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Existing studies on surface deformation prediction consider single soil layers and straight-
line excavation when investigating deformation caused bymetro shield construction. In this
study, we provide a new prediction method for studying the soil deformation caused by
curved shield tunnel construction in the upper soft and lower hard soil. The deformation
equations are derived using the Mindlin solution and random medium theory and are
verified using engineering examples and numerical simulation. The influencing factors and
laws of the surface deformation caused by the excavation are also identified. The study
found that the horizontal settlement trough on the ground surface was distributed
asymmetrically during the curve construction, with maximum settlement on the inner
side of the curve. The offset and settlement values were affected by the thrust difference
coefficients α and β and the turning radius. When constructing in the upper soft and lower
hard soil layers, the settlement trough tends to become wider and shallower. The results
show that the derived equation is suitable for actual engineering calculations, and the
measured data are in good agreement.

Keywords: upper soft and lower hard soil layer, curved shield construction,Mindlin solution, randommedium theory,
surface deformation

INTRODUCTION

With the rapid development of urban rail transportation, shield construction has become the
main method of subway tunnel construction because of its high efficiency and low impact on the
surrounding environment. However, owing to the unpredictability of construction, accurate
prediction of surface deformation is crucial for safe shield construction. Many scholars have
studied the surface deformation prediction caused by metro shield construction using methods
such as empirical methods (Peck, 1969; Fargnoli et al., 2013; Broere and Festa, 2017), theoretical
analysis methods (Sagaseta, 1987; Yuan et al., 2018; Zhang M. et al., 2020), numerical simulation
methods (Sugimoto et al., 2007; Gong et al., 2020), and model test methods (Xie et al., 2012;
Zhang et al., 2018; Lei et al., 2021).

However, the abovementioned methods are mainly used to study the surface deformation
caused by a linear shield construction under the condition of single-layer or multi-layer soil with
similar mechanical indexes transformed into a single uniform soil layer using the weighted
average method, and shield construction is often limited by complex soil layer conditions and
tunnel route planning. When the shield machine is in a soil layer that has large differences in
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mechanical indexes, the influence of curve construction on
surface deformation is very different from that of straight-line
shield construction under the condition of a single soil layer
(Katebi et al., 2015). Zhang et al. (2011) studied the ground
surface changes caused by tunneling in multi-layer soil,
considered the influence of soil stratification, and predicted
the ground surface deformation using the displacement
control boundary integral method. Li et al. (2018) studied
the stability of the working face during tunnel shield
excavation in multi-layer soil and developed a calculation
method for the ultimate support pressure of the excavation
face in multi-layer soil. Likitlersuang et al. (2014) and
Likitlersuang et al. (2019) studied the surface subsidence
caused by soil loss during tunnel excavation in multi-
layered soil and determined the range of tunnel
shrinkage rates under different conditions. Based on the
elastic equivalence theory, Cao et al. (2020) converted the
excavation and convergent boundaries of a shield
tunnel from a multi-layer soil system to a single-layer soil
system, and the calculation accuracy was
significantly improved. Li et al. (2021) studied the variation
law of the additional stress caused by a shield curve
construction load and deduced the analytical equation for
the additional stress of a curve shield. Wu et al. (2021) used
the nonlinear three-dimensional finite element method to
study the characteristics and laws of the surface
deformation caused by a double-track shield along the
curve. Zhang Z. et al. (2020) studied the influence of the
yaw excavation load on the surface displacement and
segment stress of a curved shield tunnel using a finite
element model. Li et al. (2021) deduced the analytical
solution of additional stress caused by construction load of
a curved shield tunnel based on three-dimensional imaging
theory. Wu et al. (2021) investigated the ground
deformation characteristics induced by mechanized shield
twin tunneling along curved alignments by adopting the
nonlinear three-dimensional finite element method. Deng
et al. (2022) derived the prediction equation for
surface settlement in curved shield construction and studied
the influence of the unbalanced force difference coefficient and
curve radius on the surface deformation. ZhangW. et al. (2021)
and Zhang W. et al. (2022) predicted the surface deformation
caused by tunnel excavation in multi-layer soil using machine
learning and a neural network. However, the abovementioned
studies only considered the impact of multi-layer soil or shield
curve construction on tunnel construction and surface
deformation; however, these two factors were not
considered comprehensively, and less consideration was
given to upper soft and lower hard soil conditions with
large differences in mechanical parameters. In this article,
the equation of the surface deformation caused by the
curved construction of the shield machine in the upper soft
and lower hard soil layers is derived, the influencing factors
and laws of the surface deformation are studied, and the
effectiveness of this method is verified using an
engineering example.

CALCULATION MODEL AND
ASSUMPTIONS

Mechanical Model of Shield Tunneling
The disturbance forces in the surrounding soil during the curved
shield construction can be divided into three types: the uneven
thrust force q at the excavation surface of the shield, the friction
force f between the shield shell and surrounding soil, and the
grouting pressure p at the end of the shield. Based on the
characteristics of the three forces, a shield excavation
mechanics model is established, where the excavation direction
of the shield machine is in the positive direction of the x-axis, and
the excavation surface is located in the yoz plane at x = 0.

For convenience, subsequent calculations satisfy the following
assumptions:

1) The soil has two layers with different elastic parameters, where
the thickness of the upper layer isH1, and the lower layer is an
elastic semi-infinite space. Both the upper and lower layers are
undrained.

2) When the curve shield is constructed, an uneven thrust q acts
on the excavation surface; the thrust q1 on the inside of the
curve is smaller than the thrust q2 on the outside. If the
centerline of the shield cutter is used as the boundary, then q2
= αq1, α is greater than 1 and is the coefficient of difference
between the thrusts on both sides.

3) When tunneling in the curved section with the midline of
the shield blade as the boundary, the larger extrusion of the
inner shell of the surrounding soil results in the friction
force f1 on the inner side of the curve becoming larger than
the friction force f2 on the outer side., i.e., f2 = βf1, β is
smaller than 1 and is the friction force difference coefficient
on both sides.

4) The influence range of the grouting pressure at the end of the
shield is mainly the width of the tube sheet in the back ring of
the shield tail and is uniformly distributed radially along the
circumference of the tube sheet.

Soil Layer Conversion
Because the Mindlin solution is used in an isotropic linear elastic
semi-infinite space, when dealing with complex soil conditions,
the weighted average method can be used to simplify different soil
layers with approximate mechanical parameters into a single
uniform soil layer, Subsequently, for calculations, the layer
method is used to convert the upper soft and lower hard soil
layers with a large difference in mechanical parameters into a
uniform soil layer with unified parameters (Zhou et al., 2020).
The soil transformation model is shown in Figure 1, the upper
soil layer thickness isH1, and the elastic modulus, Poisson’s ratio,
and internal friction angle are E1, μ1, and φ1, respectively. The
modulus of elasticity, Poisson’s ratio, and angle of internal
friction of the soil layer below are E2, μ2, and φ2, respectively.
The buried depth of the shield axis isH, and the shield radius is R.
After transformation, the mechanical parameters of the upper soil
layer with thickness H1′ become E2, μ2, and φ2. The buried depth
of the shield axis is H’.
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The height of the upper layer of soil after conversion is

H1
′ � H1

�����
E1/E2

a

√
. (1)

When the mechanical parameters of the upper and lower
soil layers differ greatly, a = 0.33, and when the mechanical
parameters of the upper and lower soil layers have a small
difference, a = 0.5. Assuming that the coordinates of any point
in the current soil layer are (x, y, z), a new coordinate system
(x′, y′, z′) after transformation of the upper soft and lower hard
soil layers is established, where

x′ � x
y′ � y

z′ � z
�����
E1/E2

a

√
, z≤H1

z′ � H1
′ + z −H1, z＞H1

⎫⎪⎪⎪⎬⎪⎪⎪⎭. (2)

SURFACE DEFORMATION CAUSED BY
SHIELD CONSTRUCTION

Uneven Thrust
Mindlin (1936) derived a point (0, 0, c) in a semi-infinite elastic
space (x′, y′, z′) under the action of the vertical concentrated force
Pv and horizontal concentrated force Ph. The vertical
displacementswv andwh are obtained using Eqs 3, 4, respectively.

wv � Pv

16πG(1 − μ) [3 − 4μ
R1

+ 8(1 − μ)2 − (3 − 4μ)
R2

+ (z′ − c)2
R3
1

+ (3 − 4μ)(z′ + c)2 − 2cz′
R3
2

+ 6cz′(z′ + c)2
R5
2

⎤⎥⎥⎥⎦,
(3)

wh � Phx′
16πG(1 − μ) ⎡⎢⎢⎢⎣z′ − c

R3
1

+ (3 − 4μ)(z′ + c)2 − 2cz′
R3
2

− 6cz′(z′ + c)2
R5
2

+ 4(1 − μ)(1 − 2μ)
R2(R2 + z′ + c) ⎤⎥⎥⎥⎦, (4)

where G is the soil shear modulus (kPa) and μ is Poisson’s ratio.

R1 �
����������������
x′2 + y′2 + (z′ − c)2√

R2 �
����������������
x′2 + y′2 + (z′ + c)2√ ⎫⎪⎬⎪⎭. (5)

The soil deformation calculation model obtained by the
additional thrust on the excavation surface when the shield
machine is driving in the curved section of the upper soft and
lower hard soil layer is shown in Figure 2. The additional thrust q
is assumed to be unevenly distributed at the cut, and the inner and
outer thrusts of the curve are q1 and q2, respectively; this is shown
by the division of the tunneling soil layer into upper and lower
layers.In the area dA = rdrdθ of any micro-element in the
excavation surface, r is the distance from the micro-element to
the center of the excavation surface, and θ is the angle between the

micro-element and the center horizontal plane of the excavation
surface.

Based on the coordinate transformation, the general analytical
Mindlin equation at any point in the space coordinates can be
derived.We assume that the space coordinate xyz is parallel to the
corresponding coordinate axes of the local coordinate x′y′z′. The
distances from the coordinate origin of the offset space coordinate
system xyz are l, m, and n, respectively, and the following
relationship holds:

x′ � x − l
y′ � y −m

z′ � z
�����
E1/E2

a

√
− n, z≤H1

z′ � H1
′ + z −H1 − n, z＞H1

⎫⎪⎪⎪⎬⎪⎪⎪⎭. (6)

Substituting Eq. 6 into Eqs 3–5, the vertical displacement at
any point (x, y, z) in the space coordinates of the actual soil mass
can be obtained. Substituting l = 0,m= rcosθ, and n = 0 into Eq. 4,
and calculating for the uneven thrust on both sides of the shield
curve tunneling construction, we obtain

dwq � dwq1 + dwq2

� x′q1rdrdθ
16πG(1 − μ2)⎧⎨⎩α⎡⎣z′ − c

R3
1

+ (3 − 4μ2)(z′ − c)
R3
2

− 6z′c(z′ + c)
R5
2

+ 4(1 − μ2)(1 − 2μ2)
R2(R2 + z′ + c) ⎤⎦ + z′ − c

R3
3

+ (3 − 4μ2)(z′ − c)
R3
4

− 6z′c(z′ + c)
R5
4

+ 4(1 − μ2)(1 − 2μ2)
R4(R4 + z′ + c) ⎫⎬⎭, (7)

where α is the thrust difference coefficient and

R1 �
��������������������������[x′2 + (y + r cos θ)2 + (z′ − c)2]√

R2 �
��������������������������[x′2 + (y + r cos θ)2 + (z′ + c)2]√

R3 �
��������������������������[x′2 + (y − r cos θ)2 + (z′ − c)2]√

R4 �
��������������������������[x′2 + (y − r cos θ)2 + (z′ + c)2]√

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
. (8)

The soil conditions that the shield machine may encounter
during the actual construction process, as shown in Figure 3, can
be divided into the following four situations: 1) the shieldmachine in
the hard soil layer, 2) most of the shield machine in the hard soil
layer, 3) most of the shield machines in the soft soil layer, and 4)
shield machines in the soft soil layer. The cross-sectional area of the
weak soil layer, marked by the red dashed line, is determined by the
ellipse and soil layer boundaries, and the integration area of the hard
soil layer, marked by the black solid line, is determined by the
original circle and soil layer boundaries.

In addition, owing to the different positions of the soil layer in
the tunnel section, the calculation parameter c in Eq. 7 can be
expressed as a geometric relationship as follows:
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H′ � z
�����
E1/E2

a

√
, H≤H1

H′ � H −H1 +H1
′, H≥H1

c � H′ − R sin θ

⎫⎪⎬⎪⎭. (9)

1) When the shield tunnels are in the lower soil layer,
substituting Eqs. 6, 8, and 9 into Eq. 7, the vertical
displacement of the soil layer caused by the unbalanced
force at the excavation surface can be obtained as

wq � ∫R
0

∫π2
−π
2

dwq. (10)

2) When most sections of the shield tunnel are in the lower soil,
the integral boundary cannot be expressed uniformly and is
divided into three areas: the upper ellipse, lower part of the
circle, and lower triangle, as shown in Figure 4.

1) Upper ellipse area integral, wqt:

FIGURE 1 | Stratigraphic transformation model.

FIGURE 2 | Calculation model of uneven thrust on excavation face.

FIGURE 3 | Shield machine location in different soil conditions.

FIGURE 4 | Shield shell friction calculation model.
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The upper and lower limits of θ are

θ1 � arcsin
(H −H1)

�����
E1/E2

a

√
�������������������������
R2 − [(E1/E2)2a − 1](H −H1)2
√

θ2 � π

2

⎫⎪⎪⎬⎪⎪⎭ (11)

The upper and lower limits of r′ are

r1 �
(H −H1)

�����
E1/E2

a

√
sinθ

r2 � R������������������
cos2θ + (E2/E1)2a sin2θ
√

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭ (12)

Substituting Eqs. 6, 8, 9, 11, and 12 into Eq. 7, we derive

wqt � ∫r2
r1

∫θ2
θ1

dwq. (13)

2) Area integral wqy of the lower part of the circle:
The upper and lower limits of θ are

θ1 � −π
2

θ2 � arcsin(H −H1

R
)
⎫⎪⎪⎪⎬⎪⎪⎪⎭. (14)

Substituting Eqs. 7, 9, 10, and 14 into Eq. 7, we obtain

wqy � ∫R
0

∫θ2
θ1

dwq. (15)

3) Area integral wqs of the lower triangle:
The upper and lower limits of θ are

θ1 � arcsin(H −H1

R
)

θ2 � π

2

⎫⎪⎪⎪⎬⎪⎪⎪⎭. (16)

The upper and lower limits of r′ are
r1 � 0

r2 � H −H1

sin θ

⎫⎪⎬⎪⎭. (17)

Substituting Eqs. 6, 8, 9, 16, and 17 into Eq. 7, we derive

wqs � ∫r2
r1

∫θ2
θ1

dwq. (18)

The total vertical displacement is

wq � wqt + wqy + wqs. (19)
3) Most sections of the shield tunnel were in the upper soil.
1) Upper ellipse area integral, wqt:

The upper and lower limits of θ are

θ1 � arcsin
(H −H1)

�����
E1/E2

a

√
�������������������������
R2 − [(E1/E2)2a − 1](H −H1)2
√

θ2 � π

2

⎫⎪⎪⎬⎪⎪⎭ (20)

The upper and lower limits of r′ are

r1 � 0

r2 � R������������������
cos2θ + (E2/E1)2a sin2θ
√

⎫⎪⎪⎪⎬⎪⎪⎪⎭. (21)

Substituting Eqs. 6, 8, 9, 20, and 21 into Eq. 7, we derive

wqt � ∫r2
r1

∫θ2
θ1

dwq. (22)

2) Area integral wqy of the lower part of the circle:
The upper and lower limits of θ are

θ1 � −π
2

θ2 � arcsin(H −H1

R
)
⎫⎪⎪⎪⎬⎪⎪⎪⎭. (23)

The upper and lower limits of r′ are

r1 � H −H1

sin θ
r2 � R

⎫⎪⎬⎪⎭. (24)

Substituting Eqs. 6, 8, 9, 23, and 24 into Eq. 7, we derive

wqt � ∫r2
r1

∫θ2
θ1

dwq. (25)

3) Integral wqs of the lower part of the triangular area:
The upper and lower limits of the θ are

θ1 � π

2

θ2 � arcsin
(H −H1)

�����
E1/E2

a

√
�������������������������
R2 − [(E1/E2)2a − 1](H −H1)2
√

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭ (26)

The upper and lower limits of r′ are

r1 � 0

r2 � H −H1

sin θ

⎫⎪⎬⎪⎭. (27)

Substituting Eqs. 6, 8, 9, 26, and 27 into Eq. 7, we derive

wqs � ∫r2
r1

∫θ2
θ1

dwq. (28)
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4)When the shield tunnels are in the upper soil, the upper and
lower integral limits of r are

r1 � 0

r2 � R������������������
cos2θ + (E2/E1)2a sin2θ
√

⎫⎪⎪⎪⎬⎪⎪⎪⎭. (29)

Substituting Eqs. 6, 8, 9, and 29 into Eq. 7, we derive

wq � ∫r2
r1

∫π2
−π
2

dwq. (30)

Uneven Friction of Shield Shell
The calculation model of the ground uplift caused by the friction f
between the shield shell and surrounding soil is shown in
Figure 4. The calculation model can be regarded as the
horizontal load acting along the cylinder axis on the side
surface of the cylinder. The friction force f is assumed to be
unevenly distributed along the central axis. For f1 and f2, the
tunneling soil layer is divided into upper and lower layers. The
inner and outer thrusts of the curve are q1 and q2, respectively.
Suppose the length of the shield from the excavation cutter head
to the tail of the shield is L. Then, the area of any infinite element
on the surface of the shell is given by dA = Rdθdl, where l is the
axial distance from the infinite element to the excavation surface,
and the concentrated force received is dPh = fR′dθdl. We
substitute l = −l, m = R′cosθ, and n = 0 in Eq. 6 to transform
the coordinate system as follows.

Because of the unequal frictional resistance of the
inner and outer shells of the curved shield tunnel and the
integral between the partitions, the vertical displacement of
the soil layer caused by the frictional distribution force of
the infinitesimal element can be obtained from Eq. 4 as
follows:

dwf � dwf1 + dwf2

� x′f2Rdldθ

16πG(1 − μ2)⎧⎨⎩β⎡⎣z′ − c

R3
1

+ (3 − 4μ2)(z′ − c)
R3
2

− 6z′c(z′ + c)
R5
2

+ 4(1 − μ2)(1 − 2μ2)
R2(R2 + z′ + c) ⎤⎦ + z′ − c

R3
3

+ (3 − 4μ2)(z′ − c)
R3
4

− 6z′c(z′ + c)
R5
4

+ 4(1 − μ2)(1 − 2μ2)
R4(R4 + z′ + c) }, (31)

where β is the thrust difference coefficient and

R1 �
���������������������������[x′2 + (y′ + R′ cos θ) + (z′ − c)2]√

R2 �
���������������������������[x′2 + (y′ + R′ cos θ) + (z′ + c)2]√

R3 �
���������������������������[x′2 + (y′ − R′ cos θ) + (z′ − c)2]√

R4 �
���������������������������[x′2 + (y′ − R′ cos θ) + (z′ + c)2]√

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
. (32)

Because there is no need to integrate in the triangular area, the
second and third cases shown in Figure 3 can be regarded as the
same. Therefore, the integration cases were as follows: 1) the full
section of the tunnel is located in the lower soil; 2) the tunnel
section spans the upper and lower layers; and 3) the full section of
the tunnel is located in the upper soil. Because of the different
positions of the soil layer in the section, the calculation
parameters R and c in Eq. 31 are different. According to the
geometric relationship, it can be expressed as follows:

R′ � R������������������
cos2θ + (E2/E1)2a sin2θ
√

c � H
�����
E1/E2

a
√

− Rsinθ

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭(Upper soil)
R′ � R

c � H −H1 +H1

�����
E1/E2

a
√

− Rsinθ

⎫⎬⎭(Lower soil)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
. (33)

1) When the full section of the tunnel is in the lower layer of soil,
substituting Eqs. 6, 32, and 33 into Eq. 31, the vertical
displacement of the soil layer caused by friction can be
obtained as follows:

wf � ∫L
0

∫π2
−π
2

dwf. (34)

2) When the tunnel section crosses the upper and lower layers of
soil, substituting Eqs 6, 32, 33 into Eq. 31, the integral
boundary cannot be expressed uniformly; therefore, it is
divided into an upper ellipse and a lower partial circle, and
the two areas are calculated separately.

1) Upper ellipse area integral wft:
The upper and lower integral limits of θ are

θ1 � arcsin
(H −H1)

�����
E1/E2

a

√
�������������������������
R2 + [(E1/E2)2a − 1](H −H1)2
√

θ2 � π

2

⎫⎪⎪⎬⎪⎪⎭ (35)
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Substituting Eqs. 6, 32, 33, and 35 into Eq. 31, we derive

wft � ∫L
0

∫θ2
θ1

dwf. (36)

2) Area integral of the lower part of the circle wfy:
The upper and lower integral limits of θ are

θ1 � −π
2

θ2 � 2π + arcsin(H −H1

R
)
⎫⎪⎪⎪⎬⎪⎪⎪⎭. (37)

Substituting Eqs. 6, 32, 33, and 37 into Eq. 31, we derive

wfy � ∫L
0

∫θ2
θ1

dwf. (38)

The total vertical displacement is

wf � wft + wfy. (39)

3) When the full section of the tunnel is in the upper soil,
substituting Eqs. 6, 32, and 33 into Eq. 31, we derive

wf � ∫L
0

∫π2
−π
2

dwf. (40)

Shield Tail Grouting Pressure
As shown in Figure 5, the length of the shield from the shield tail
to the grouting end is s, and the grouting pressure at the shield tail
is p. The grouting pressure decreases along the grouting length,
reaching 0 at point S, far from the shield tail. For any infinite
element dA = Rdθds, the concentrated force dp can be
decomposed into the horizontal and vertical components dph
and dpv, respectively. This paper only considers the ground

displacement caused by the vertical component of the force,
dph = p(1 − s/S)·Rdθds. In this section, we do not consider the
influence of curved shield tunneling on the grouting pressure.
Therefore, we set l = −L−s, m = Rcosθ, and n = 0, and substitute
these in Eq. 6 to transform the coordinate system as follows:

From Eq. 2, the vertical displacement of the soil layer caused
by the vertical component of the additional pressure of the
synchronous grouting of the micro-element shield tail is
obtained as

dwp � pR sin θdθds
16πG(1 − μ2) [3 − 4μ2

R1
+ 8(1 − μ2)2 − (3 − 4μ2)

R2

+ (z′ − c)2
R3
1

+ (3 − 4μ2)(z′ + c)2 − 2cz′
R3
2

+ 6cz′(z′ + c)2
R5
2

⎤⎥⎥⎥⎦,
(41)

where S is the length of the grouting section of the shield tail (m).
Generally, the width of a ring segment is 1.2 m.

R1 �
�����������������������������������[(x′ + L + s)2 + (y′ − R cos θ)2 + (z′ − c)2]√

R2 �
�����������������������������������[(x′ + L + s)2 + (y′ − R cos θ)2 + (z′ + c)2]√ ⎫⎪⎬⎪⎭, (42)

Considering similar cases as in Section 3.2, we derive the
following:

1) When the full section of the tunnel is in the lower soil,
substituting Eqs. 6, 32, and 42 into Eq. 41, the vertical
displacement of the soil layer caused by the shield tail
grouting pressure can be obtained as

wp � ∫S
0

∫2π
0

dwp. (43)

2) When the tunnel section crosses the upper and lower layers of
soil, and substitutes Eqs. 6,32, and 42 into Eq. 41, the integral
boundary cannot be expressed uniformly; therefore, it is

FIGURE 5 | Shield tail grouting pressure calculation model.
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divided into an upper ellipse and a lower partial circle, and the
two areas are calculated separately.

1) Upper ellipse area integral wpt:
The upper and lower integral limits of θ are

θ1 � arcsin
(H −H1)

�����
E1/E2

a

√
�������������������������
R2 + [(E1/E2)2a − 1](H −H1)2
√

θ2 � π − arcsin
(H −H1)

�����
E1/E2

a

√
�������������������������
R2 + [(E1/E2)2a − 1](H −H1)2
√

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
(44)

Substituting Eqs. 6, 32, 42, and 44 into Eq. 41, we derive

wpt � ∫S
0

∫θ2
θ1

dwp. (45)

2) Area integral of the lower part of the circle wpy:
The upper and lower integral limits of θ are

θ1 � π − arcsin(H −H1

R
)

θ2 � 2π + arcsin(H −H1

R
)
⎫⎪⎪⎪⎬⎪⎪⎪⎭. (46)

Substituting Eqs. 6, 32, 42, and 46 into Eq. 41, we derive

wpy � ∫S
0

∫θ2
θ1

dwp. (47)

The total vertical displacement is

wp � wpt + wpy. (48)

3) When the full section of the tunnel is in the upper soil,
substituting Eqs. 6, 32, and 42 into Eq. 41, we derive

wp � ∫S
0

∫2π
0

dwp. (49)

Soil Loss
During shield tunneling, over-excavation of the cutter head
creates a gap between the shield shell and the surrounding soil,
resulting in the loss, loosening, and deformation of the soil
layer (Zou and Zuo, 2017). When calculating the
surface deformation caused by the loss of the soil layer, as
the curved shield will over-excavate the inner soil, the
influence of the over-excavated part on the excavation
boundary needs to be considered. When the upper soft and
lower hard soil layers are equivalent to a single soil layer, the
excavation and convergence boundary will change after
convergence, that is, from a circle to a combination of an
ellipse at the top and a circle at the bottom (Cao et al., 2020), as
shown in Figure 6. The length of the semi-horizontal axis of
the ellipse is the same as the radius of the original circle, the
length of the semi-longitudinal axis is E1/E2 times the radius of
the original circle, and the center of the ellipse is below the
center of the circle.

For curved shields, owing to the large over-excavation on the
inner side of the curved shield tunneling route, the equivalent soil
loss parameter g on the inner side is larger than that on the outer
side. The extra over-excavation amount on the inner side of the
line is set as δ, and the soil loss of the curved shield can be
obtained as

ε � πR2 + 1
2 πRδ − π(R − g

2)2
πR2 + 1

2 πRδ
. (50)

According to Sun et al. (2019), the over-excavation
amount on the inner side of the line in the curve shield
construction is

δ �
��������������
(2Rc + 2R)2 + L2

√
− (2Rc + 2R)

2
, (51)

where Rc is the curve radius of the curved shield tunnel and L is
the length of the single-section shield shell. If the shield machine
is equipped with a hinge device, L is half the length of the single-
section shield shell.

The changes in the excavation boundary and convergence
boundary are calculated using the random medium theory
method. The influence of tunnel excavation on the ground
surface can be regarded as the sum of the influences of an

FIGURE 6 | Transformation model between excavation boundary and convergence boundary of curved shield.
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infinite number of unit excavation (ζ , η) below the ground. In
infinitely small micro-element excavations, when the
excavation unit completely collapses, the soil settlement at
the coordinate (y’, z’) can be calculated using Eq. (52).

uz � tan β
η − z′ exp

⎡⎣ − πtan2β(η − z′)2(y′ − ζ)2⎤⎦dζdη, (52)

where β is the main influence angle of the overburden of the
tunnel and is calculated as follows (Wei et al., 2006):

tan β � H′ − z′
kH′(1 − z′/H′)0.3 ���2π√ , (53)

where k is the width parameter of the ground settlement trough.
According to Han and Li (2007), k � 1 − 0.02φ and φ is the
internal friction angle of the soil.

According to Cao et al. (2019), the value of β in Eq. 53 varies
with the location of the tunnel and can be divided into the
following two cases:

1) When the tunnel axis is located in the upper soil, i.e., when H
≤ H1, there is

tan β1 � tan β. (54)

2) When the tunnel is located in the lower soil, i.e., when H > H1,
there is

tan β2 � tan β1/
�����
E1/E2

a

√
. (55)

Equation 52 can only calculate the final stable settlement under
the plane strain state and cannot calculate the three-dimensional
settlement caused by soil loss. Cao et al. (2020) extended Eq. 52 to a
three-dimensional state to determine the change in soil loss along the
tunnel excavation direction as follows:

uz � uz

2
⎛⎜⎜⎜⎝1 − x′ + L���������������������(x′ + L)2 + (y′ − ζ)2 + η2

√ ⎞⎟⎟⎟⎠. (56)

Then, the vertical displacement of the soil layer can be
obtained by the integral method, as follows:

wz � ∫∫
Ω′−ω′

uzdζdη. (57)

According to Figure 6, when the excavation surface is located
in the upper soft and lower hard soil layers, Eq. 57 can be
transformed into the following equation:

wz � ⎛⎜⎜⎜⎜⎜⎝∫b1
a1

∫d1
c1

uzdζdη − ∫f1

e1

∫h1
g1

uzdζdη
⎞⎟⎟⎟⎟⎟⎠ +⎛⎜⎜⎜⎜⎜⎝∫b2

a2

∫d2
c2

uzdζdη − ∫f2

e2

× ∫h2
g2

uzdζdη
⎞⎟⎟⎟⎟⎟⎠,

(58)

where ai, bi, ci, di (i = 1,2) are the upper and lower integral limits
of the boundary of the excavation in the ith layer of soil, and ei,fi,
gi, hi (i = 1,2) are the upper and lower integral limits of the
convergent boundary in the ith layer of soil, respectively. To
obtain the upper and lower limits of the above integral boundary,
it is necessary to obtain the similarity ratio Mag21 between the
excavation and the convergence boundary after elastic
transformation. According to the geometric relationship
between the two figures, Mag21 is determined as follows:

Mag2
1 � 1 − g

(H1 −H + R)
�����
E1/E2

a
√

+ (H + R −H1)
. (59)

According to the ellipse equation, the upper and lower limits
of the integral can be expressed by

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a1 � (H − R)
�����
E1/E2

a

√
, b1 � H1

′, e1 � (H − R + g) �����E1/E2
a

√
, f1 � H1

′

a2 � H1
′ , b2 � H1

′ +H + R −H1, e2 � H1
′, f2 � H1

′ +H + R −H1

c1 � −(R + γ) �����������������������������1 − (η −H
�����
E1/E2

a
√ )2/(R �����

E1/E2
a
√ )2√

d1 � R

�����������������������������
1 − (η −H

�����
E1/E2

a
√ )2/(R �����

E1/E2
a
√ )2√

g1 � −Mag2
1pR

���������������������������������
1 − (η −H

�����
E1/E2

a
√ )2/(Mag2

1

�����
E1/E2

a
√ )2√

� −h1
c2 � −(R + γ) �����������������������1 − (η −H1

′ −H +H1)2/R2

√
d2 � R

�����������������������
1 − (η −H1

′ −H +H1)2/R2

√
g2 � −Mag2

1pR

�������������������������������
1 − (η −H1

′ −H +H1)2/(Mag2
1pR)2√

� −h2

.

(60)

ENGINEERING CASE ANALYSIS

Relying on the example of the shield tunnel project of the intercity
Pazhou branch line in the Pearl River Delta, the revised
theoretical formula was used to analyze the construction
influences of the shield machine in the upper soft and lower
hard soil layers. Accordingly, the surface deformation caused by
the shield tunnel excavation was solved, and the settlement value
calculated using the revised formula was compared with the field
measured value. The numerical simulation and theoretical
formula values were compared to verify the validity and
reliability of the calculation method deduced in this study.

Project Overview and Parameter Values
The total length of the shield tunnel was 3,257.36 m. The
excavation diameter of the shield is 9.14 m, the length is
7.1 m, the outer diameter of the segment is 8.8 m, the inner
diameter is 8.0 m, the ring width is 1.8 m, and the thickness is
0.4 m. The cover of the shield tunnel is 2.98–34.45 m. The
maximum slope of the interval tunnel is 3%, and the
minimum curve radius is 800 m. The crossing soil layers are
mainly mixed soil layers of silty clay and fully weathered granite
and are a mix of fully weathered, strongly weathered, and
moderately weathered granite soil layers. The average pressure
of the shield soil bin is maintained at 240–300 kPa, which is
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slightly higher than the static soil pressure at the center of the
tunnel. Because the soil layer before the excavation slightly swells,
a shield is used to compensate for the soil loss caused by the shield
tail falling out. According to existing research (Sun et al., 2019;
Deng et al., 2022) and engineering experience, the additional
thrust on the inner side of the excavation surface is 60 kPa, the
difference coefficient α � 1.05, friction force = 50 kPa, the
difference coefficient β � 0.95, and shield tail grouting pressure
= 200 kPa. The grouting position is at the shield tail and has a
length of one segment. In this study, mileages ydk16 + 403
(Section 1) and ydk16 + 458 (Section 2) in the construction
section are selected for analysis. The measured and calculated
values are compared, analyzed, and then verified using the
numerical model, as shown in Figure 7.

Numerical Model
To verify the accuracy of the calculation results of the
prediction equation (Likitlersuang et al., 2019; Petchkaew
et al., 2022), the construction process of the shield machine

curve tunneling in the upper soft and lower hard strata is
simulated using the Midas GTS finite element software. The
dimensions of the model are taken as 60, 100, and 40 m along
the X, Y, and Z directions, respectively. The boundary
conditions of the model are set to default. The bottom
surface is fully constrained, the top surface is free, and
normal constraints are applied on four sides. The numerical
calculation model is shown in Figure 8.

The constitutive model of the rock and soil mass adopts the
Mohr column model. The main structure adopted the elastic
model, and the physical and mechanical parameters of the rock,
soil mass, and main structural materials are listed in Table 1 γ, E,
μ, φ, e, and c are the characteristic values of gravity, elastic
modulus, Poisson’s ratio, internal friction angle, porosity, and
cohesion, respectively.

Analysis of Results
The surface deformations of Sections 1, 2 are calculated using the
revised theoretical formula. The calculated results are compared
with the measured, numerical simulation, and (original)
theoretical formula values, as shown in Figures 9–12. The soil
layer conditions and tunnel burial depth of Sections 1, 2 are
shown in Figure 7, and the equivalent soil loss parameters are
equal to 9.5 and 9.7 mm, respectively.

Figures 9, 11 shows that the longitudinal deformations of the
surfaces of Sections 1, 2 are consistent. The longitudinal
deformation of the surface caused by the additional thrust during
shield construction is antisymmetrically distributed at the excavation
face, and the maximum uplift value appears in front of the excavation
face. At distances in the range of 5–10m, the surface deformation
caused by the frictional force of the shield shell reaches its maximum

FIGURE 7 | Geological sections.

FIGURE 8 | Finite element model.

TABLE 1 | Mechanical parameters of soil and materials.

Layer γ/(KN/m3) E/MPa μ φ/(°) e c/KPa

Silt soil 16.3 7.4 0.40 6.87 1.59 13.11
Silty clay 18.7 16.7 0.33 9.84 0.92 17.93
Fully weathered granite 19.1 140.1 0.29 23.21 — 31.10
Strongly weathered granite 23.4 1340.6 0.25 25.7 — 50.20
Shield shell 247.0 2.0 × 105 0.20 — — —

Lining 27.0 3.1 × 104 0.20 — — —

Grouting 21.0 260 0.28 — — —
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value along the rear of the excavation face at 0.5 L, it is uplifted in front
of it, and subsidence is formed behind it. The grouting pressure of the
shield tail caused the surface uplift. Moreover, the maximum uplift
value appeared at 1 L behind the excavation face, that is, at the position
at which the segment came out of the shield shell. The total surface
deformation exhibited a rapid subsidence stage (5m in front of the
cutterhead to 25m behind the cutterhead), and the uplift was larger
within the range of 5–15m in front of the cutterhead. At distances
>25m, the deformation was stable behind the cutterhead.

For analysis the lateral deformation of the surface of Section 1
at which the excavation surface is located (x = −14.2 m) and the
lateral deformation of Section 2 at which the excavation surface is
located (x = −5.1 m) were selected for analysis (Figures 10, 12).

The lateral deformation laws of the surfaces of the two sections
were the same. Due to the difference in friction between the two
sides of the shield shell, the uneven additional thrust on the
excavation surface, and the over-excavation inside the shield
turning line, the soil loss inside the turning was large and led
to the formation of the surface settlement tank. The lateral
deformation of the total surface presents a specific asymmetry.
However, owing to the high proportion of weak soil in Section 2,
the peak value of the surface deformation curve was large.

Figures 9–12 show that the lateral and longitudinal deformations
of Sections 1, 2 calculated by the modified theoretical formula are in
good agreement with the measured deformation values, and the
variation trend of the surface soil before and after excavation is

FIGURE 9 | Longitudinal surface deformation of Section 1.

FIGURE 10 | Lateral surface deformation of Section 1.

FIGURE 11 | Longitudinal surface deformation of Section 2.

FIGURE 12 | Lateral surface deformation of Section 2.
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consistent. In addition, the deformation curve of the simulation results
obeys the same law as that obeyed by the measured results. This curve
can also represent more accurately the process responsible for the
changes in the surface deformation (which increases slowly and then
falls rapidly) in front of the excavation. However, compared with the
revised theoretical formula and the measured results, the numerical
simulation showed that the surface settlement value behind the
excavation face was larger, and the increase of the soil mass in
front of the excavation face was smaller. This is mainly attributed
to the fact that the numerical simulations do not consider the friction
between the shield shell and the soil during excavation, or the
influence of the shield shell side on the surrounding soil during
shield turning.

The deformation curve of the original theoretical formula has
values that are smaller than the measured results, and the
calculated lateral settlement curve is centrosymmetric and has
values that are different from the measured result. This is because
the original theoretical formula did not consider the influences of
the upper soft soil and the lower hard soil layers on the
construction parameters, or the offset, or the increase in the
settlement tank caused by the over-excavation of the shield
machine inside the curve during tunnel construction.

In summary, the calculation method in this study can more
accurately represent the surface deformation caused by the
curved construction of the shield machine in the upper soft
and lower hard soil layers. In conclusion, all construction
parameters are affected by the changes in different soil layers
and the construction process. Collectively, these parameters can
provide a theoretical basis for the curved shield construction in
the upper soft and lower hard soil layers.

ANALYSIS OF INFLUENCING FACTORS

The following parameter values are used for calculating the
influence of surface deformation on the soil layer: shield radius

R = 4 m, shield buried depth H = 20 m, shield length L = 7 m,
segment width = 1.2 m, soft soil elastic modulus E1 = 10 MPa,
Poisson’s ratio μ1 = 0.35, hard soil elastic modulus E2 =
30 MPa, Poisson’s ratio μ2 = 0.25, additional thrust of the
excavation surface = 50 kPa, friction force = 20 kPa, shield tail
grouting pressure = 30 kPa, and soil loss rate Vloss = 0.4%; the
width coefficient of the settlement tank k = 0.6, and
construction gap g = 20 mm. For analysis, we choose a
point at the tail of the shield on the surface axis and
calculate the change rule of the uplift value at this point
caused by each fixed construction parameter for different
shield vault depth and excavation surface distance. A
positive uplift indicates surface uplift, while a negative
uplift indicates surface subsidence.

Influence of Different Turning Radii
When the shield is changed from straight excavation to curved
excavation, as shown in Figure 2, the shield will apply an
uneven additional thrust on the excavation surface. As the
radius of the curve increases, the difference coefficient α
increases accordingly. Differences in the friction between
the inner and outer sides of the shield shell and the soil are
observed during curve shield excavation. As the radius of the
curve increases, the difference coefficient β decreases. During
shield tunneling, over-excavation appears on the inner side of
the curve, and the soil loss on the inner side is greater than
that on the outer side of the curve. The uplift curve of the
surface in soft soil at x = −50 m under different turning
radius conditions is shown in Figure 13. As the turning
radius decreases, the amount of over-excavation inside the
shield increases, the soil loss increases, and the final
deformation of the ground surface becomes larger. The
offset value of the settlement trough decreases as the
turning radius increases.

FIGURE 13 | Influence of different turning radii on surface deformation.

FIGURE 14 | Influence of different soil layer conditions on surface
deformation.
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Influence of Different Soil Conditions
For comparing the uplift characteristics of the ground surface when
the shield is driven in a straight line under different soil conditions,
we assume that the buried depth of the tunnel is 4D. Four soil
conditions were considered according to the position of the shield:
1) the overlying soil is all hard soil (H1 � 0); 2) the overlying soil is
partially soft and partially hard soil (H1 � 2D); 3) all overlying soil
is soft soil (H1 � 4D); and 4) all sections are soft soil (H1 � 6D).
The uplift curve of the ground surface at x � −50m under different
soil layer conditions is shown in Figure 14. When the proportion
of the weak bottom layer in the excavation surface of the shield is
higher, the deformation of the ground surface is greater, and the
width of the settlement trough is smaller.

CONCLUSION

Based on the equivalent layered method, Mindlin’s basic solution,
and random medium theory, we derive equations to predict the
ground uplift caused by the curved construction of the shield
machine in the upper soft and lower hard soil layers. The validity
and reliability of the calculation method in this study were
verified by analyzing various engineering applications and
numerical simulation analysis. The influencing factors and
laws of surface deformation during shield curve construction
in the upper soft and lower hard soil layers are also being
investigated. The main conclusions are as follows:

1) The soil layer model of the surface deformation caused by
various construction parameters during the curved
construction of the shield in the upper soft and lower hard
soil layers is proposed. The uneven force on both sides of the
curved shield, the characteristics of the curve over-excavation,
and the upper soft and lower hard soil layers are considered.
For the influence of surface deformation, compared with the
traditional analytical method, the calculation equation of this
study can reflect the comprehensive influence of various
construction parameters by different soil layer changes and
curve constructions during the construction process.

2) The study found that when the shield machine is used for
curved construction in the upper soft soil and lower hard soil
layers, the longitudinal surface deformation law is similar to
that of the shield machine when the shield machine is

constructed in a straight line in a uniform single soil layer,
but the lateral surface deformation law is significantly
different. The friction difference between the two sides of
the shield shell, the uneven additional thrust of the excavation
surface, and the over-excavation on the inner side of the shield
turning line caused a large amount of soil loss on the inner
side of the turn. This induced the surface settlement trough to
shift a certain distance to the left of the centerline. This lateral
deformation of the total ground surface thus presents a certain
asymmetry.

3) The influence of curve excavation and upper soft and lower
hard soil layers on the surface deformation is analyzed. When
the shield machine is excavating in a curve with a decrease in
the turning radius, the difference coefficient of the additional
thrust increases, the difference coefficient of the shield shell
friction decreases, the over-excavation inside the shield
increases, the soil loss increases, the final deformation of
the surface increases, and the offset distance of the
settlement tank on the surface to the inside of the curve
increases. When the shield is dug in the hard soil layer, it
causes the settlement trough on the ground surface to be
deeper and narrower, while the settlement trough becomes
wider and shallower with increasing thickness of the soft
soil layer.
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