

Grouting layer
(Before solidification) 25 1.7 0.32

Grouting layer
(After solidification) 28 17 0.25

4. Field Monitoring Data and Model Validation
4.1. Surface Settlement

The validity of the numerical simulation was verified by comparison with field mon-
itoring data. Results of field monitoring, numerical simulation and modified Peck for-
mula [31] are shown in Figure 5. In this figure and hereafter, figures with abscissas represent
distance from the tunnel axis, a negative abscissa indicates the outer side of the curved
tunnel axis, while a positive value indicates the inner side of the tunnel. According to
monitoring data, geometry of sediment trough on cross section is approximately the normal
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Gaussian distribution. The maximum surface settlement caused was directly above the
tunnel axis for the straight line tunnel. Offset of maximum surface settlement towards
the inside of the curved tunnel axis could be observed, which might be attributed to over
excavation at the inner side of the curved tunnel and unbalanced thrust exerted at both
sides of the tail [42]. Different from straight line tunnels, surface settlement trough of a
curved tunnel is not symmetrical to the axis and the position of maximum settlement is
on the inner side of tunnel. The comparison reveals that simulation results were similar
to, whereas not completely consistent with, the field monitoring data. In spite of certain
errors of the 15 monitoring points, the error range was acceptable and the model was
reasonable in consideration of the simplification of soil condition during simulation. The
maximum value of surface settlement of the simulation was 24.08 mm and monitoring data
was 25.29 mm, with a small difference of 1.21 mm. This difference might be attributed to a
measuring error of the instrument and adjustment of excavation parameters to accommo-
date inhomogeneous geological conditions [16]. On the whole, similar results could verify
the validity of the simulation in the calculation of surface settlement induced by shield
excavation of a small radius curved tunnel.
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Figure 5. Surface settlement obtained from different methods.

In addition, an empirical formula method could also be used to calculate surface
settlement caused by shield excavation. The Peck formula is based on straight line tunnels,
taking no account of the offset of settlement trough caused by curved shield tunneling, and
needs to be modified. A modified formula, considering over excavation, compaction of
shell on surrounding soil and unbalanced thrust during shield advances through clayey
stratum, is shown in Equation (1):

S(x) = αSmaxexp

[
− (x − ξ)2

2(βi)2

]
(1)

where S(x) is the surface settlement at the distance of x from tunnel axis on the cross section;
Smax is the maximum value of surface settlement; α is the correction factor of Smax and
ranges from 0.46 to 0.52 in clayey stratum; ξ is the offset value of sediment of a curved shield
tunnel determined by the curvature radius of shield tunnel; i is the coefficient of width
of settlement trough, namely the distance between the inflection point of the settlement
curve and tunnel axis; β is the correction factor of i and ranges from 0.43 to 1.16 in clayey
stratum [31]. Based on surface settlement from field monitoring, calculation results of
Equation (1) are also shown in Figure 5. In general, the comparison shows that the result of
this modified formula is similar with that of both numerical simulation and field monitoring,
which further proves the reliability of numerical simulation of surface settlement.
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4.2. Horizontal Displacement

Field monitoring data of horizontal displacement at both sides of the tunnel axis are
plotted in Figure 6. In this figure and hereafter, figures with abscissas represent horizontal
displacement, a positive abscissa indicates displacement towards the tunnel axis, while a
negative value indicates displacement away from the tunnel axis. As shown in Figure 6a,
the curve of horizontal displacement of soil at the outer side of tunnel axis is approximately
an inverted “S” shape, and could be divided into three sections by top and bottom of the
tunnel. Horizontal displacement of soil above the tunnel top is towards the tunnel due
to ground loss from shield excavation. The maximum displacement was 5.01 mm, with a
depth of 8.62 m and a vertical distance of 2.28 m to tunnel top. Horizontal displacement of
soil between the top and bottom is away from the tunnel axis because of compaction by
shield turning. The maximum displacement was −3.06 mm with a depth of 14.6 m and
a vertical distance of 0.6 m to the tunnel axis. Horizontal displacement of soil below the
tunnel bottom, with a relatively small value ranging from −0.19 to 2.09 mm, is mainly
towards the tunnel axis caused by unloading rebound after excavation.
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As shown in Figure 6b, horizontal displacement of soil at the inner side of the tunnel
axis is away from the tunnel axis, and obvious displacement can be found at the vertical
range of tunnel excavation. The maximum displacement was −6.71 mm with a depth of
14.54 m and a vertical distance of 0.54 m to the tunnel axis. Horizontal displacements of
soil above tunnel and below tunnel bottom generally decreased with the vertical distance
to tunnel excavation.

Results of numerical simulation of horizontal displacement are also shown in Figure 6.
According to comparison, results from the simulation were basically consistent with the
monitoring data, which could verify the validity of simulation of horizontal displacement.

5. Influence Analysis of Displacement of Surrounding Soil

In contrast to a straight line tunnel, the most significant characteristics of a small radius
curved tunnel is shield turning implemented by over excavation of surrounding soil at the
inner side of the axis and controlling the difference of stroke and thrust of tail jacks [43,44].
A single factor analysis method was used to explore influence factors of the displacement of
surrounding soil. Based on the offset of surface settlement and dissymmetry of horizontal
displacement, tunnel axis, unbalanced thrust, curvature radius and grouting pressure are
considered as variables for sensibility analysis in the model.

5.1. Influence of Unbalanced Thrust on Displacement of Surrounding Soil

Shield turning during excavation was accomplished by unbalanced thrust of tail jack.
As shown in Figure 4b, q1 and q2 represent thrust on the left and right side of the tunnel
in the model, respectively. Thrust ratio, defined as q1 over q2, was used for convenience.
To assess the influence of unbalanced thrust on the displacement of surrounding soil, four
cases with various thrust ratios were selected. In the four cases, the curvature radius of
the tunnel was 300 m and grouting pressure was 0.15 MPa. q1 was 1000 kN, while q2
was 1000 kN, 1500 kN, 2000 kN and 2500 kN and the thrust ratios were 1.0, 1.5, 2.0 and
2.5, respectively.

5.1.1. Influence of Unbalanced Thrust on Surface Settlement

Surface settlement curves under the four thrust ratios are shown in Figure 7a. It can be
seen from Figure 7a that settlement troughs were asymmetrical about tunnel axis and maxi-
mum values of settlement offsets inside of tunnel axis. For the four aforementioned thrust
ratios, corresponding maximum settlements were −24.08 mm, −27.93 mm, −29.88 mm and
−34.61 mm, with an absolute value increment of 43.7%. Meanwhile, offsets of maximum
settlement points were 3.19 m, 3.75 m, 5.09 m and 5.71 m and maximum value was 1.8 times
that of the minimum.
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Figure 7b shows the negative relationship between maximum surface settlement and
thrust ratio. The functional relationship can be obtained by fitting as follows:

Smax = −20.2348 − 3.3033T − 0.9422T2 (2)

where Smax is maximum surface settlement and T is thrust ratio.
The obvious increase might be attributed to intensive uneven thrust distribution and

over excavation of soil at the inner side of tunnel [29]. Therefore, it is necessary to precisely
control thrust on tail to avoid excessive surface settlement during shield advances.

5.1.2. Influence of Unbalanced Thrust on Horizontal Displacement

Curves of horizontal displacement of surrounding soil under various thrust ratios
are shown in Figure 8. Figure 8a shows that horizontal displacement of soil at the outer
side of the tunnel axis increased with the thrust ratio. For the four thrust ratios, maximum
displacement values of soil above tunnel top were 4.70 mm, 4.94 mm, 5.11 mm and 5.35 mm,
with a 13.8% increment. Maximum horizontal displacement values of soil between tunnel
top and bottom were −2.85 mm, −3.09 mm, −3.36 mm and −3.57 mm, with an absolute
value increment of 25.3%.

Buildings 2023, 13, x FOR PEER REVIEW 11 of 20 
 

 
(a) 

 
(b) 

Figure 8. Curves of horizontal displacement of surrounding soil under various thrust ratios: (a) 

outer side of curved tunnel axis; (b) inner side of tunnel. 

As shown in Figure 8b, with the increase in thrust ratio, horizontal displacement of 

soil at the inner side of the tunnel axis also increased, especially the soil between the top 

and bottom of tunnel. For the four thrust ratios, corresponding maximum displacement 

values were −6.72 mm, −7.07 mm, −7.49 mm and −7.84 mm, with an absolute value incre-

ment of about 16.7%. On the whole, the increase in thrust ratio intensified the disturbance 

difference between soil on both sides of the tunnel axis and then increase the horizontal 

displacement. 

5.2. Influence of Curvature Radius on Displacement of Surrounding soil 

During excavation of a curved tunnel, frequent adjustments of advance direction are 

required to ensure the tunnel axis complies with the design axis, the loss of which would 

lead to inevitable over excavation and increased tail space and ground loss [45,46]. To 

−4 −2 0 2 4 6

−24

−20

−16

−12

−8

−4

Tunnel bottom

Tunnel top

D
ep

th
 /

m

Horizontal displacetment /mm

 Thrust ratio 1.0

 Thrust ratio 1.5

 Thrust ratio 2.0

 Thrust ratio 2.5

8 6 4 2 0

−25

−20

−15

−10

−5

Tunnel bottom

Tunnel top

D
ep

th
 /

m

Horizontal displacement /mm

 Thrust ratio 1.0

 Thrust ratio 1.5

 Thrust ratio 2.0

 Thrust ratio 2.5

Figure 8. Curves of horizontal displacement of surrounding soil under various thrust ratios: (a) outer
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As shown in Figure 8b, with the increase in thrust ratio, horizontal displacement of soil
at the inner side of the tunnel axis also increased, especially the soil between the top and
bottom of tunnel. For the four thrust ratios, corresponding maximum displacement values
were −6.72 mm, −7.07 mm, −7.49 mm and −7.84 mm, with an absolute value increment of
about 16.7%. On the whole, the increase in thrust ratio intensified the disturbance difference
between soil on both sides of the tunnel axis and then increase the horizontal displacement.

5.2. Influence of Curvature Radius on Displacement of Surrounding Soil

During excavation of a curved tunnel, frequent adjustments of advance direction
are required to ensure the tunnel axis complies with the design axis, the loss of which
would lead to inevitable over excavation and increased tail space and ground loss [45,46].
To evaluate the influence of curvature radius on displacement of surrounding soil, four
tunnels, with curvature radiuses of 250 m, 300 m, 400 m and 500 m, were selected. In
the four tunnels, exerted thrust from tail jacks was 1000 kN and grouting pressure was
0.15 MPa.

5.2.1. Influence of Curvature Radius on Surface Settlement

Surface settlement curves with the four curvature radiuses are shown in Figure 9,
which shows the negative correlation between surface settlement and curvature radius. For
the four tunnels mentioned above, corresponding maximum settlements were −25.37 mm,
−24.08 mm, −23.24 mm and −22.50 mm, with an absolute value decrement of 11.3%.
Simultaneously, offsets of the maximum settlement point were 3.03 m, 2.93 m, 2.83 m and
2.67 m, with a decrement of 11.9%. The decrease in maximum settlement and offset should
be ascribed to the reduction of disturbance of surrounding soil and over excavation of soil
at the inner side of the tunnel with the increase in curvature radius.
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Figure 9. Surface settlement under various curvature radiuses: (a) curves of surface settlement;
(b) maximum surface settlement with various curvature radiuses.

Figure 9b shows the relationship between maximum surface settlement and curvature;
the functional relationship can be obtained by fitting as follows:

Smax = −32.7048 + 0.03964R − 3.87316×10−5R
2

(3)

where Smax is maximum surface settlement and R is curvature radius.
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In consideration of the influence of curvature radius and dimension of shield segments,
a formula was proposed to calculate the amount of over excavation at the inner side of the
curved shield tunnel [45] and expressed as Equation (4):

δ =
1
2

(R − D
2

)
−

√(
R − D

2

)2
− L2

 (4)

where δ is the amount of over excavation; R is the curvature radius of shield tunnel; D is
the outer diameter of the segment; L is the length of tail covering segments and could be
reduced for a shield with a hinged shell. In this case, the values of D and L were 6.2 m and
2.5 m, respectively. Substituting these parameters into Equation (4), the amounts of over
excavation for the four tunnels were 6.33 mm, 5.26 mm, 3.94 mm and 3.14 mm, declined
with the increase in curvature radius and are shown in Figure 10. Similar trends were
reported by Zhao [45] and are also plotted in Figure 10. A decrease in the over excavation
of soil at the inner side of a curved tunnel would relieve disturbance of soil induced by
shield excavation, and finally reduce surface settlement and offset the maximum settlement
point [47].
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Figure 10. Amount of over excavation versus curvature radius [45].

5.2.2. Influence of Curvature Radius on Horizontal Displacement

Curves of horizontal displacement with curvature radiuses of the tunnel are shown in
Figure 11. Figure 11a shows that horizontal displacement of surrounding soil at the outer
side of the tunnel decreased with the increase in curvature radius. For the four tunnels,
maximum displacement values of soil above the tunnel top were 5.58 mm, 5.33 mm,
5.09 mm and 4.88 mm, with a 12.5% decrement. Maximum horizontal displacement values
of soil between the tunnel top and bottom were −3.34 mm, −3.10 mm, −2.83 mm and
−2.58 mm, with an absolute value decrement of 22.8%.
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Figure 11. Curves of horizontal displacement of surrounding soil with curvature radius: (a) outer
side of curved tunnel axis; (b) inner side of tunnel axis.

As shown in Figure 11b, with the increase in curvature radius, horizontal displacement
of soil at the inner side of the tunnel axis decreased, especially the soil between the top and
bottom of tunnel. For the four curvature radiuses, the corresponding maximum horizontal
displacement values were −7.07 mm, −6.73 mm, −6.47 mm and −6.08 mm, with an
absolute value decrement of about 14.0%. An increase in curvature radius would decrease
the frequency of adjustment of shield advance, and would alleviate disturbance of soil and
over excavation, which would finally reduce horizontal displacement.

5.3. Influence of Grouting Pressure on Displacement of Surrounding Soil

As mentioned before, tail grouting is an effective measure to control the displacement
of surrounding soil. Pressure is the pivotal parameter of grouting effect during shield exca-
vation. To explore the influence of grouting pressure on the displacement of surrounding
soil, four grouting pressures, namely 0.10 MPa, 0.15 MPa, 0.20 MPa and 0.25 MPa, were
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selected. Under the four grouting pressures, exerted thrust from tail jacks was 1000 kN and
the curvature radius of the tunnel was 300 m.

5.3.1. Influence of Grouting Pressure on Surface Settlement

Surface settlement curves with the four grouting pressures are shown in Figure 12.
It can be seen that when the grouting pressure increased from 0.10 MPa to 0.25 MPa, the
maximum surface settlement value changed from −27.29 mm to −20.01 mm, with an
absolute value decrement of 26.7%.
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Figure 12. Surface settlement under various grouting pressures: (a) curves of surface settlement; (b)
maximum surface settlement with various grouting pressures.

Figure 12b shows the linear relationship between the maximum surface settlement
and grouting pressure of shield tail. The functional relationship can be obtained by fitting
as follows:

Smax = −32.20524 + 50.043p (5)

where Smax is the maximum surface settlement and p is the grouting pressure.



Buildings 2023, 13, 803 15 of 19

Detailed data about the maximum surface settlement under various grouting pressures
from this study and related research are listed in Table 4. The restrain effect of increased
grouting pressure to surface settlement is obvious. Feng et al. [30] found that when grouting
pressure increased from 0.1 MPa to 0.5 MPa, maximum surface settlement decreased from
−13.22 mm to −9.8 mm, with a gradual decrease in change rate. Grouting pressure for
settlement control largely depends on the water and earth pressure and should not exceed
0.4 MPa. Lou et al. [16] reported that a grouting pressure of 0.25 MPa is quite efficient in
controlling surface settlement. If further increased, improvement of the effect of relieving
surface settlement is not obvious and it might affect stresses on segments and surrounding
soil. Mei et al. [1] also discussed the efficiency and limitations of grouting in decreased
surface settlement. When grouting pressure increased from 0.1 MPa to 0.3 MPa, maximum
surface settlement generally decreased obviously, while a grouting pressure of 0.3 MPa
might cause excessive surface upheaval. Consequently, increased grouting pressure is
helpful in controlling surface settlement, but with an upper limit that is determined by
specific field monitoring data and engineering geological conditions, especially water and
earth pressure. Hence, it is necessary to strictly monitor grouting pressure for precise
control of surface settlement and upheaval.

Table 4. Detailed data about maximum surface settlement under various grouting pressures.

Grouting Pressure
(MPa)

Corresponding Maximum Surface Settlement
(mm) Source of Data

0.10, 0.15, 0.20, 0.25 −27.29, −24.23, −21.96, −20.01 This study
0.10, 0.15, 0.20, 0.30 −10.25, −9.42, −8.59, −7.15 Mei et al. [1]

0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50 −37.66, −30.78, −24.88, −20.58, −15.30, −12.23, −11.74 Lou et al. [16]
0.10, 0.20, 0.30, 0.40, 0.50 −11.52, −10.08, −9.24, −9.04, −8.73 Feng et al. [30]

5.3.2. Influence of Grouting Pressure on Horizontal Displacement

Curves of horizontal displacement with various grouting pressures are shown in
Figure 13. Figure 13a shows horizontal displacement of soil at the outer side of the tunnel
axis. With the increase in grouting pressure from 0.1 MPa to 0.25 MPa, horizontal displace-
ment of soil above the tunnel top decreased from 5.64 mm to 5.01 mm with a decrement of
11.2%. Similar results could be observed for soil below the tunnel bottom. These changes in-
dicate that increases in grouting pressure are beneficial to reduce deformation and improve
the stability of soil above tunnel top and below tunnel bottom. For soil between the top and
bottom of the tunnel, the absolute value of horizontal displacement generally increased
from 2.49 mm to 3.18 mm, with an increment of 27.7%. This abnormal increase might be
the result of combined action of increased soil disturbance, grouting reinforcement and
complicated soil stress redistribution.

As shown in Figure 13b, with the increase in grouting pressure, horizontal displace-
ment of soil at the inner side of the tunnel axis decreased. For grouting pressures of
0.10 MPa, 0.15 MPa, 0.20 MPa and 0.25 MPa, the corresponding maximum horizontal
displacement values were −6.94 mm, −6.47 mm, −6.12 mm and −5.62 mm, with an
absolute value decrement of about 19.0%. Grouting could fill the void at the inner side
of the tunnel axis induced by over excavation, and the effect of grouting reinforcement
was generally enhanced with the increase in grouting pressure. In general, an increase in
grouting pressure is helpful to control displacement of surrounding soil, but its upper limit
needs to be considered comprehensively.
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5.4. Paramener Sensitivity Analysis

A multiple linear regression analysis was carried out to explore the sensitivity of
factors. In this analysis, the absolute value of maximum surface settlement induced by
shield excavation of the tunnel with curved axis was selected as a dependent variable, and
thrust ratio T of tail jacks, curvature radius R of tunnel and tail grouting pressure p were
chosen as variables. Obtained regression parameters are listed in Table 5.
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Table 5. Regression parameters of multiple linear analysis.

Project Coefficient Standard
Error

Standardized
Regression
Coefficient

T-Statistic Significance

Constant 28.901 1.462 - 19.763 1.088 × 10−6

T 6.306 0.363 0.780 17.396 2.313 × 10−6 *
R −0.011 0.003 −0.185 −4.165 0.006 *
p −48.316 4.846 −0.438 −9.970 5.893 × 10−5 *

Note: At the significance level of 0.05, * means significant.

As displayed in Table 5, the standardized regression coefficients of thrust ratio, curva-
ture radius of tunnel and tail grouting pressure were 0.780, −0.185 and −0.438, respectively.
The results show that the strongest correlation to maximum surface settlement was thrust
ratio and the weakest was curvature radius of the tunnel. The correlation of grouting
pressure to maximum surface settlement was somewhere between them. Moreover, the
three factors were all significant with p-values of far below the significance level of 0.05. In
consideration of the curvature radius determined at the design stage, during shield excava-
tion of curved tunnel, great attention should be paid to the thrust ratio of tail jacks and tail
grouting pressure, especially the former for effectively controlling surface settlement.

6. Conclusions

In this study, a section of a tunnel with a small curvature radius of 300 m of Jiaru River
Parking Yard entry line of Metro Line 3 in Zhengzhou was selected as engineering case to
explore influence factors of displacement of surrounding soil induced by shield excavation
of a curved tunnel. A numerical model using a three-dimensional finite element method
was established and its validity was verified by comparison with field monitoring data
and calculation results of an empirical formula. The influence of three factors, unbalanced
thrust ratio of tail jacks, curvature radius of shield tunnel and pressure of tail grouting on
both surface settlement and horizontal displacement, were investigated with single factor
analysis method. The main conclusions can be summarized as follows:

(1) By contrast to field monitoring data, the validity of numerical simulation could be
verified by the small differences of maximum surface settlement of 1.21 mm, maximum
horizontal displacement of surrounding soil of 0.31 mm at the outer side and 0.75 mm
at the inner side.

(2) Obvious increases in displacement of surrounding soil could be found when the thrust
ratio of tail jacks increased from 1.0 to 2.5. (Absolute) value of maximum surface
settlement increased from 24.08 mm to 34.61 mm with an increment of 43.7%. For
horizontal displacements of soil at the outer side and inner side of curved tunnel axis,
the increments were 13.8% and 16.7%, respectively. The increases should be attributed
to intensive uneven thrust distribution and disturbance to surrounding soil.

(3) Increases in curvature radius generally decrease displacement of surrounding soil.
During curvature radius increases from 250 m to 500 m, the (absolute) decrements
of maximum surface settlement, horizontal displacements of soil at the outer side
and inner side of curved tunnel axis were 11.3%, 12.5% and 14.0%, respectively. The
reason might be the decreases in frequency of adjustment of shield advances and the
amount of over excavation.

(4) On the whole, the restrain effect of increased grouting pressure to displacement of
surrounding soil is obvious. When the grouting pressure increased from 0.1 MPa to
0.25 MPa, the decrement of (absolute) value of maximum surface settlement, horizon-
tal displacements of soil at the outer side and inner side were 26.7%, 11.2% and 19.0%,
respectively. Enhancement of fill effect on tail void and reinforcement of surrounding
soil with the grouting pressure might be the reason.
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(5) Results of multiple linear regression analysis reveal that thrust ratio and grouting
pressure were significant factors for maximum surface settlement, especially during
the shield excavation stage.
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