
Research Article
A Simplified Method for Predicting Tunneling-Induced Ground
Movement considering Nonuniform Deformation Boundary

Xuepeng Zhang ,1,2,3 Yujing Jiang,1,4 Yue Cai ,5 Xin Li,6 Naser Golsanami ,1

Xiao Wang,7 Jian Hao,1 Ningbo Li,4 Fabo Wu,8 and Xiaohan Wang1

1State Key Laboratory of Mining Disaster Prevention and Control Co-Founded by Shandong Province and
the Ministry of Science and Technology, Shandong University of Science and Technology, Qingdao 266590, China
2Key Laboratory of Deep Earth Science and Engineering (Sichuan University), Ministry of Education, Chengdu 610065, China
3Key Laboratory of Rock Mechanics and Geohazards of Zhejiang Province, Shaoxing University, Shaoxing 312000, China
4Department of Civil Engineering, Nagasaki University, Nagasaki 852-8521, Japan
5Fukumichi Limited Liability Company, Fukuoka 813-0041, Japan
6China Xiong’an Group, Xiong’an 071700, China
7School of Civil Engineering, Southeast University, Nanjing 211189, China
8College of Civil Engineering and Architecture, Shandong University of Science and Technology, Qingdao 266590, China

Correspondence should be addressed to Yue Cai; ycai2020@naturelife.minibird.jp and Naser Golsanami; golsanami_naser@
yahoo.com

Received 11 July 2021; Revised 30 November 2021; Accepted 9 December 2021; Published 13 January 2022

Academic Editor: Shan Gao

Copyright © 2022 Xuepeng Zhang et al. -is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Stochastic medium (SM) theory is a practical method in ground settlement prediction, while its nonintegrable double integral
form makes the solution process complicated. A simplified analytical solution based on the SM theory is developed to predict the
groundmovement in tunneling excavation.With the simplified solution, the groundmovement for single tunnel and twin tunnels
could be predicted based on the gap parameter G and influence angle β. A feasible approach is developed to estimate these two
parameters using the maximum ground settlement Smax and tunnel design parameters, including tunnel depthH and diameter R.
-e proposed approach can be used to predict the groundmovement curve for both circular and noncircular cross section tunnels.
To validate its accuracy, the results predicted by the simplified procedure are compared with those obtained by the SM theory and
measured in situ.-e comparisons show that the current results agree well with those obtained by the SM theory and measured in
situ. -e comparison of five tunnels in literature illustrates that the simplified method can provide a more reasonable prediction
for the ground movement induced by tunneling.

1. Introduction

In current urban areas, shallow-buried tunnel such as the
subway has becomemuchmore popular as it can provide the
largest traffic volume and the fastest transportation speed to
solve the traffic congestion [1]. Ground movement induced
by tunneling is inevitable [2, 3]. Tunneling-induced ground
movement could damage surrounding buildings or infra-
structures and result in serious environmental problems. It
is, therefore, necessary to predict tunneling-induced ground

movement by engineers. Much research has been carried out
regarding this issue throughout empirical equation method
[4, 5], analytical solution method [6, 7], numerical simu-
lation method [8, 9], and model test method [10]. Besides,
the machine learning method provides new solutions for
tunneling-induced ground settlement, including the artifi-
cial neural network [11–13], support vector machine
[14–16], and random forest [17, 18].

Among these methods, the analytical solution method
is widely used in practice to predict the ground surface
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settlement. Some attempts, which are subjected to lim-
itations, have been made to obtain a closed solution of
ground surface settlement. For instance, Verruijt and
Booker and Loganathan and Poulos assumed that ground
materials behave linearly elastic to derive the ground
movement formulas [6, 19]. In practice, the strength
envelopes of geomaterials are nonlinear, and the linear
relationship is just a special case [20–23]. Consequently,
the predicted ground movement differs from the in situ or
experimental observed values. As the overlying strata
behave in a complex manner, and the ground movement
is governed by a series of known and unknown factors,
such as tunnel construction method, tunnel-driving
details, tunnel depth, and diameter, initial stress state,
and stress-strain behavior of the soil around tunnel, the
stochastic medium (SM) theory was proposed to predict
the tunneling-induced ground movement [6, 24]. Fur-
thermore, Liu et al. developed the SM theory to estimate
the ground surface movement and deformation caused by
tunneling [25]. Meanwhile, for the more actual situation,
the nonuniform convergence of the tunnel deformation
model was introduced to establish ground settlement
prediction model [26–29].

For SM theory, because its formula is a nonintegrable
double integral, the solution process is rather compli-
cated. -erefore, the SM theory is simplified to predict the
ground surface movement [7]. However, how to deter-
mine the uniform convergence value of the tunnel cross
section as input parameters is not stated clearly, which
would affect the accuracy of the predicted results. A more
accurate result was achieved using the gap parameter G
considering the nonuniform convergence and the main
influence angle β. According to the suggestion by Lee
et al., the gap parameter G consists of three parts: the
physical gap, the equivalent three-dimensional (3D)
elastoplastic deformation at the tunnel face, and work-
manship factors [30]. -e calculation method for the gap
parameter G suggested by Lee requires a few parameters,
and the process is relatively complicated. When the in situ
information is not enough, the parameter G could be
obtained by another simplified approach. -e main in-
fluence angle β is another primary factor that influences
the settlement profile of the ground surface. Although the
range of influence zone is related to many factors, the
geological environment, the physical properties of over-
lying strata, and the depth of tunnel should be concerned
mainly.

-erefore, a simplified analytical solution in the current
study is introduced to predict the ground movement in

tunneling excavation based on the SM theory. With the
simplified solution, the ground movement for single tunnel
and twin tunnels could be predicted based on the gap pa-
rameter G and influence angle. A feasible approach is de-
veloped to estimate these two parameters using the
maximum ground settlement Smax and tunnel design pa-
rameters, including tunnel depth H and diameter R. To
validate its accuracy, the predicted results using the sim-
plified procedure are compared with the SM theory and in
situ measured values.

2. Basic StochasticModel for Tunnel Excavation

A stochastic model is a tool to estimate probability
distributions of potential outcomes by allowing random
variation in one or more inputs over time. To calculate the
movement of a surface point using the stochastic model,
an extraction block can be divided into infinitesimal
extraction elements. According to the principle of the
combined subsidence effect of the blocks under extrac-
tion, the consequence for the extraction block would be
equal to the sum of the effects caused by those infini-
tesimal extraction elements. For an element system, the
stratum corresponds to the global coordinate (x, y, z),
while the excavation adopts the local coordinate (ξ, ζ, η),
as shown in Figure 1. -e elemental excavation dimen-
sion is defined as dξ, dζ, and dη. -e tunnel excavation
problem could be simplified as a plane-strain problem. By
assuming that each element of excavation collapse
completely in the whole excavation zone Ω, the ground
surface settlement is obtained by applying the superpo-
sition principle, which is [31]

W(x) � B
Ω

tan β
η

exp −
π tan2 β

η2
(x − ξ)

2
 dξdη, (1)

where W(x) is the ground surface settlement and β is the
influence angle of ground settlement.

Generally, the displacement at tunnel wall would be
converged by itself or by artificial support. Suppose the
initial tunnel section is Ω and the radial region of the
convergence section is ω, as shown in Figure 1. -e ground
movement is induced by the difference, Ω−ω, between the
initial excavation and the convergence section. Hence, the
ground surface settlement W(x) and the horizontal dis-
placement of ground surface U(x) are expressed as follows
[31]:

W(x) � WΩ(x) − Wω(x) � B
Ω−ω

tan β
η

exp −
π tan2 β

η2
(x − ξ)

2
 dξdη,

U(x) � UΩ(x) − Uω(x) � B
Ω−ω

(x − ξ)tan β
η

exp −
π tan2 β

η2
(x − ξ)

2
 dξdη.

(2)
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To obtain the magnitude of the ground surface settle-
ment, the parameter values of β and the difference of tunnel
section induced by convergence should be determined first.
Previous research indicated that the difference of the cal-
culated results between the uniform mode and the non-
uniform convergence mode would become larger with a
much shallower tunnel, resulting from the deformation of
the tunnel lining itself with a shallower buried depth [26].
-erefore, the value ofΩ−ω is very important for calculating
surface settlement in shallow tunnels and can affect the
accuracy of the predicted values.

3. Nonuniform Radial Displacement Boundary
Condition of Shallow Tunnel

-e excavation section of the tunnel has various shapes in
construction. It is often simplified as a circular one for
convenience. Considering the nonhydrostatic pressure of
the ground, the shape of the tunnel section would become an
ellipse after convergence. -erefore, an initial elliptical
tunnel section is adopted for discussion in this study. -e
circular tunnel section would be a special case here. It is
assumed that the radial displacement at the tunnel wall is
nonuniform, and the tunnel section would still be an ellipse
even after convergence.

S-3 mode is suitable for predicting ground surface
subsidence and horizontal deformation [32]. -e displace-
ment of tunneling openings could be estimated by following
the fundamental modes, as shown in Figure 2.-ey assumed

the deformation of the excavation surface mainly consists of
(1) uniform radial displacement or deformation u0 induced
by ground loss, (2) ovalization deformation uθ of the tunnel
section without ground loss, such as the upheaved defor-
mation at the tunnel bottom induced by stress release and a
lateral elongation of the circular section, and (3) rigid
vertical settlement uz of the whole tunnel because of gravity.

Figure 3 illustrates the calculation model for single and
twin tunnels before and after convergence. For simplifica-
tion, the tunnel section in the twin-tunnel model is assumed
to be an ellipse, and the geometry size of the twin tunnels is
the same.-emajor axis of the ellipse is defined as A, and the
minor axis is defined as B correspondingly. In case of a circle
tunnel section, the major axis of the ellipse equals the minor
axis. -e ground cover of the initial tunnel section is as-
sumed to be H. For twin tunnels, the distance between the
two tunnel centers is L. Considering the rigid vertical set-
tlement of the tunnel uz, the location of the tunnel center
after convergence would be H+ uz. -e major axis of the
ellipse becomes A-uo+ uθ, and the minor axis becomes B-uo-
uθ. In case of the S-3 convergence mode, the rigid vertical
settlement uz will be uo/2, and the ovalization deformation
of tunnel section because of stress release uθ will also be uo/2
correspondingly.

-e ground surface settlement W(x) and the horizontal
displacement of ground surface U(x) could be rewritten as
follows:

W(x) � 
b

a


d

c

tan β
η

exp −
π tan2 β

η2
(x − ξ)

2
 dξ dη − 

f

e


h

g

tan β
η

exp −
π tan2 β

η2
(x − ξ)

2
 dξdη, (3)

U(x) � 
b

a


d

c

(x − ξ)tan β
η2

exp −
π tan2 β

η2
(x − ξ)

2
 dξ dη − 

f

e


h

g

(x − ξ)tan β
η2

exp −
π tan2 β

η2
(x − ξ)

2
 dξdη, (4)
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Figure 1: Ground loss of single tunnel excavation [7].
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where a, b, c, and d are the boundary parameters of the initial
cross section Ω and e, f, g, and h are the boundary pa-
rameters of the tunnel cross section ω after convergence. To
obtain the solution of equation (7), the boundary conditions
along axis Z and axis X have to be divided into subsections.
-ose boundary parameters considering the nonuniform
boundary condition for single and twin tunnels are pre-
sented in Appendices A and B.

Determination of the parameters uo and β is required to
obtain the solution to this problem. According to the former
studies, the radial displacement uo could be estimated by a
gap parameter G [33]. -e gap parameter is influenced by
multiple factors such as the diameter of the tunneling
machine, ground condition, and workmanship. -e pa-
rameter β is the angle of influence zone of ground settle-
ment.-e details about the gap parameter G and angle β will
be discussed later. Once the parameters are determined, the
problem could be solved by combining equation (3) and the
boundary condition.

4. Simplified Solution of Ground
Movement Prediction

4.1. Simplified Solution for Single Tunnel. -e tunnel exca-
vation problem can be simplified as a plane-strain problem.
-e element excavation is infinite on the y-axis, which is
along the direction of the tunnel. -e final ground surface
settlement We(x) caused by element excavation in an iso-
tropic medium is [31]

We(x) �
tan β
η

exp −
π tan2 β

η2
(x − ξ)

2
 dξdη, (5)

where dξdη is the area of an element. According to equation
(4), the ground surface settlement caused by element ex-
cavation is obtained for the plain-strain condition. Con-
verting the dξdη in equation (5) into the area of initial
excavation face, the ground surface settlement, due to the
complete collapse of the tunnel sectionΩ, is expressed as [7]

H

Uniform radial
displacement Ovalized

deformation
Rigid vertical

settlement

Non-uniform
convergence

Formation loss
Uniform convergence

Total deformation

X, Ux

Z, Uz

uzu0

uθ

uθ

Figure 2: Sketch of asymmetrical convergence deformation mode (u0 denotes the uniform radial displacement; uθ denotes the ovalized
deformation, and uz denotes the rigid vertical settlement).
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Figure 3: Calculation model for single and twin tunnels before and after convergence. (a) Model for single tunnel. (b) Model for twin
tunnels (modified after Yang’s solution [7]).
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WΩ(x) � SΩ
tan β

H
exp −

π tan2 β
H

2 x
2

 , (6)

where SΩ is the area of the initial tunnel section and can be
defined as SΩ � πR2 in case of a circular initial tunnel section
and R is the radius of a circular tunnel section. In case of an
ellipse section, the radius could be expressed as
R � (A + B)/2.

Similarly, for the nonuniform convergence displacement
in S-3 mode, the ground surface settlement due to the
complete collapse of the tunnel cross section ω could be
written as

Wω(x) � Sω
tan β

H
exp −

π tan2 β
H

2 x
2

 , (7)

where Sω is the area of the ellipse section after convergence,
obtained by Sω � π(R − 3/4G) × (R − 1/4G).

In the S-3 mode, the rigid settlement of tunnel section is
G/4. According to the superposition principle, the total
ground surface settlement due to the convergence from
region Ω to region ω by tunnel excavation can be expressed
as follows:

W(x) � WΩ(x) − Wω(x) �
πGR − 3/16πG

2
 tan β

(H + G/4)
exp −

π tan2 β
(H + G/4)

2x
2

 . (8)

Correspondingly, the horizontal displacement is
expressed as

U(x) �
πGR − 3/16πG

2
 tan β × x

(H + G/4)
exp −

π tan2 β
(H + G/4)

2x
2

 .

(9)

4.2. Simplified Formula for Twin Tunnel. -e ground surface
settlement and the horizontal displacement caused by the
left tunnel, as illustrated in Figure 3(b), are expressed as

WI(x) �
πGR − 3/16πG

2
 tan β

(H + G/4)
exp −

π tan2 β
(H + G/4)

2 x +
L

2
 

2
 ,

UI(x) �
πGR − 3/16πG

2
 tan β ×(x + L/2)

(H + G/4)
2 exp −

π tan2 β
(H + G/4)

2(x + L/2)
2

 .

(10)

Similarly, the ground surface settlement and the hori-
zontal displacement of the right tunnel are written as

WII(x) �
πGR − 3/16πG

2
 tan β

(H + G/4)
exp −

π tan2 β
(H + G/4)

2 x −
L

2
 

2
 ,

UII(x) �
πGR − 3/16πG

2
 tan β ×(x − L/2)

(H + G/4)
2 exp −

π tan2 β
(H + G/4)

2 x −
L

2
 

2
 .

(11)

According to the superposition theory, the settlement
and horizontal displacement of the ground surface in case of
twin tunnel can be written as

W(x) � WI(x) + WII(x),

U(x) � UI(x) + UII(x).
(12)

4.3. Determination of the Gap Parameter G. Supposing that
the ground loss ratio is Vl, which is defined as the
percentage of the surface subsidence volume to that of
the tunnel excavation in unit length, the relationship
between Vl and the gap parameter G could be expressed
as follows [6]:
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Vl �
π(R + G/2)

2
− πR

2

πR
2 �

G
2

+ 4GR

4R
2 . (13)

Hence, the gap parameter G can be obtained from
equation (13) as follows:

G � 2R
�����
1 + Vl


− 1( . (14)

According to Peck’s study [4], the parameter of the
ground loss ratio Vl can be obtained by the maximum
ground surface settlement Smax above the center of the
tunnel. -e relationship between the maximum ground
settlement and ground loss is as follows:

Smax �

��
π

√
R
2
Vl�

2
√

i
, (15)

where i is the width of the surface settlement trough. Based
on equation (12), the expression of Vl and Smax can be
obtained as

Vl �

�
2

√
iSmax
��
π

√
R
2 . (16)

For the width of the surface settlement trough, Peck also
suggested another formula as shown in equation (17) using
the measured data including the radius of tunnel R, the
ground cover H, and the soil conditions.

i � R
H

(2R)
 

n

, n � 0.8 ∼ 1. (17)

Softer groundmass will lead to a greater value of n.
When there are multiple ground layers above the tunnel
opening, it is suggested to use the weight mean method to
calculate the parameter n. Incorporating equation (13)
into equation (16), the ground loss ratio could be obtained
as follows:

Vl �

�
2

√
[H/(2R)]

n
Smax��

π
√

R
, n � 0.8 ∼ 1. (18)

Substituting equation (18) into equation (14), the gap
parameter G can be expressed as follows:

G � 2R

������������������

1 +

�
2

√
[H/(2R)]

n
Smax��

π
√

R



− 1, n � 0.8 ∼ 1. (19)

4.4. Determination of the InfluenceAngle β. For Knothe [34],
the main influence range is expressed with r(H), and β is also
called the main influence angle on the surface, as illustrated
in Figure 4. -eir relationship could be expressed as follows:

r(H) �
H

tan β
, (20)

where H is the depth of excavation. Another formula after
comparing their study with Peck formula and stochastic
medium theory is suggested as follows [26]:

r(H) �
���
2π

√
× i, (21)

where i is the distance from the tunnel center. Substituting
equation (21) into equation (20), tanβ could be expressed as
shown in

tan β �
H

���
2π

√
× i

�
H

2.5i
. (22)

Substitute equation (17) into equation (22). -e formula
of tanβ is obtained as follows:

tan β �
H

2.5R[H/(2R)]
n. (23)

In case of an elliptical tunnel section, the average radius
R can be obtained using the major and minor axis afore-
mentioned. With the gap parameter G and the tangential
value of the influence angle β discussed above, the surface
settlement and horizontal displacement could be obtained
using the simplified procedure.

5. Validation of the Simplified Solution

To validate the accuracy of the simplified solution, the results
predicted by the simplified procedure for five cases are
compared with those obtained by the SM theory and
measured in situ. -e five tunnel cases are the Urumqi City
Metro Line 1 Tunnel in China, Heathrow Express Trial
Tunnel in London, Barcelona Subway Tunnel in Spain, LIU
Yanghe Tunnel in China, and Pushan Subway 1st Line tunnel
in South Korea. Table 1 lists the calculation parameters of the
tunnel for five cases.

-e former four tunnels in Table 1 are for a single tunnel
case. -e maximum ground settlement observed in situ is
60.8mm, 40mm, 25mm, and 37mm for the Urumqi City
Metro Line 1 Tunnel, Heathrow Express Trial Tunnel,
Barcelona Subway Tunnel, LIU Yanghe Tunnel. Using
equations (16) and (20) according to the measured data, the
corresponding gap parameterG could be obtained as 38mm,
58mm, 31mm, 81mm, and 29mm. Using equation (20)
according to the measured data, the value of tanβ is cal-
culated to be 0.75, 0.929, 0.82, 0.84, and 0.8. -e predicted
maximum ground settlements by the simplified procedure
are 60.59mm, 38.14mm, 31.87mm, and 37.20mm for the
four tunnels using equation (7). -e predicted maximum
ground settlements predicted by the SM theory are
55.03mm, 39.29mm, 33.27mm, and 40.73mm. -e dif-
ference between the simplified solution and the measured
data is 0.35%, 4.65%, 27.48%, and 0.54%. -e difference
between the results predicted by the SM theory and the
measured data is 9.49%, 1.78%, 33.08%, and 10.08%. -e
ground settlement curve predicted by the SM theory and the
simplified procedure is plotted in Figure 5 together with the
measured data. It can be seen that the predicted ground
settlement curve agrees well with those predicted by the SM
theory and measured in situ even though the maximum
ground settlements are slightly underpredicted by the
simplified procedure.

Pushan Subway 1st Line Tunnel is considered an example
of a twin tunnel case. -e tunnel is located in South Korea
with a length of 5.3 km. -e NATM was adopted in its
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Figure 4: Influence zone of ground settlement and influence angle β.

Table 1: Calculation parameters of case studies [6, 29, 35–37].

Tunnel name Urumqi City Metro
Line 1, Xinjiang

Heathrow Express Trial
Tunnel, London

Barcelona Subway
Tunnel, Spain

Liu Yanghe Tunnel
DK1569 + 300, Changsha

Pushan Subway
1st Line, South

Korea

Strata condition Soft soil with
thickness of 5–15m

0–2m fill ground, 2–4m
terrace gravel, >4m stiff

London clay

Red and brown clay
with some gravel

Grade V surrounding
strata with gravel

Sandy clay with
gravel and silty

sand
Tunnel depth H
(m) 8.1 19 10 20 16

Main axis A (m) 6.39 4.25 4 4 5
Minor axis B
(m) 4.6 4.25 4 3 3

Smax (mm) 60.8 40 25 37 6.20
G (mm) 38 58 31 81 29
tanβ 0.75 0.929 0.82 0.84 0.8
Construction
method

Undercutting
method Open Shield Shield Benching Tunneling

Method NATM
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Figure 5: Continued.
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construction, and excavation was carried out in two parts:
upper and lower parts [35]. According to the monitored
section, the twin circular tunnels have a diameter R of 10.0m
and depth H of 16.0m. -is section was driven through the
ground composed of weathered rock, sand with gravel, and
sandy clay [35]. -e observed maximum ground settlement
is 6.20mm. Using equation (16) according to the measured
data, the corresponding gap parameter G could be obtained
to be 29mm. Using equation (20) according to the measured
data, the value of tanβ is calculated to be 0.80. -e ground
horizontal displacement for the twin tunnels is predicted by
the simplified procedure using equation (12). Due to mea-
sured data limitations in pieces of literature, the ground
displacements of the right tunnel are used in the current
study. -e ground horizontal displacement predicted by the
SM theory and the simplified procedure is plotted in Figure 6
together with the measured data. -e predicted ground
surface horizontal displacement curve predicted by the
simplified procedure agrees well with those predicted by the
SM theory and measured in situ.

-e comparison for the five tunnels illustrates that the
simplified formula can provide a more reasonable prediction
for the ground movement induced by tunneling when the
gap parameter G and influence angle β are available. -e
tunneling-induced ground movement for the single tunnel
with a circular cross section, which is the special case, could
be predicted accurately and reasonably by the simplified
procedure. For tunnels with noncircular cross sections, the
simplified procedure still has enough accuracy to predict
tunneling-induced ground movement. Besides, for the twin-
tunnel case as shown in Figure 6, the tunneling-induced
ground movement could also be predicted with a high ac-
curacy compared to those obtained by the SM theory and

measured in situ. A feasible approach is developed to es-
timate these two parameters using the maximum ground
settlement Smax and tunnel design parameters, including
tunnel depth H and diameter R.

6. Conclusions

Comparing to the general approaches based on the sto-
chastic medium theory, this study takes a simplified way to
predict the tunneling-induced ground movement. -e
condition for this simplified approach application is the

SM theory
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Measured data
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Figure 5: Measured and analytical ground surface settlement. (a) Urumqi City Metro Line 1 Tunnel in China; (b) Heathrow Express Trial
Tunnel in London; (c) Barcelona Subway Tunnel in Spain; (d) Liu Yanghe Tunnel in China.
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same as that for the SMmethod, which is for the shallow-buried
tunnel condition. With the simplified formulas, the ground
movement for single tunnel and twin tunnels could be predicted
based on the gap parameter G and influence angle β. A feasible
approach is developed to estimate these two parameters using
the maximum ground settlement Smax and tunnel design pa-
rameters, including tunnel depth H and diameter R.

To validate its accuracy, the ground movement predicted
by the simplified procedure is compared with that obtained
by the SM theory and measured in situ for five tunnel cases,
including the Urumqi City Metro Line 1 Tunnel in China,
Heathrow Express Trial Tunnel in London, Barcelona
Subway Tunnel in Spain, LIU Yanghe Tunnel in China, and
Pushan Subway 1st Line tunnel in South Korea. It can be
observed that the predicted tunneling-induced-ground
movement for single and twin-tunnel cases with circular and
noncircular cross sections agree well with those obtained by
the SM theory andmeasured in situ. It can be concluded that
the simplified formula can reduce the calculation work and
provide a more reasonable prediction for the ground
movement induced by tunneling.

Appendix

A. The Boundary Parameters for Single
Tunnel Model

Considering the nonuniform boundary condition, the
boundary parameters (a, b, c, d) of the initial tunnel cross
section Ω for a single tunnel are expressed as

a � −A,

b � A,

c � H − B

��������

1 −
x

A
 

2


,

d � H + B

��������

1 −
x

A
 

2
,



(A.1)

where x is the distance from the center of the x axis, as shown
in Figure 3.

Furthermore, the boundary parameters (e, f, g, h) of the
tunnel cross section ω after convergence for single tunnel
could be expressed as

e � − A − u0 + uθ( ,

f � A − u0 + uθ,

g � H + uz − B − u0 + uθ( 

����������������

1 −
x

A − u0 + uθ
 

2

,




h � H + uz + B − u0 − uθ( 

����������������

1 −
x

A − u0 + uθ
 

2




.

(A.2)

B. The Boundary Parameters for the Twin-
Tunnel Model

As the analysis process of the single tunnel, the boundary
parameters of the left tunnel could be expressed as

a1 � −A −
L

2
,

b1 � A −
L

2
,

c1 � H − B

�������������

1 −
x + L/2

A
 

2
,



d1 � H + B

�������������

1 −
x + L/2

A
 

2
,



e1 � − A − u0 + uθ(  −
L

2
,

f1 � A − u0 + uθ −
L

2
,

g1 � H + uz − B − u0 + uθ( 

�����������������

1 −
x + L/2

A − u0 + uθ
 

2

,




a11 � −A +
L

2
,

b11 � A +
L

2
,

c11 � H − B

�������������

1 −
x − L/2

A
 

2
,



d11 � H + B

�������������

1 −
x − L/2

A
 

2
,



e11 � − A − u0 + uθ(  −
L

2
,

f11 � A − u0 + uθ +
L

2
,

g11 � H + uz − B − u0 + uθ( 

�����������������

1 −
x − L/2

A − u0 + uθ
 

2

,




h11 � H + uz − B − u0 − uθ( 

�����������������

1 −
x − L/2

A − u0 + uθ
 

2

.




(B.1)
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