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Abstract: In order to relieve the increasing ground traffic pressure in the process of urbanization in
China, it is inevitable to build more metro lines. However, the stratum movement caused by tunneling
affects the safety of adjacent underground structures and aboveground buildings. Therefore, how
to evaluate and control the stratum movement is a prominent problem. In this paper, based on the
engineering project of an interval tunnel between Shizishan Station and Chuanshi Station in Chengdu
Metro Line 7, China, the action mechanism of stratum movement induced by shield tunneling is
analyzed, and the effect factors are divided into two categories: ground loss factors and mechanical
factors. Combining the advantages of Loganathan method and mirror source-sink method, a new
solution of three-dimensional displacement induced by ground loss is proposed. Based on the elastic
half-space Mindlin model, the displacement at any point induced by four mechanical effect factors
is deduced. Finally, the total displacement is verified by field monitoring data and quantitative
analyzed in various parts.

Keywords: metro constructions; shield tunnel; ground settlement; soil displacement; analytical;
Mindlin solution

1. Introduction

With the acceleration of urbanization in China, the growth rate of urban land use is much lower
than the urban population growth rate. The limited number of urban surface land resources can no
longer meet people’s needs for living space. The development direction of urban space is gradually
changing from the horizontal direction of extension to the vertical direction of intension, which has
resulted in many underground structures [1-4]. Although the development of urban underground
space has detailed plans and arrangements before construction, it still has some unpredictability in
the long term. Therefore, the negative conditions that new underground structures create near the
existing ones happen from time to time. As the main artery of underground traffic in modern cities, this
phenomenon of metro tunnels is particularly prominent. Among many construction methods of metro
tunnel, shield tunneling is becoming the preferred construction scheme because of its advantages of fast
construction and small disturbance to stratum [5-9]. Although shield tunneling has many advantages
as mentioned above, and the construction technology has made great progress in many years, due
to the defects of geological conditions and construction technology, the advance of shield tunneling
will inevitably create a disturbance, change the stress state of soil and cause stratum displacement.
Therefore, how to evaluate and control the stratum displacement has always been a concern for
engineers [10-12].
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The important of this problem has prompted researchers to study many methods for predicting
stratum displacement induced by shield tunneling. Based on the factors affecting stratum displacement,
the methods can be divided into two categories. The first category concerns the ground loss factors
during shield excavation, and the second addresses the mechanical effect factors. In terms of ground
loss factors, empirical solution is one of the most commonly used methods. Peck assumed that the curve
of land settlement trough satisfies the conditions of Gauss distribution and invariant stratum volume,
as was deduced Peck’s empirical formula based on field monitoring data [13]. Celestino et al. [14] and
many other researchers [15-19] noted that Peck’s empirical formula cannot accurately describe soil
settlement trough in many cases and proposed improved empirical formulas under different geologic
conditions. Besides empirical solution, there are also many researchers who contribute significantly
through analytical solution [20-23], numerical simulation [24-26] and model testing [27,28]. In terms
of mechanical effect factors, Mindlin’s solution is one of the well-known solutions to calculate the
stress and displacement caused by a point load at an embedment depth in an elastic half-space [29].
Based on Mindlin’s solution, many modified analytical solutions are proposed [30-33]. For instance,
Verruijt et al. derived a theoretical solution for the deformations of an elastic half-plane with a circular
cavity, which is often used in tunnel excavation. [34,35].

However, most previous studies only consider the stratum displacement caused by ground
loss factors, ignoring the influence of mechanical factors without clear theoretical basis [7,8,17,21].
A few studies containing mechanical factors are not thorough enough, and they are usually shown
in the form of total displacement without the quantitative analysis of the proportion of stratum
displacement caused by each factor [6,9,10]. In this paper, based on the engineering project of an
interval tunnel between Shizishan Station and Chuanshi Station in Chengdu Metro Line 7, China,
combining Loganathan empirical formula and mirror source-sink method, the stratum displacement
caused by ground loss factors is calculated. The mechanical effect factors are divided into four parts
and calculated based on the Mindlin solution. The proportion of stratum displacement caused by each
factor is quantitatively analyzed, which can provide guidance for the stratum displacement calculation
of shield tunneling in the future.

2. Engineering Background

The engineering project in this paper is an interval tunnel between Shizishan Station and Chuanshi
Station in Chengdu Metro Line 7, China. The tunnel consists of two single-track tunnels with a total
length of 970.4 m and a burial depth of 15 m, which is mainly located in weathered mudstone stratum
and excavated by EPB (Earth Pressure Balanced) shield. The external diameter of shield and fabricated
precast segment are 6 m and 6.28 m, respectively. The diagram of shield tunneling in diagram is shown
in Figure 1.
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Figure 1. The diagram of shield tunneling in stratum.
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In order to carry out the calculations, the parameters that need to be determined can be divided
into two categories. The first category concerns the physical parameters of soil, such as elastic modules,
Poisson’s ratio, etc. They are obtained from engineering geological reports and field experiments, as
shown in Table 1. The second is the construction parameters of the shield machine, such as shield
tunneling speed, strain rate of grouting layer, etc. The equipment used in this project is CREC153 EPB
shield machine produced by China Railway Engineering Equipment Group, its parameters are shown
in Table 2.

Table 1. Physical parameters of soil.

Material Unit Weight  Thickness Poisson’s Cohesion Friction Elastic Modules
(kN/m?) (m) Ratio (kPa) Angle (MPa)
Topsoil 20 2.1 0.3 45 14° 5.94
Intermediary 234 37.9 0.17 300 18° 180

weathered mudstone

Table 2. Construction parameters of shield machine.

Closure

Shield Tunneling Rotation Speed of Cutter Opening Diameter of Shield
Parameter . . . Number of
Speed (mm/min) Cutter Head (r/min) Ratio (%) (mm)
Cutters
Value 80 3.55 36 4 6280
Length of Main Diameter of Grzz?iilhr(ll’rlf:sl;ire Strain Rate of Slip Softening Interface Friction
Machine (mm) Segment (mm) (N%Pa) Grouting Layer (%) Coefficient Angle (°)
8427 6000 0.3 8.4 0.9 6.5

3. Ground Loss Effect Factors

Ground loss g is the primary cause of stratum settlement and deformation. During shield tunnel
construction, the causes of ground loss include curved propulsion, shield steering adjustment, soil
thrusting into the shield tail gap, head-down propulsion, head-up propulsion, and tunnel lining
deformation. The ground loss can be calculated by using the Lee’s equation [36].

§=6Gpt+Uy+w 1)

where Gy, is physical gap, it is the gap between the outer wall of the shield shell and the outer wall
of the segment. In the field, synchronous grouting is used to decrease the physical gap, but due to
the hydration reaction characteristics and the water permeation loss of cement slurry, there is still a
residual gap G, when the physical gap G, is fully filled by grouting. Usually, G," = G, X f, p; is slurry
strain rate; U, is the plastic deformation of shield working face during tunnel excavation. Generally,
U, = 0 when the EPB shield is used; w is the additional ground loss induced by shield rectification,
head-up propulsion, head-down propulsion and the soil consolidation in the tunneling disturbance
zone. w can be assumed to be 0 because the working face thrust of shield is equal to the soil pressure
during most of the time.

3.1. Displacement Solution

Based on the Verruijt analytical formula [34,35], considering quantify ground loss with
non-equivalent radial displacement, Loganathan [21] put forward a method for estimating stratum
displacement caused by ground loss in undrained clays; the formula is as shown in Equation (2).
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where R is tunnel external radius; H is burial depth of tunnel center; 1 is Poisson’s ratio of soil; ¢y, is the
parameter of non-equivalent radial displacement, fitting by exponential function based on measured
_ 4gR+ ¢ . 1.38x2  0.69z2

data, which can be expressed as Equation (3).
=<__° - 3
e 4R? Xp{ ‘ (H+R)?  H? } v

Considering that the displacement solution caused by ground loss derived by Loganathan is a
two-dimensional solution, which is often a three-dimensional problem in actual engineering, it
is necessary to extend the two-dimensional displacement solution to three-dimensional. The

three-dimensional ground loss parameter ¢y ., can be extracted from the Sagaseta” solution [20].
Sagaseta deduced the expression of ground displacement caused by tunnel construction by using
the mirror source-sink method.
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where Vs is ground loss. From Equation (4) it can be found:
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Equation (5) shows that the distribution of stratum displacement caused by shield construction
(ground loss) along the Y axis satisfies the law of % X [1+ y/(x2 + y2 + 22)%]. Therefore, based on this
law, the Loganathan’s solution is extended to the three-dimensional. It is noted that the coordinate
system adopted in this paper is different from that used in the Sagaseta’s solution, so the distribution
law should be revised, and its expression is as Equation (6):
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The plane ground loss parameter ¢y ; is extended to three-dimensional parameter ¢y ;, which can
be seen as Equation (7). Then, three-dimensional stratum displacement solution, Equation (8) can be

} @)

®)

obtained by replacing ¢y, in Equation (2).

y
X2 4172 + H2)?

4¢R + g2 { ' 1382 0.6922
X expy — ( =+

€ =eyX&xy= 11—
X,Y,x y X,z [ ( 8R2 H+R>2 H2

—R2)___z-H _ z+H _ZZ[xz—(z-&-H)Z} )
SZ_R{ e T O W T T Ty | S

_ _R2 1 Cdp) __ 42(z+H)
Sy =-R x{x2+(2_H)z + x2+(z+H)? [X2+(Z+H)2]2

X Exyz



Appl. Sci. 2019, 9, 3028 50f 15

3.2. Quantitative Analysis

Ground loss g and several parameters of Table 1 can be brought into Equation (8) to calculate
ground loss displacement, and the counter map of ground settlement are shown in Figure 2. As we can
see it, ground settlement at 4.5 D (D for diameter of tunnel) behind shield tail is stable to maximum
10.51 mm, and its value at 4.5 D in front of shield tail is only 10% of maximum. Therefore, it can be
considered that the influence range of ground loss is within 4.5 D behind and in front of shield tail.
As for deep soil layer, when the vertical distance from tunnel vault is greater than 0.5 D, the settlement
has little changes. However, while it is less than 0.5 D, the settlement increases rapidly, as shown in
Figure 3a. This is because that with the redistribution of stress, a pressure arch will be formed around
the tunnel. The soil in the arch is a loosening zone, which has a greater displacement, and the soil out
of the arch tends to be stable. As we can see from Figure 3b, horizontal displacement of deep soil is
mainly distributed in 1 D from the bottom of the tunnel.
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Figure 2. Counter map of ground settlement.
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Figure 3. Displacement of stratum: (a) Variation curve of settlement maximum; (b) Counter map of
horizontal displacement.
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4. Mechanical Effect Factors

The shield machine has a complex mechanical interaction with the surrounding stratum when
shield tunnel constructs. Based on the difference of sources and action modes, these mechanical effect
factors can be divided into following categories, as Figure 4: Friction f; between the shield working
face and the soil; Additional frontal thrust g on the shield working face; Shell Friction f; between the
shield and the soil; Radial pressure p generated by synchronous grouting in shield tail gap.

Grouting pressure p

X

Shell friction fs
Frontal thrust q

Cutter head friction fd

Z
Figure 4. Four mechanical effect factors.
4.1. Mindlin’s Solutions

The displacement caused by point load at any point can be solved by using Mindlin theoretical
solution in the elastic half-space shown in Figure 5 [25]. The above four categories of force can be
decomposed into vertical and horizontal forces, then brought into Mindlin solution to calculate.

—1 (0,0, -d)

z /
Figure 5. Mindlin model. Where M (x, y, z) is any point in the infinite half space; P is a vertical
concentrated load; Q is a horizontal concentrated load; d is the burial depth of concentrated load;

R = r2+(z—d)2;R2 = r2+(z+d)2;r: Va2 4 y2.
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When there is a vertical concentrated load P at burial depth d, then the displacement Sy, v of x(y)
direction and the displacement S, y of z direction at any point M (x, y, z) in space induced by the load P
can be expressed as Equation (9):

Px(y) 4, B—4u)(z—d) 4(1-p)(1-2u) |, 6dz(z+d)
Sx(y),V = 16nG(]l/ 1) [_? + G;s "R (I£2+z+£) ZRZg

9)
Sz,V =

p 3-4u | 8(1-p)?-(3—4p) | (z—d)? | (B—4u)(z+d)’-2dz | 6dz(z+d)?
16nG(1—y)[R1 + Ry + R} + R} + R} ]

where i is Poisson’s ratio; G is soil shear modulus.
When there is a horizontal concentrated load Q parallel to Y axis, pointing in the positive direction
of the Y axis, then the displacement S, j of x direction, S, iy of y, S, y of z at any point M (x, y, z) in

space induced by the load Q can be expressed as Equation (10). While the horizontal concentrated load
Q parallel to X axis, due to the symmetry of x and y, it only needs to exchange x and y in Equation (10).

S Pxy [ 1 34y edz 4(1-p)(1-2p)
xH — T6nG(1-p) LR RS R} Ry(Rptz+d)?
p [s= 4;4 (3- 4y)y 2d 32\ 40-w)(1-2u) s
11 = T | R R + TR T TR (1 )] 00
S _ Py fz4g + (3—4;1)(2—01) + 4(1—‘u)(1—2‘u) _ 6dz(z+d)
zH ™ 16nG(1-p) [ R R} Rp(Ro+z+d) R3

Due to the location of load in Mindlin solution is at z axis, the coordinate of the formula above
should be transformed to use when the location of load is at any point. The global coordinate system is
xyz, let the local coordinate system be uvw and coordinate origin be O’ (m, n, k), shown in Figure 6.
When coordinate is transformed, xyz are replaced by uvw, thenletu =x-m,v=y-n,w=z - k.

Figure 6. Coordinate transformation.
4.2. Quantitative Analysis of Additional Thrust q

When the shield machine advances, the whole machine is close to equilibrium state. However,
large additional stresses still occur in the front of the cutter head, especially while plate-type panel
cutter head with a small opening ratio is adopted. Wang built an extrusion model of cutter head and

deduced the expression of additional thrust g based on the field monitoring data, as shown in Equation
(11) [37].

10.13(1 - u)E,mo(1 - &€)?
(14 u)(3-4u)Dkw
where E, is undrained elastic modulus; v is shield tunneling speed; £ is cutter opening ratio; D is
diameter of shield; k is closure number of cutters; w is angular velocity of cutter head; Ap’ is extrusion
pressure of cutters, generally takes 10-25 kPa.
Based on Equation (11) and parameters of Table 2, the additional thrust q is 280 kPa. This is
similar to the measured value in previous studies, which is much larger than the 20-30 kPa generally

+ Ay’ (11)
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considered. The additional thrust g is unit surface load parallel to Y axis. Based on the integral region
in Figure 7 and Equation (10), let m = pcos 0, n = 0, k = 0, depth of action of load element d = H — psin
0, stratum displacement induced by additional thrust g4 can be obtained.

4 3— 4y _ 6(H—psin0)z
v4q (x—pcosO)y R3 RS
SvH fo " qpdpdo 6ncp) | 2(1 W(1-20)°
Ro(Ry+2z+(H-psin 6))?
z—(H;;;sinH) + (3—4y)(z;1;l+psin6) (12)

1 2
y,q _ 4(1-p)(1-2p)
5 fo qupde—lénG(l m) + Ry(Ro+z+H—psin )

6(H—psin 0)z(z+H—-psin 0)
- =5
2

where R = \/rz + (z—H+psin0)% Ry = \J2+ (z+H—-psin0)? r = \/(x— pcos6)® +y% H is
burial depth of tunnel center; 1 is Poisson’s ratio of soil; p is the distance to the center of cutter head.

o o u X

z
Figure 7. Integral region of g.

As shown in Figure 8, under the action of additional thrust g, ground uplifts in front of the cutter
head, settlements behind the cutter head. Both reach maximum at 1 D and tend to be stable at 4.5 D
away from the cutter head. The displacement is small by and large, for each 50 kPa increase in g, the
maximum displacement increases by 0.025 mm. Figure 9 shows that the horizontal displacement
caused by g of the cutter head mainly appears within the depth of 1.5 D whenY = 1.

—=—q=50 kPa
—— (=100 kPa
——q= 150 kPa
kR ——qg=200 kPa
& ——q= 250 kPa

-0.12

-0.08

0.00

0.04 & 74 e

Displacement (mm)

0.08

0.12

Y (m)

Figure 8. Longitudinal ground settlement caused by 4.
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—&—x=3.14m
—o—Xx=6m
—A—x=10m

: : : : : : : : :
0.00 0.05 0.10 0.15 0.20 0.25
Horizontal displacement (mm)

Figure 9. Horizontal displacement of stratum caused by 4.
4.3. Quantitative Analysis of Frictional Force f;

Based on the integral region shown in Figure 7, frictional force f; between the shield working
face and the soil is expressed as Equation (12), which can be decomposed into horizontal load f;;;
and vertical load f;v, as Equation (13). The solution of total stratum displacement can be obtained by
compositing the displacements of Equation (10).

fa= [V(H—psinf))ﬁ +q] X ¢y (13)
farr = fasin0
{ fav = facos O 14)
fi _ oxf fi
Sj{” = s??“’ + s?d; 5
SZd = Sz,’I-’IiH + Sz',i\‘//

where ¢ is interface friction angle; g is additional frontal thrust on the working face; p is the distance
to the center of cutter head; H is burial depth of tunnel center; p is Poisson’s ratio of soil.

The contour map of ground settlement and horizontal displacement caused by frictional force f;
is shown in Figure 10a,b. The distributions of displacement show good regularity. Although, as the
displacement values and action range are too small (less than 0.01 mm) even in deep soil quantitative
analysis need not be carried out.

20
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E o Eq
X >
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40 5 )
-60 -20 T T T T T
-60 60 -30 20 -10 0 10 20 30
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Figure 10. Ground movements caused by f;: (a) Settlement; (b) Horizontal displacement.
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4.4. Quantitative Analysis of Frictional Force f;

As the characteristic of shell friction f; between the shield and the soil is like that between pile
and soil, slip softening phenomenon should be considered in calculation of f; by Equation (15) [38—40].
Based on Equations (9) and (10) and the integral region in Figure 11, the displacement of f; can be
calculated like f; above.

(16)

Y I} ’ 2
= oy, sin 6+0Hcos 0

fs = Bsop tand
9o

where f; is slip softening coefficient; 0g’ is radial stress; 6 is interface friction angle; oy’ is vertical
stress; oy’ is horizontal stress.

o i’ - X
dl L/A
% )dA 0
6
/
\

'
w

Figure 11. Integral region of f;.

As we can see from Figure 12a,b, the ground settlement is symmetrically distributed along the Y
axis, ground uplifts in front of the cutter head, settlements behind the cutter head. The horizontal
displacement is symmetrically distributed along the diagonal line of X axis and Y axis.

30 30

204

-20

-30

-10 0
X (m)
(a)

Figure 12. Ground movements caused by f;: (a) Settlement; (b) Horizontal displacement.

4.5. Quantitative Analysis of Synchronous Grouting Pressure p

Synchronized grouting at the shield tail can fill the shield tail gap in time and reduce ground loss,
but on the other hand, the grouting will extrude the surrounding soil. The extrusion action can be
obvious with poor water permeability and high grouting pressure, which may cause stratum uplift.
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In practice, the distribution pattern of synchronous grouting pressure is complex. In order
to simplify the calculation, the following assumptions are made: the grouting pressure distributes
uniformly in the circumference; little slurry diffuses into surrounding stratum in a short time, that is,
the force on stratum is the same as grouting pressure; the longitudinal length of grouting is taken as 1
m [41]. Based on Equations (9) and (10) and the integral region in Figure 13, the displacement of p can
be calculated. As we can see from Figures 14 and 15, the displacement values and distribution range
are small. It is worth noting that ground uplift increases significantly with the increase of grouting
pressure in Figure 16, so grouting pressure needs to be selected reasonably.

Advance
-

S L

Shield tail i
grouting layer

Figure 13. Integral region of p.

X (m)
Figure 14. Ground uplift caused by p.

30

25+
20
E 15

=4

10

15 20

X (m)

Figure 15. Horizontal displacement of stratum caused by p.
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Figure 16. Ground uplift of different p.
5. Verification by Field Monitoring Data

The stratum displacements induced by various effect factors and total displacement are shown in
Table 3. The effect ratio of ground loss is over 95%, which plays a decisive role. The ratios to total of
frictional force f; and f; are much less than 1%; they are too small to be considered. The ratios of additional
thrust 4 and synchronous grouting pressure p are a little larger, but are no more than 3%. As shown
in Figures 8 and 16, the variations of these two factors make some small quantitative changes, but no
qualitative differences. It shows that this conclusion has good universality for different working conditions.
The total ground settlement is compared with field monitoring data in Figure 17. From this, we can see
that there are some differences between them. For example, the calculating settlement maximum is 10.25
mm, while monitoring data is 9.7 mm. The difference rate is 5.3%, which belongs to acceptable error
range. What is more, they have the same trend and the difference is stable. This is because that the elastic
model is adopted in this paper, but in practice with the redistribution of stress, a pressure arch will be
formed around the tunnel. The soil out of the arch is prevented from entering the loosening zone, which
cause the field monitoring data to be slightly smaller than theoretical calculation result.

Table 3. The displacements induced by various effect factors.

Effect Factors Grour?d Settlement Ratio to Total Horl‘z ontal Displacement Ratio to Total
Maximum (mm) in Stratum (mm)

q -0.12 0.01 0.20 0.03
fa <0.01 <0.01 0.04 <0.01
fs +0.04 <0.01 0.03 <0.01
p —-0.18 0.02 0.10 0.01

Ground loss 10.51 1.02 7.30 0.95
total 10.25 1.00 7.67 1.00
2
] X (m)
0 10 20 30
0 1 1 1 1
g ]
E 24
2o
(<]
£ 44
L
= i
< 67
g 1
2 g4 —=— Theoretical calculation
o | @ Field monitoring
10+
12-

Figure 17. Total calculating displacement and field monitoring data.
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6. Conclusions

In order to relieve the increasing ground traffic pressure in the process of urbanization in China,
it is inevitable to build more metro lines. The evaluation and control of the stratum displacement is
a prominent problem during shield construction of city metro engineers. Based on the engineering
project of an interval tunnel between Shizishan Station and Chuanshi Station in Chengdu Metro Line 7,
China, this paper analyzed the action mechanism of stratum displacement induced by shield tunneling,
and divided effect factors into two categories: ground loss factors and mechanical factors. Through the
quantitative analysis of the effect factors, the following conclusions can be drawn:

(1). The calculation results of this paper are applicable for shield tunneling in urban soft soil layer, but
the calculation methods and thoughts have a good universality for different working conditions,
it just needs necessary parameter adjustments. Combining the advantages of Loganathan method
and mirror source-sink method, the three-dimensional displacement induced by ground loss are
calculated. Based on the elastic half-space Mindlin model, the displacement at any point induced
by four mechanical effect factors through coordinate transformation and different integral region
is deduced. The total displacement is the sum of the two, which is verified by field monitoring
data. The difference is stable and the difference rate is about 5.3%. This is because that the elastic
model is adopted in this paper, but in practice with the redistribution of stress, a pressure arch will
be formed around the tunnel. The soil out of the arch is prevented from entering the loosening
zone, which causes the field monitoring data to be slightly smaller than theoretical calculation
result. It is a methodological flaw, not a statistical one, and needs to be solved in future.

(2). The displacement induced by ground loss is over 95% of the total displacement, which plays a
decisive role. The key to controlling stratum disturbance is decreasing the ground loss. When the
outer diameter of shield and segment is determined, the most effective measure is decreasing the
strain of grouting layer. As the stratum uplift caused by grouting pressure is much smaller than
the settlement caused by grouting layer strain, the grouting pressure or grouting volume can be
increased appropriately to ensure the grouting filling rate.

(3). The ratio of displacement caused by mechanical effect factors to total displacement is too
small (less than 5%), even far less than the error caused by various simplified assumptions in
theoretical calculation. In practice, this part of the displacement cannot be separated from the
total displacement, it is difficult to verify its accuracy and validity by numerical simulation or
field monitoring. Therefore, it is suggested that in calculation, the mechanical effect factors can be
neglected as appropriate, and only the displacement caused by ground loss is considered, which
can not only reduce the computational complexity and make it easy to use, but also can meet the
requirements of engineering application accuracy.
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