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Abstract: A prediction model of enclosure structure deformation caused by the excavation of foun-
dation pit is established. Based on the virtual image technique, the soil deformation caused by
sidewall deformation is calculated. Meanwhile, the deformation model considering rotating and
staggering of shield tunnel is used to establish a calculation method of longitudinal deformation of
adjacent shield tunnel. The result suggests that: (a) The horizontal displacement of adjacent shield
tunnel is normally distributed. (b) With increasing retaining structure deformation, it is obvious that
deformation value and range of adjacent shield tunnel also increase. (c) As the distance between
the adjacent shield tunnel and the enclosure structure increases, the horizontal displacement of the
side shield tunnel decreases nonlinearly. (d) The shield tunnel with shallow buried depth is greatly
affect by the excavation of adjacent foundation pit. As the depth of the tunnel increases, the impact
gradually decreases.

Keywords: virtual image technique; deformation of the retaining structure; longitudinal deformation;
coordinated deformation of rotation and dislocation; shield tunnel

1. Introduction

With the further development of rail transit, the excavation projects of foundations
adjacent to shield tunnels are becoming more common. For example, the nearest distance
between the section tunnel of Shanghai Rail Transit Line 1 and the building foundation pit
is only 7 m [1]. The closest distance was about 11 m between a construction foundation pit
and Hangzhou Metro Line 1 [2]. The unloading effect on the sidewall due to the excavation
of foundation pit leads to the deformation of the enclosure structure, which will generate
additional loads on the adjacent tunnel. The excessive loads will endanger the safety of the
tunnel. It has been reported an engineering case in which the tunnel section of the Panchiao
line was damaged due to adjacent foundation pit excavation during the construction of the
Taipei MRT system [3]. As a result, it is significant to predict the deformation of ad-jacent
shield tunnel due to the foundation pit excavation.

Such problems have been concerned domestically and internationally. The main re-
search methods include theoretical calculation [4-6], numerical simulation [7,8], centrifuge
test [9] and measured data analysis [10,11]. However, the theoretical calculation methods
are almost based on the stress release method. The construction of foundation pit is re-
garded as the process of soil stress release. The additional stress acting on the side shield
tunnel caused by sidewall unloading is calculated to establish the synergistic deforma-
tion equation of tunnel and soil for obtaining the deformation of the side shield tunnel.
Zhang et al. [4] calculated the extra stress on the shield tunnel adjacent to a foundation pit
engineering based on the Mindlin solution, the Winkler foundation model was introduced
to obtain the calculation equation of tunnel displacement and internal force. However,
the study considered that the stresses on the four sidewalls of the foundation pit were
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all released, which was inconsistent with the engineering practice. Wei and Zhao [12]
further considered the partial release of foundation pit sidewall stress under the action
of retaining structure. The stress loss rate of enclosure structure f3 is introduced in the re-
search. However, the deformation of the retaining structure was not considered in the study.
Zhang et al. [13] predicted the deformation form of the enclosure structure as “bow-shaped”
to get the sidewall unloaded. However, the sidewall unloading stress could not be verified.
The virtual image technique [14] has been used to calculate soil displacement caused
by tunnel construction or foundation pit excavation, because it can make full use of the
field monitoring data and precisely calculate the soil displacement at any point caused
by soil loss. Based on the virtual image technique, Verruijt et al. [15] obtained the soil
deformation due to tunnel excavation considering the compressibility of soil. Xu and
Poulos [16] considered the deformation of the enclosure structure as a quadratic parabola
to calculate the soil displacement at any point outside the foundation pit due to the
excavation based on the virtual image technique. Some scholars further considered the
impact of soil deformation caused by construction activities on adjacent structures. Zhang
et al. [17] obtained the displacement of soil due to foundation pit construction and then
get the displacement of the adjacent pile foundation on the Winkler foundation model.
Zhang et al. [18] further considered the Kerr foundation model to assess the impact on the
pile adjacent to the foundation pit more accurately. Yet, the virtual image technique has not
been applied to analyze the effect on shield tunnels beside the foundation pit excavation.
To correctly evaluate the impact on the shield tunnel because of the foundation pit
construction, a simplified analytical approach that can consider the deformation of the
enclosure structure is presented in this study, which has the following innovations:

(1) At present, most of the theoretical calculation methods can not consider the influence
of the deformation of the retaining structure on the unloading of the foundation pit.
Based on the virtual image technique, the foundation pit unloading model considering
the deformation of the retaining structure is established.

(2) The stress release method takes the stress as an additional load, but the stress cannot
be verified. Based on the virtual image technique, the soil deformation is taken as an
additional load, and the calculated soil deformation can be verified in the engineering.

(3) At present, most shield tunnel models can not consider the assembly characteristics of
segment rings. We introduce the deformation model of the shield tunnel, considering
rotating and dislocation [13] to further study the dislocation and rotation law of the
shield tunnel caused by foundation pit excavation.

This paper selects typical engineering examples to compare the calculated values
with the measured values to verify the reliability of this method. The factors include the
deformation of the enclosure structure, the distance between the adjoining shield tunnel
and the enclosure structure, and the buried depth of the shield tunnel.

2. Mechanical Model Establishment and Equations Derivation

As Figure 1 shows, the foundation pit is rectangular in shape whose length is L, width
is B, and depth of excavation is d. The height of the enclosure structure is H. Establish
a coordinate system at the center O of the foundation pit. Establish a spatial coordinate
system: The x-axis and y-axis are perpendicular and parallel to the tunnel axis, respectively,
and the positive direction of the z-axis is vertically downward. The distance between the
enclosure structure and the shield tunnel axis is s, the buried depth is i, and D is the outer
diameter of the segment.
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Figure 1. Calculation model of the influence of foundation pit excavation on the tunnel. (a) Vertical
view. (b) Front view.

2.1. Prediction Model of Deformation of Enclosure Structure

The design theory of controlling deformation has been widely applied in foundation
pit engineering. The deformation of enclosure structure is taken as the control parameter to
control the effect on the adjacent shield tunnel because of the foundation pit excavation.
This section establishes a prediction model for the deformation of the enclosure structure
suitable for the internal bracing system.

Figure 2 means the deformation diagram of the enclosure structure. The enclosure
structure is deformed due to foundation pit excavation, in which: H is the height of the
enclosure structure. The depth of excavation is d. 7 is the embedded depth at any point on
the sidewall of the retaining structure. Set the displacement of any point on the enclosure
structure toward the foundation pit as v().
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Figure 2. Deformation diagram of the sidewall retaining structure.

Liu et al. [19] fit the deformation increment of the enclosure structure with piece-
wise cosine function. According to the statistics of existing engineering, the deformation
increment of the internal bracing enclosure structure reaches the maximum close to the
excavation surface. The increment of the enclosure structure deformation is:

6i(n,d;) = % 1— cos 7;—:7

(0<n<d) O
0, dy) = “mp {1 — cos { RN (a4, <y <

1

where: 6;(17,d;) is the deformation increment of the enclosure structure at depth # due to
the excavation of i-th soil layer, the depth reached after the excavation of i-th soil layer
is d;. dmaxi is the maximum deformation increment of the enclosure structure due to the
excavation of the i-th layer.
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The maximum cumulative deformation is commonly taken as the control required
for the deformation of the enclosure structure in engineering applications. Referring to
the research of Zhang et al. [20], the ratio of the maximum deformation of the enclosure
structure to the depth of excavation is selected as the control parameter in the calculation
process in this study. Assume that the cumulative deformation of each layer meets the
control value, so the maximum increment of deformation due to the i-th layer excavation is:

Omaxi = Un;fix ~d; ) (i 1)

i—1
Omaxi = vr?{ax ~dj — '21 5](‘11) (Z 2 2) @
]:

when the excavation depth reaches d after n-th layers of excavation, the deformation at any
point on the enclosure structure is:

n

o(n) =Y 6i(n,d;) 3)

i=1
where the depth of excavation is the sum of the excavation thickness of each previous layer:
n
d=d+ ‘Zz(di —d;i1).
i=

2.2. Calculation of Soil Displacement at Shield Tunnel Axis

Sagasteta [14] proposed the virtual image technique in 1987 and derived the equation
of the distribution law of the surrounding soil displacement field caused by stratum loss
at any point in the elastic half-space. As shown in Figure 3, the basic analysis steps are
as follows:

(1) Ignoring the surface of the semi-infinite space, this hole is called a positive source, and
the problem will be transformed into the space under the infinite space. The solution
of the displacement field of the soil layer in the gap will generate the normal stress oy
and the shear stress 7 on the surface of the infinite space.

(2) A fictitious volume expansion of the same size is set at the mirror image position of
the void in the infinite space, and the opposite is called a negative source hole. The
symmetrical negative source will generate positive stress ¢y and shear stress Ty on the
original infinite surface. Under the action of the positive source hole and the negative
source hole, the normal stress on the original surface that does not exist can be offset.

(3) The positive and negative source holes above are superposed, and the normal stress
counteracts each other, while the shear stress is converted to 2t;. When the shear
stress 27y is inversely applied to the surface of the original semi-infinite body, and the
above three steps are superimposed, the solution of the displacement field under the
layer loss on the surface of the semi-infinite body can be obtained.

Realissue | Surface of semi-infinite space —— ¢=0 |
eal 1ssue | - =0 |
! . OSink !
| swp1 | Sufuceofnfinie spacclgnoing) o=,
! , OSink o |
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Figure 3. Analysis flow chart of the virtual image technique.
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Based on this method, this study calculates the soil displacement because of the
deformation of the enclosure structure. It adopts a certain simplification of the displacement
mechanism of the soil loss. The hypothesizes are as follows:

(1) No consideration of pore water pressure and soil consolidation;

(2) The soil is incompressible, and the soil displacement field of the is only caused by the
soil loss;

(3) Each section of the envelope structure deforms in the same size.

The calculation model of the virtual image technique is shown in Figure 4. The
displacement at point p (x1, z1) on the tunnel axis along the X-axis produced by the sink of
the radius a at point F (B/2, 1) is:

a’x; —B/2

S = —37172 4

where r; = \/ (B/2 — x1)* + (3 — z1)?, indicates the distance between point F and point p.
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Figure 4. Calculation model of the virtual image technique.

Since Equation (4) is the displacement expression of infinite space, but the construction
site is a semi-infinite space; it is necessary to transform the problem of solving the infinite
space into the problem of solving a semi-infinite space. Therefore, the point F (B/2, 1) is
mirrored as point F' (B/2, —1), where an equal volume expansion occurs. The displacement
at point p (x1, z1) on the tunnel axis along the X-axis produced by the source of the radius a
at point F' (B/2, —7) is:

_a2x1—B/2

2= 122

©)

where rp = \/ (B/2— xl)z +(n+ z1)?, which indicates the distance between point F" and
point p.

During the establishment of Equation (4), the shear strain 7y will be generated on the
ground:

2> 1(x1—B/2)

r= —4a ) 5 (6)
[(v1 = B/2) + 2]
Then, the additional shear stress generated on the surface is:
= Gye —4Ga2— 11 = B/2) @)

[ = B/2P 4 2]

where G is the shear modulus of the soil.
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Sy (x1,21) =

Jo 7T

Adding the inverse sign of the additional shear stress to the surface, the displacement
along the X-axis produced by the shear stress at point p is:

a*(x; — B/2) z1(z1 +77)
122 {1 2 rp? } ®)

SX3:_

In summary, the component of the soil displacement along the X-axis produced by the
sink with radius a4 at point F in the semi-infinite space at point p is:

SX(xll Zl) =854+ S0 +5a3 )

Considering that the outside of the enclosure structure should be a half-space, ac-
cording to the symmetry, this problem can be transformed into the solution of any point
deformation under the formation loss of 2v in the elastic half-space shown in Figure 4
and divide the enclosure structure equally into #n microsegments. Each micro-segment
is approximately rectangular. The equivalent radius is @ = \/2vdny/m according to the
equivalent area, and the horizontal displacement of the soil mass due to the deformation of
the enclosure structure shown in Figure 4 is:

/-H 27){_1(9(13/2 B x1B/2>2_ x; — B/2 [1_2z1(z12+17)”d17 10)

2 1’12 1"22 1’22 o

2.3. Longitudinal Deformation of Shield Tunnel Adjacent to Foundation Pit
2.3.1. Collaborative Deformation Mode of Shield Tunnel with Rotation and Dislocation

This paper cites the cooperative deformation model that can comprehensively con-
sider the two deformation effects of segment ring rotation and dislocation of the shield
tunnel [13].

As shown in Figure 5, relative rotation and relative dislocation will occur between
adjacent segments. The longitudinal deformation of the shield tunnel is considered to be
formed by combining shear dislocation and rigid body rotation between adjacent segments.

.y

Figure 5. The schematic diagram for the collaborative deformation mode of a shield tunnel [13].

As shown in Figure 6, the total relative displacement between adjacent ring segments
numbered m and m + 1 is dx, the relative horizontal displacement induced by the rigid
rotation is Jyp, and the relative horizontal displacement caused by the dislocation is dy.
Then, it satisfies the equation 6y = dy + Jx2. Set d41 = jxIx, where jy is the proportionality
coefficient for the rotation effects of the segment rings. When jx = 0, there is no relative rota-
tion between adjacent segments. It is consistent with the deformation model of dislocation
proposed by Zhou et al. [21]. When ji = 1, the horizontal displacement is completely caused
by the rotation of adjacent segments, which is the deformation mode of complete rotation.
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Figure 6. Calculation model for the collaborative deformation of rotation and dislocation between
shield tunnel segment rings [13].

Assuming that the adjacent shield tunnel meets the condition of deformation coordi-
nation with the surrounding soil, the deformation of the shield tunnel is the same as the
soil deformation at the corresponding position:

u(l) = u(1) (11)

where [ is the calculated position of the tunnel axis, take the center of foundation pit
excavation as the zero point, and it is positive along the Y-axis; u(l) is the horizontal
deformation of adjacent shield tunnel, and u(/) is the horizontal displacement of the soil at
the tunnel axis.

The difference between the tunnel horizontal displacement values of adjacent segments
is the relative horizontal displacement, which is:

Ox =u((m+1)Dy) —u(mDy) = ue((m + 1)Dy) — uy(mDy) (12)

where the serial numbers of the adjacent segment rings are m and m + 1, respectively, and
Dy is the width of the segment ring.

It can be assumed that sin (fx) = 6 and cos (x) = 1 when the rotation angle 6« be-
tween the segment ring is small. Therefore, the calculation equation for the horizontal
displacement caused by the rotation of the rigid body between the lining rings is:

01 = Dify (13)

Substituting dy1 = jxdx into Equation (13):

_ JxOx
o =" (14)

The shear force between the segment rings can be obtained as follows:
Qx = kadxa = (1 — jx)ks16x (15)
The maximum tension between rings is:
Fix = k64D (16)

The strata resistance is:
Fx = kDuy(1) = kDu(1) (17)
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In Equations (15) and (16): kg and k; are the inter-ring shear stiffness and inter-ring
tensile stiffness of the tunnel, which can be calculated by Guo et al. [22]. In Equation (17),
Vesic’s formula [23] is used to calculate k, which is the foundation reaction coefficient.
k — _O65E 1] ED

(1-p2)D \/ (ED)¢q
of the foundation soil, and (El)eq is the equivalent bending stiffness of the shield tunnel,
which was calculated by Ye et al. [24].

, where y is the soil Poisson’s ratio, Es is the compressive modulus

2.3.2. The Potential Energy in the Process of the Shield Tunnel Deformation

The potential energy in the deformation process of the shield tunnel contains the
following four parts:

(1) Work done by extra horizontal load due to the excavation of foundation pit:

N-1 (m+1)Dt ND¢

W= ¥ Lo Ok = [ (Pl (18)

 Pu(l) =kDS/, |I[<L/2
where: { Pul) =0, 1> L/2
within the calculation range, which is related to the range affected by the shield tunnel
because of the excavation of the foundation pit. Theoretically, the greater the value
of n is, the higher the calculation accuracy will be. However, the corresponding
calculation amount will also increase, and the calculation efficiency will be affected.

(2) Work done by overcoming the soil layer resistance:

. 2N is the number of shield tunnel segments

N— m ¢ t
Wee— Y /( e Su(DkDu(1)dl = —/ND DL (9)

m=—N th 7NDt

(3) Work done by overcoming the shear forces between rings:
N-1 4 N-1 4 N
Ws = — Z 5 Qx2 = — Z Ska(1 *]x) Ox (20)
=y2 =2
m=—N m=—N

(4) Work done by overcoming the tension caused by rotation between rings:

N-1 r=D 1 kt N-1 k.0 2D2
Wr = — / 92r2dr> =- e 21
! m—ZN< r=0 2D m=—N 6 -
where: 0y = % = fx[”((m“)g:)_”(mD*)].
Therefore, it can be acquired that:
N-1 i 212
kijx“D
Wr = — féthz [u((m +1)Dy) — u(mDy)]? (22)
m=—N

The potential energy caused by the deformation of the shield tunnel:
EPZWL+WR+W5+WT (23)

2.3.3. Fourier Expansion of Curve Function of Shield Tunnel’s Horizontal Displacement

In this paper, the distribution of the excavation area in the simplified model is parallel
to the adjacent shield tunnel. Theoretically, the horizontal displacement of the tunnel should
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be symmetrical at about the middle point of the foundation pit excavation. Therefore,
Fourier series expansion can be performed according to the cosine function to obtain:

> nrl
u(l) = n;oan €08 T = T, () AT (24)
where:T, (1) = (1cos NLLZ)t cos % -+ COS I’f]gt); A = (agaqap - -- an)T; n is the Fourier ex-

pansion series.

2.3.4. Solve the Variational Governing Equation
Based on the principle of the least potential energy, the potential energy E, is taken as
the extreme value for each undetermined coefficient:
oE oW, IW; W, oW
p_ L, 9WR , 9Ws  OWT
aa,» aai aai aa,» E)a,-

=0 (i=1,2,3...n) (25)

where g; is the i-th element in matrix 4, i.e., the tunnel deformation curve function coefficient

polynomial.
It can be obtained by solving the above Equations:
2 kei®D?
M Y =] Y (<k S(l((l )]X)) +< ‘3])3)5 ) 2D yar b aT
Py T, = d(u((m+1)D¢)—u(mD, + D T, X A 26
/fNDt ax(D{Tu()} m;N 5, ‘ -ND, 04 n(l) (26)

(Ta((m £ 1)D) ~ Ty(mDy)
The above expressions can be abbreviated as matrix form:

([Ke] + [KS])AT = [PaX]T (27)
Calculated by Equation (27), the undetermined coefficient matrix AT can be obtained:
AT = ([Ke] + [Ks]) 7 [Pax] (28)

Substituting the undetermined coefficient matrix AT back into Equation (24) can obtain
the horizontal displacement distribution function of the shield tunnel:

u(l) = T, (1) AT (29)
Therefore, the amount of misalignment between adjacent shield segments is:
Sxa = (1= jx) [u((m +1)D¢) — u(mDy)] (30)
Then, the shear force Qx between adjacent shield segments is:
Qx = (1= j)[u((m +1)Dy) — u(mDy)] x kg (31)

3. Engineering Case Analysis

Since the longitudinal deformation of adjacent shield tunnels is mainly horizontal
displacement because of the foundation pit excavation, this paper selects four examples
of foundation pit engineering. In case history 1, this paper uses a polynomial function to
fit the measured value of the enclosure structure deformation. It predicts the deformation
of the enclosure structure in case 2, case 3, and case 4. Then, the horizontal displacement
curve of the side shield tunnel axis is calculated to be compared with the measured curve
to prove the reliability of this method.
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3.1. Case History 1

There was a foundation pit adjacent to Shanghai Metro Line 1 [1], the plane size of the
excavation area was L = 45 m, B = 63 m, the length of the enclosure structure was H = 23 m,
and the excavation depth was 11.5 m. Metro Line 1 was located under the road beside the
foundation pit. The buried depth of the tunnel axis was 10.1 m. The minimum distance
between the tunnel axis and the enclosure structure of the foundation pit was s = 7 m. The
shield tunnel segment ring outer diameter D = 6.2 m, ring width D; = 1, lining thickness
t = 0.35 m, calculation parameters kg = 2.23 x 10° kN /m, and k¢ = 9.39 x 10° kN/m. The
excavation scope of the foundation pit is mainly silty clay, muddy silty clay, and muddy
clay. The tunnel was mainly located in the silty clay layer, and the Poisson’s ratio of the soil
was u = 0.35.

The comparison between the fitting curve and the measured curve of the defor-
mation of the enclosure structure is shown in Figure 7. It can be seen that the fitted
curve is in good agreement with the measured value of the foundation pit enclosure
deformation. The fitting function is: x = —0.001392z3 — 0.07205z2 + 2.578z — 0.3347
(0m <z <23m). Substituting the deformation of the enclosure structure obtained by the
fitting function into the calculation, the comparison curve between the calculated value
of the horizontal displacement and the measured data is shown in Figure 8. Taking the
measured deformation data of the engineering envelope as the calculation parameter, the
calculation results by the method in this paper are consistent with the actual measurement
results. The rotation effects proportionality coefficient of the shield tunnel is jx = 0.2. The
measuring point is perpendicular to People’s Avenue in the area of 14~38 m away from
the excavation center. The tunnel’s horizontal displacement is further enlarged due to the
vehicle load. The maximum horizontal displacement measured is 3.82 mm, while the value
calculated is 2.79 mm. It can be found that the horizontal displacement of the shield tunnel
presents a normal distribution. The horizontal displacement close to the excavation center
is relatively large, and the two sides decrease successively.

Displacement x/mm
0 5 10 15 20
0 T T T T T T T T 0
2r Curve fitting 2
4r o Measured value 74
6 46
c 8 48
N 1o0F 410
%12 - 112
2 14 - o q14
16 116
18 q18
20 - 420
2F 422
24 [ 1 " 1 " 1 " 1 " 1 ] 24

0 5 10 15 20

Figure 7. Comparison of the actual measurement and fitting curve of the envelope structure defor-
mation.
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Figure 8. Comparison of the calculated and measured values of the horizontal displacement of the
tunnel beside the foundation pit in case 1.

3.2. Case History 2

There was a foundation pit adjacent to Hangzhou Metro Line 2 at Shixinzhong
Road and Jincheng Road in Xiaoshan District. The plane excavation size of the foun-
dation pit was L = 68 m, B = 72 m, with a 15.8-m excavation depth. The continuous
underground wall penetrates 37.2 m below the ground. The minimum distance be-
tween the enclosure structure and the shield tunnel axis was s = 12.6 m [25]. The shield
tunnel lining outer diameter was D = 6.2 m, using C50 concrete segments, a thickness
t =0.35 m, and ring width D; = 1.2 m. Sixteen M30 longitudinal bolts connect the segment
rings, according to the calculations kg = 2.23 X 10° kKN/m, k¢ = 9.39 x 10° kN/m, and
(EDeq = 1.1 x 108 kKN m?. The tunnel axis was buried 14.3 m deep and was located in a
layer of silt mixed with silt and sandy silt. Miscellaneous fill, silty clay, sandy silt, and silty
sand are mainly distributed within the excavation area of the foundation pit. According
to the actual engineering geology, the Poisson’s ratio of soil y = 0.4, Es = 6.39 MPa. In
this foundation pit, the excavation process was divided into four layers of soil for layered
excavation. The thickness of each layer from top to bottom was 1.6 m, 4.9 m, 4.8 m, and
4.5m.

Figure 9 shows the comparison between the value calculated and the data measured
of the horizontal displacement of the adjacent shield tunnel. As Figure 9 shows, the
calculated values are in reasonable agreement with measured data. The control parameter
is Umax/d = 0.6% for the deformation of the enclosure structure in the calculation case.
The rotation effect ratio coefficient of the adjacent shield tunnel j is 0.2. The horizontal
displacement value of the adjacent shield tunnel is mainly negative in Figure 8, which
means that the displacement is along the negative direction of the x-axis. The maximum
horizontal displacement calculated is 11.46 mm, and the maximum value measured is
11.90 mm. The horizontal displacement presents a normal distribution. The horizontal
displacement near the excavation center is relatively large, and it decreases successively
on both sides. The length of the central uplift affected area of the tunnel is about twice the
length of the enclosure structure along the tunnel axis.

The values of the dislocation and rotation angles between the rings are essential to
the security of the tunnel structure and waterproof system. The greater the rotation angle
between the rings, the larger the opening of the ring seam. The probability of leakage in
the shield tunnel will be significantly increased when the seam opening and dislocation
values between the rings are large. Therefore, it is necessary to estimate the amount of
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seam opening and dislocation between the rings. Figure 10 shows the calculated curve of
the offset of the shield tunnel segments and rotation angle between the rings. It can be seen
that the segment displacement and inter-ring rotation angle at the maximum horizontal
displacement of the side tunnel corresponding to the excavation center of the foundation pit
is close to 0, with almost no misalignment deformation and relative rotation deformation.
The maximum misalignment amount of the segment is 0.24 mm, and the maximum ring-
to-ring corner is 5 x 107> rad. Refer to Zhang et al. [26] for the classification of the safety
assessment level of the misalighment and corners. The corresponding evaluation level
of the misalignment and corners is Level IV. There is a more significant potential safety
hazard. The maximum amount of misalignment and the maximum turning angle appear
close to the two inflection points of the horizontal displacement curve of the shield tunnel,
and the distance from the excavation center of the foundation pit is about 36 m.
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Figure 9. Comparison of the calculated and measured values of the horizontal displacement of the
tunnel beside the foundation pit in case 2.
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Figure 10. Longitudinal distribution of the amount of dislocation between the rings and the corners
between the shield tunnels in case 2.

Figure 11 shows the shear force value calculated between the rings of the adjacent
shield tunnel. As Figure 10 shows, The variation rule of shear force value between rings of
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shield tunnel is the same as the variation rule of tunnel misalignment. The maximum shear
force is 540.6 kN, which occurs at the position where the tunnel displacement is the largest.
In this project, sixteen M30 bolts connect adjacent tunnel rings, and the shear strength limit
is 626.22 kN. Although the calculated maximum shear force exceeds this limit, it is very
close. Attention should be paid to strengthening tunnel monitoring.
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Figure 11. Longitudinal distribution of shear force between the shield tunnel rings in case 2.

3.3. Case History 3

The plane size of the excavation area of a certain foundation pit [27] adjacent to
Shanghai Metro Line 1 was L = 70 m, B = 42 m, and the excavation depth was d = 10 m.
Metro Line 1 was located under the road beside the foundation pit. The distance between
the retaining structure and the shield tunnel axis was s = 7.2 m. The outer diameter of the
shield tunnel segment ring was D = 6.2 m, the ring width D; = 1 m, the lining thickness
t =0.35 m, and the calculation parameters kg = 2.23 x 10® kN/m and k¢ = 9.39 x 10° kN /m.
The depth of shield tunnel was 10.1 m and was located in a layer of sandy silt and silty clay.
The excavation range of the foundation pit was mainly filled with soil, silty clay, and sandy
silt. The Poisson’s ratio of the soil was y = 0.35, Es = 7.35 MPa.

Figure 12 displays the comparison curve between the value calculated and data
measured of the horizontal displacement of the shield tunnel. As the figure shows, the
calculated results are in good agreement with the measured values. The rotation effect
ratio coefficient of the shield tunnel beside the foundation pit is jx = 0.2. In the calculation
example, the control parameter is Umax/d = 0.25% of the deformation of enclosure structure.
The maximum measured horizontal displacement is 3.66 mm, and the maximum horizontal
displacement calculated is 3.68 mm. The curve of the horizontal displacement presents a
normal distribution, and the horizontal displacement is relatively large near the center of
the excavation. Furthermore, it is decreasing on both sides. Similar to case history 2, the
length of the central uplift affected area on the shield tunnel is about twice the length of the
sidewall of the foundation pit along the tunnel axis.
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Figure 12. Comparison of the calculated and measured values of the horizontal displacement of the
tunnel beside the foundation pit in case 3.

The length of the foundation pit is closed to that of case 2, while the excavation
depth in case 3 is only about 60% of that in case 2, so the sidewall of the foundation pit is
less deformed. The resulting soil deformation is relatively more minor, so the horizontal
displacement of the adjacent shield tunnel in case history 3 is more diminutive compared
with case history 2, but the horizontal displacement distribution law is similar to that of
case history 2.

3.4. Case History 4

The size of the excavation area of a foundation pit [28] in Eastern China was
L =20 m, B =30 m, and the excavation depth was d = 7 m. Metro Line 1 was located
under the pavement beside the foundation pit. The distance between the retaining struc-
ture and the shield tunnel axis was s = 7 m. The shield tunnel segment ring outer diameter
was D = 6 m, the lining thickness was t = 0.45 m, and the calculation parameters were
kg =2.23 x 10 kN/m and k¢ = 9.39 x 10° kN/m. The depth of the tunnel axis was 13 m,
and the shield tunnel was in silty clay. The range of excavation mainly included filling
and clay. The Poisson’s ratio of soil was y = 0.4 and Eg = 20 MPa. In this foundation pit,
the excavation process was divided into two layers of soil for layered excavation, and the
thickness of each layer of excavation from top to bottom was 2 m and 5 m, respectively.

Figure 13 shows the comparison curve between the calculated value and measured
data of the horizontal displacement. As shown in the figure, the curve calculated is in good
agreement with the measured data. The rotation effect ratio coefficient jy is 0.2 in case 4. In
the calculation example, the control parameter is Vmax/d = 0.8% of the deformation of the
enclosure structure. As the figure shows, the maximum horizontal displacement measured
is 1.34 mm, while the value calculated by the method in this paper is 1.15 mm.
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Figure 13. Comparison of the calculated and measured values of the horizontal displacement of the
tunnel beside the foundation pit in case 4.

3.5. Case History 5

There was an excavation in the vicinity of an existing tunnel of the Xinyi Line of the
Taipei Metro [29]. It was carried out to a depth of 15.9 m in six stages (2.3 m, 5.5 m, 8.4 m,
11.3 m, 13.7 m, and 15.9 m). The size of the excavation is L. = 59 m, B = 30 m. The down-track
tunnel is only 7.3 m away from the pit at the most critical location. The buried depth of the
down track tunnel is 19.15 m. The shield tunnel segment ring outer diameter D = 6 m and
is lined with reinforced concreted segments of 250 mm in thickness. The site is located in
the TK2 Zone of the Taipei Basin, and the subsoils comprise an alternation of silty clay and
silty sand sublayers. The Poisson’s ratio of the soil was y = 0.3 and Es = 12 MPa.

Figure 14 shows the comparison curve between the calculated value and measured
data of the horizontal displacement. In the calculation example, the control parameter
Umax/d = 0.9% of the deformation of the enclosure structure, and the rotation effect ratio
coefficient jy is 0.2. As the figure shows, the maximum horizontal displacement measured
is 22.21 mm, while the value calculated by the method in this paper is 29 mm.
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Figure 14. Comparison of the calculated and measured values of the horizontal displacement of the
tunnel beside the foundation pit in case 5.
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4. Analysis of Influencing Factors of Longitudinal Deformation of the Adjacent Tunnel

Taking the case history 3 of this article as the basic working condition, while other
parameters remain unchanged, the effect of the deformation control parameters vmax/d, s,
and h are analyzed in this section, respectively.

4.1. Deformation Control Parameters of Enclosure Structure vyyax/d

The maximum deformation of enclosure structure is mainly controlled during the
construction of the foundation pit. One of the main factors affecting the cumulative
maximum deformation of the enclosure structure is the excavation depth of the foundation
pit [30-32]. The vmax/d of the underground diaphragm wall enclosure structure in the
Hangzhou area collected by Wang [31] varied from 0.09% to 0.61%. Xu et al. [32] analyzed
the actual measurement data of the enclosure structure of the underground diaphragm
wall in the Shanghai area. The deformation of the enclosure structure in the Shanghai area
is very close to the deformation of the Chinese Taipei area collected by Ou et al. [30], Vmax/d
is between 0.1% and 1.0%, with an average value of 0.42%.

Figure 15 shows the distribution curves of the horizontal displacement calculated
when vmax/d is 0.15%, 0.35%, 0.55%, 0.75%, and 0.95%, respectively. As shown in Figure 15,
when the deformation control parameter vmax/d = 0.15%, the horizontal displacement
is the smallest, which is only 1.58 mm. As the deformation control parameter vmay/d
increases, the horizontal displacement value and range of the adjacent shield tunnel also
increase. As shown in Figure 16, vmax/d has a linear relationship with the maximum
horizontal displacement value of the side tunnel. As the deformation control parameter
Umax/d increases, the maximum horizontal displacement value of the adjacent tunnel
increases linearly.
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Figure 15. The longitudinal distribution curve of the adjacent tunnel’s horizontal displacement when
Umax/ d uses different values.
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Figure 16. The variation curve of the maximum calculated value of the shield tunnel’s horizontal
displacement with different values of vmax/d.

4.2. Distance between the Enclosure Structure and Adjacent Shield Tunnel Axis s

Figure 17 shows the horizontal displacement distribution curve of the adjacent shield
tunnel calculated when the distances between the enclosure structure and adjacent shield
tunnel axis are 5 m, 7 m, 10 m, 15 m, 20 m, and 25 m, respectively. As shown in Figure 17, as
the distance between the enclosure structure and the axis of adjacent shield tunnel increases,
the maximum horizontal displacement of the side shield tunnel decreases, and the decrease
rate also becomes smaller. When s = 25 m, which is 2.5 times the excavation depth of the
foundation pit, the maximum horizontal displacement becomes stable. Figure 18 shows
the maximum horizontal displacement curve of the adjacent shield tunnel at different s.
As shown in the figure, as the distance between the enclosure structure and the axis of the
adjacent shield tunnel increases, the maximum horizontal displacement of the side tunnel
shows a nonlinear decreasing rule. Zhang et al. [4] also obtained similar conclusions when
they studied the impact of the distance between the excavation center of foundation pit
and the axis of the tunnel.
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Figure 17. The longitudinal distribution curve of the horizontal displacement of the shield tunnel by
the side of the foundation pit under different s conditions.
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Figure 18. The calculated curve of the maximum horizontal displacement of the shield tunnel by the
side of the foundation pit changing with s.

4.3. Buried Depth of Adjacent Shield Tunnel Axis h

Figure 19 shows the distribution curve of the calculated horizontal displacement of
the adjacent shield tunnel when the depth / of the tunnel axis is taken as 5 m, 10 m, 15 m,
20 m, and 25 m. As the figure shows, the excavation significantly impacts the adjacent
shield tunnel with the shallow buried depth in Figure 19. The horizontal displacement of
the adjacent shield tunnel decreases with the increase of buried depth of tunnel, and the
influence range of longitudinal deformation also decreases. As shown in Figure 20, with
the increase of the buried depth &, the maximum of horizontal displacement presents a
nonlinear decreasing law. Zhang et al. [4] and Ying et al. [33] also got similar results.
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Figure 19. The longitudinal distribution curve of the horizontal displacement of the shield tunnel by
the side of the foundation pit under different /1 conditions.
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5. Conclusions

This paper establishes a foundation pit sidewall deformation prediction model that
takes the ratio of the cumulative maximum deformation of the enclosure structure to
the excavation depth vmax/d as the control parameter. The soil displacement caused by
sidewall deformation is calculated based on the virtual image technique. Meanwhile, the
collaborative deformation model considering the rotating and dislocation of the shield
tunnel is used to establish a calculation method of the horizontal displacement of a shield
tunnel adjacent to a foundation pit. Additionally, the case verification and influencing
factor analysis were carried out, and the following conclusions have been obtained.

(1) The method of calculation in this paper has the advantage of making full use of onsite
monitoring data, solving the problem that the size of sidewall unloading could not be
verified in the past, and the calculation is relatively simple. The calculated values are
in good agreement with the measured data, and the curve of horizontal displacement
of the shield tunnel beside a foundation pit shows a normal distribution. The method
of calculation in this paper can be used to evaluate the safety status of adjacent tunnels
before excavation of the foundation pit.

(2) The horizontal displacement of the adjacent shield tunnel near the center of the
excavation of the foundation pit is relatively large, but the amount of dislocation
between the segments and the relative rotation angle is slight; the maximum inter-ring
rotation angle, the maximum dislocation amount, and shear force value between the
segments all appear near the two inflection points of the horizontal displacement
curve of the adjacent shield tunnel.

(3) As the deformation of the enclosure structure, the effect value, and the scope of the
longitudinal deformation of the side shield tunnel also increase, the longitudinal
deformation of the side shield tunnel decreases nonlinearly with the distance between
the axis of the shield tunnel and the enclosure structure increases; the excavation of
the foundation pit has a more significant influence on an adjacent shield tunnel with a
shallower buried depth. The influence diminishes gradually as the buried depth of
the side shield tunnel increases.

In this paper, several simplifications have been made in the analysis process. For ex-
ample, the influence of tunnels, precipitation, layering of the foundation soil, the nonlinear
effect of the tunnels and soil is not considered, and the nonuniformity of soil convergence is
also neglected. The theoretical results may contain certain errors that can be studied further.
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