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Abstract 
The stress release factor with the range [0, 1] is employed to reflect the stress release degree of the tunnel excavation. Elastic analytical 
solutions of stratum stress and displacement are obtained considering the influence of the stress release degree of the tunnel excavation 
based on the complex variable method. An intelligent method for determining the stress release factor is proposed through a machine 
learning (ML) model. Random forest (RF) is chosen as the ML model, and the sparrow search algorithm is utilized to optimize the 
hyperparameters of RF. The rationality of the proposed analytical method is validated by means of calculation results of FEM and field
monitoring data. The influence of stress release factor and tunnel geometric parameters on the distribution laws of the stratum tensile
zone and plastic zone is analyzed. The influence of tunnel stress release on stratum displacement and tunnel cross-section deformation is
discussed. A dual-driven framework for the intelligent prediction of stratum displacement based on the developed analytical method is
proposed and conceptually formulated. The proposed method can provide guidance in the conceptual stage of the design process of shal-
low tunnels.

Keywords: Stress release factor; Complex variable method; Elastic solution of stratum response; Random forest model; Intelligent prediction
1 Intr oduction

With the rapid development of urban underground 
transportation, shield tunnels have been extensively used 
due to the high degree of mechanization, quick excavation, 
and energy saving. The influence of shield tunneling on the
geo-environmental includes the following aspects: stratum
movements (Fang et al., 2016; Le & Taylor, 2019; Liu
et al., 2020), the stability of excavation face (Chen et al.,
2018; Liu et al., 2018; Zhang et al., 2022), deformation of 
pipelines, existing structures, and pile foundations (Zhang 
et al., 2013; Ma et al., 2017; Liang, 2019). The excavat ion
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of shield tunnel causes the release of stratum’s original 
stress field, which may further cause the development and
propagation of the plastic zone of the stratum around the
tunnel (Zareifard & Fahimifar, 2016). Although the exten-
sion of plastic zone conduces to the weakening of stratum 
and the release of strain energy, it can cause large deforma-
tion of stratum and increase the compression of support
structures (Simanjuntak et al., 2014; Xu et al., 2019). Rel-
evant practitioners in the tunnel field should have some 
prediction methods to evaluate the impact of stress release 
of the tunnel cross-section on the surrounding stratum
stress, displacement field, and plastic zone distribution.

Numerical simulation methods (Wang et al., 2011 ; Zhao
et al., 20 15) and theoretical analytical methods (Verruijt, 
1997, 1998; Kong et al., 2019a; Zhang et al., 2020)  are  gen-
erally applied to study the stratum stress field induced by the
behalf of KeAi Communications Co. Ltd. 
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tunnel excavation. Numerical methods can consider the 
complex construction method and interaction between tun-
nel structures and stratum, and present the evolution rules 
of stratum stress and dis placement during the excavation
process (Zheng et al., 2015; Zhao et al., 2017). Analytical 
solutions can reveal the mechanism of the effect of mechan-
ical and geometric parameters on the stratum stress and dis-
placement field, and can efficiently conduct parametric
analyses (Gao et al., 2021; Kong et al., 2023a). The insight 
into the nature of the problem obtained from analytical 
methods is a significant aspect that cannot be overlooked. 
The analytical method is used to study the distribution laws 
of stratum stress and displacement due to the exca vation of a
shallow tunnel in this work. The bipolar coordinates method
(Mindlin, 194 8), virtual image method (Sagaseta, 198 7;
Verruijt & Booker, 1996), and complex variable (CV) 
method (Fang et al., 2015; Fu et al., 2015; L in et al., 2019;
Lu et al., 2019; Kong et al., 2023b) are generally applied 
to derivate the elastic or viscoelastic analytical solutions of 
shallow tunnels. The expression form for boundary condi-
tions is simplified in the bipolar coordinate system, and 
the exact solution of stratum stress is obtained. However, 
the analytical solutions of stratum displacement cannot be 
derived. For the virtual image m ethod, the tunnel boundary
condition cannot be fully satisfied accurately (Loganathan & 
Poulos, 19 98). As an alternative analytical method, the CV 
method is extensively applied to present exact analytical 
solutions for the stress and displacement (Verruijt & 
Strack, 2008; Wang et al., 2009; Zhang et al ., 2018; Lu
et al., 20 20). By means of conformal transformation, the 
CV method can map the complex boundaries of a shallow 
tunnel in a semi-infinite domain onto concentric circular 
rings, which can enable the accurate satisfaction of the 
stress-free boundary condition on the ground surface. More-
over, the complex potential function derived from solving 
the boundary conditions can be used to obtain the solutions 
of both stratum stresses and displacements simultaneously. 
The CV method can s olve the elastic and viscoelastic analyt-
ical solutions of various tunnel conditions, such as flat
ground surface conditions (Zhang et al., 2020), slope ground 
surface conditions (Kong et al., 20 19a), and twin-tunnel con-
ditions (Kong et al., 2019b; Yang et al., 2021). 

Reasonable boundary conditions are key factors in 
obtaining analytical solutions for tunnels. Two kinds of 
boundary functions are applied on the tunnel cross-
section, namely displacement and stress boundary condi-
tions. Some previous studies gen erally focus on analytical
solutions with the displacement as the tunnel boundary
condition, and then analyze the displacement distribution
law of the stratum (Fang et al., 2015; Kon g et al., 2019a;
Zhang et al., 2021). For the study of stress boundary con-
ditions, uniform convergent stress is used as the boundary 
condition to present an elastic analytical solution in the
works of Verruijt (1998) and Wang et al. (2020). However, 
the effect of the stratum gravity is not considered. The stra-
tum gravi ty is introduced to analyze the stress and displace-
ment field where zero stress boundary of the tunnel is taken
into account (Verruijt & Booker, 2000). A uniform radial 
support is used as the stress boundary to present the ana-
lytical solution of a shallow underwater tunnel (Fang 
et al., 2015). Zero stress or uniform radial stress is generally 
considered as the stress boundary condition in the current 
analytical works. However, these two stress boundary 
functions cannot reasonably reflect the stress release pro-
cess of tunnel. In reality, the influence of the stress release 
degree of the tunnel cross-section plays an important role 
in the design of tunnel engineering. The gradual stress 
release method in the numerical simulation, also known 
as the convergence constraint method, is used to describe 
the gradual excavation of a tunnel. An internal force vec-
tor, g  is applied at the nodes on the tunnel
boundary g being equivalent to the initial stratum
stresses). b is initially equal to 0 and is then progressively
increased to 1 to simulate the excavation process. At a pre-
scribed value b, the lining is installed, at which point the
stress reduction at the boundary g The gradual
stress release method can reasonably reflect the tunnel
excavation process. However, this method is only realized
in numerical simulation (Kielbassa & Duddec k, 1991;
Galli et al., 2004; Janin et al., 2015). Due to the difficulty 
of mathematical derivation, the accurate analytical solu-
tion of a shallow tunnel for the stress release method has 
never been obtained. The influence of the tunnel stress 
release on stra tum stress and displacement field and plastic
zone distribution has not been analytically investigated.

─ bð Þ F0f ,

0f

b F0f .
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is 

In the existing analytical studies, the stress boundary 
conditions of the analytical solution can only be deter-
mined after the completion of tunnel excavation (Kong 
et al., 2021). Subsequently, the influence mechanism of tun-
nel excavation on the stratum response can be analyzed. 
However, the previously proposed analytical approaches 
lack the capacity to predict the stratum response prior to 
tunnel excavation. The emerging machine learning (ML) 
technology, by integrating multi-modal monitoring data,
demonstrates remarkable potential in deeply exploring
the complex nonlinear relationships among geological,
mechanical, and construction parameters (Liu et al.,
2023, 2024, 2025), which is widely applied to predict max-
imum surface sett lement caused by tunnel excavation
(Zhang et al., 2022; Lu et al., 2023; Su et al., 2022). How-
ever, ML models have not been employed to predict the 
stress boundary conditions of tunnel cross-sections in the 
analytical solutions, and further predict the stratum stress
field and displacement field induced by tunnel excavation.

xs0 ma 

Inspired by the abovementioned works, the CV method is 
applied to present the elastic analytical solution for the stra-
tum stress and displacement considering the influence of 
stress release. The correctness of the proposed analytical 
method is verified by comparison with the FEM and field 
data from the second Heinenoord tunnel in the Netherlands. 
An intelligent prediction approach for boundary conditions
is proposed via the sparrow search algorithm-random forest
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(SSA-RF) model. By integrating in-situ monitoring data, 
analytical prediction results, and ML-based prediction 
results, a dual-driven prediction method for stratum dis-
placement is proposed and conceptually formulated. The 
effect of tunnel geometric parameters and stress release fac-
tor on the tensile zone and plastic zone of the stratum is ana-
lyzed. The effect of cohesion strength and internal friction 
angle on the distribution of plastic zone around the tunnel 
is discussed. The influence of stress release factor on the stra-
tum displacement and tunnel deformation is investigated.

2 Analytical solution of the stress and displacement for a

shallow tunnel

The analytical model of a shallow tun nel is presented in
Fig. 1. Points o and o’ are center points of the ground sur-
face and tunnel, respectively. The radius and depth of a 
tunnel are expressed as r0 and h, respectively. E, v, and c 
represent Young’s elastic modulus, Poisson’s ratio, and 
uniform volumetric weight, respectively. The position coor-
dinate z is expressed as z = x + yi, where i is an imaginary 
unit. The horizont al and vertical normal stresses are
respectively expressed as rx and ry. ux and uy are respec-
tively horizontal and vertical displacements. Tx and Ty

are respectively tunnel surface tractions in the x and y

directions. Tx and Ty are expressed as Eq. (1). 
T x 

T y

⎰ ⎱
¼ 

rx 

ryx 

rxy 

ry

[ ]
cos h0 

sin h 0

⎰ ⎱
; ð1Þ

where shear stress rxy = ryx.
Before the tunnel is excavated, the stratum stress values 

for an y position in the half-plane are

rx ¼ k0cy 
ry ¼ cy 
rxy ¼ 0 

8 ><
>: ; ð2Þ
Fig. 1. Analytical mechanical model of 
where y is the vertical coordinate, and k0 is the lateral pres-
sure coefficient and is equal to Þ  In this study, the 
tensile stress is positive, and the compressive stress is neg-
ative. Vertical coordinate of the tunnel is

1─ mð .m= 

y ¼ ─hþ r0 sin h
0: ð3Þ

Equation (3) is substituted into Eq. (2), and the stress 
values at the tunnel cross-section before tunnel excavation
are

rx ¼ k0c ─hþ r0 sin h
0ð Þ  

ry ¼ c ─hþ r0 sin h
0ð Þ  

rxy ¼ 0

8><
>: : ð4Þ

Considering Eq. (1), tunnel surface tractions Tx1 and Ty1 
are expressed as follows:

T x1 ¼ ─k0ch cos h
0 þ k0cr0 

2 sin 2h0 

T y1 ¼ cr0 
2
─ ch sin h0 ─ cr0 

2 cos 2h
0

(
: ð5Þ

While the tunnel is excavated, supporting structures are 
made immediately, and the stiffness of supporting struc-
tures is large enough. Stress states at the tunnel cross-
section are not released and are equal to initial stress states
in Eq. (4). If no supporting structures are constructed after 
the tunnel excavation, the stresses at the tunnel cro ss-
section are completely released, rx = ry = rxy = 0.

Stress state of the tunnel, considering the influence of 
gradual stress release, is expressed as Eq. (6): 

rx ¼ k0c ─hþ r0 sin h
0ð Þ  1─ bð  Þ  

ry ¼ c ─hþ r0 sin h
0ð Þ  1─ bð  Þ  

rxy ¼ 0

8><
>: ; ð6Þ

where b is the stress release factor of the tunnel, no stress 
release for b = 0 and complete stress release for b = 1
(The range of b is . Smaller b value indicates that0 b 6 1)6
the excavation of a shallow tunnel.

move_f0005
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supporting structures are constructed in time, and the stiff-
ness of the supporting structures is greater.

Combining Eqs . (1) and (6), the tunnel surface tractions 
T x and Ty are

T x ¼─k0chcosh
0 1─bð  Þþ k0cr0 

2 sin2h0 1─bð  Þ  
T y ¼ cr0 

2 1─bð  Þ─ chsinh0 1─bð  Þ─ c r0
2
cos2h0 1─bð Þ

(
: ð7Þ

Equation (7) is applied as the stress boundary condition 
of the analytical mechanical model in Fig. 2(a). The analyt-
ical model in Fig. 2(a) is decomposed into two parts, i.e., 
Part-1 and Part-2. The tunnel is not excavated in Part-1, 
and the circular tunnel is a virtual circle contour. Stresses
at any position in the half-plane are expressed in Eq. (2). 
No displacement is generated for Part-1 (Verruijt & 
Booker, 2000). 

In Part-2, the uniform volumetric weight c is equal to 0, 
and Tx2 and Ty2 are determined by both the mechanical
model and Part-1.

T ¼ T ─ T ¼ k h cos 0 ─ bk0cr0 sin 2 0( 
x2 x x1 b 0c h

2
h 

T y2 ¼ T y ─ T y1 ¼ ─ bcr0 
2 þ bc h sin h0 þ bcr0

2
cos 2h0

: ð8Þ

The CV method is employed to obtain the elastic solu-
tion for Part-2. The analytical solution is derived based 
on two assumptions: (1) the elastic constitutive relat ion,
and (2) the plane strain condition. Stratum stress is repre-
sented by the potential functions and (Verruijt, 
1997): 

zð  Þ zð Þu w 

0 0
h i8< rx þ ry ¼ 2 u zð  Þ þ u zð  Þ  

ry ─ rx þ 2irxy ¼ 2 ─zu00 z ð Þ þ w0 zð Þ½ ]: : ð9Þ

Displacements are represented as( )
2G  u  þ iu ¼ ju zð  Þ ─ zu0 zð  Þ  ─ w zð Þ; ð10Þx y

where G is the shear modulus, and j =  3 − 4v in the plane
strain condition.

In this work, the stress is simultaneously applied as the 
boundary condition of the ground surface and tunnel as
follows:

z ¼ z─ : zð  Þ þ  z 0 zð  Þ þ  zð  Þ  ¼ 0 ; ð11Þu u w
Fig. 2. Stress boundary condition of
Z

]
]

1 a h 

( )
zþ ihj  j ¼ r0 : u zð  Þ þ  zu0 zð  Þ þ  w zð  Þ  ¼  i T x2 þ iT y2 dsþ CA;

ð12Þ
where CA is the constant term of the integral.

The conformal transformation function is

1þ
z ¼ w fð  Þ ¼ ─ia f 

1 ─ f
; ð13Þ

where 2 ¼ h 1─a 
2, 2 ¼ r0.a

1þa 
2 a

u w 
þ 

and are expressed asÞ Þzð  zð

u zð  Þ¼─ f x2þ if y2 

2p 1þjð  Þ  
j ln z─ zc

─( )þ ln z─ zcð  Þ  
[ þu0 zð Þ; ð14Þ

f ─ if ─( )[
w zð  Þ ¼  x2 y2 

2p 1 þ jð  Þ  
ln z─ zc þ j ln z─ zcð Þ þ w0 zð Þ; ð15Þ

where the concentrated forces and are determined 
by the stress boundary condition. In particular, when 
b =  1  , =0, is equal to the gravity of the excavated

stratum (Verruijt & Strack, 2008). 

2 2

2

f x f y 

f x2 f y 

The point zc is located arbitrarily within the z plane. zc is
determined while s equal to 0 in Eq. (13):if 

zc ¼ ─ia 1þ fc 
1─ fc 

¼ ─ia: ð16Þ

u0 w0Expressions for and are as follows:Þ Þzð zðX X1 1 

u0 zð  Þ ¼  u0 fð  Þ ¼  a0 þ 
k¼1 

akf
k þ

k¼1

bkf
─k; ð17Þ

X1 X1 

w0 zð  Þ ¼  w0 fð  Þ ¼  c0 þ 
k¼1 

ckf
k þ

k¼1

dkf
─k: ð18Þ

Substitute Eqs . (13)–(16) into Eq. (11): 

u0 rð  Þ þ  1 
2 

1─ r─2
( )

u0 
0 rð  Þ þ  w0 rð  Þ  ¼  f s rð Þ ¼

X1
k¼─1

Bkr
k;

ð19Þ

where
the analytical mechanical model.

move_f0010
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8

Bk ¼ 

0; 
j f x2─if y2ð  Þ  
4p 1þjð  Þ  ; 
f x2─if y2 

4p ; 
f x2─if y2 
4p 1þjð  Þ ; 

0; 

k 6 ─2 
k ¼ ─1 
k ¼ 0 
k ¼ 1

k P 2

>>>>>>>><
>>>>>>>>:

: ð20Þ

Combining Eqs . (17) and (18), the following relation-
ships are obtained:

c0 ¼ ─B0 ─ ─a0 ─ 1 
2 
a1 ─ 1 

2 
b 1; ð21Þ

ck ¼ ─B─k──bkþ1 
2 k─1ð  Þak─1─ 1 

2 kþ1ð  Þakþ1; k ¼ 1; 2;3; · · · ; ð22Þ

dk ¼ ─Bk──akþ1 
2 k─1ð  Þbk─1─ 1 

2 kþ1ð  Þbkþ1; k¼ 1;2 ;3; · · · : ð23Þ

#

For the tunn el boundary,

w f 1 ar r a 2ð  Þ  
0
─ ¼ ─ þð Þ ─ð  Þ  

2r2 1─ arð Þ : ð24Þ
w fð Þ

Substituting Eqs. (14), (15), and (24) into Eq. (12), 

f ar : u f u f w n f ar CA; 25
w fð  Þ  0 0¼ 0ð  Þþ  ─w0 fð Þ 0ð Þþ 0ð Þ ¼ ð Þþ ð Þ

where Þ  is a function consisting of Tx2, Ty2, and 
Multiplying both sides of Eq. (25) by Þ  

arð  
. ─ ar ð ,

f xf 0 ;2 
f y2 1 

w f
" #  

u0 fð  Þ þ  ð  Þ  

w0 fð  Þ
─ u0 

0 fð  Þþw0 nð  Þ  1─ arð Þ  

¼ 1─ arð Þf 0 arð Þ þ 1─ arð ÞCA; ð26Þ
where Þ  can also be expressed as─ arð Þf 0 arð1 

1─ arð Þf 0 arð  Þ ¼  
X1 

Akr
k ; ð27Þ

k¼─1

where Ak is the coefficient of the series expansion.
Combining Eqs . (17), (18), (26), and (27), the following 

relations are obtained:
2 2k 2

[ ]
1─ a2kþ2ð Þakþ1 þ 1─ a2ð Þ  k þ 1ð  Þbkþ1 ¼ 

a 1─ að Þak þ 1─ að Þk ─bk
─Akþ1akþ1 ─ Bka2 þ Bkþ1 

k ¼ 1; 2; 3; · · · ; ð28Þ

1─a2ð  Þa2k kþ1ð  Þakþ1 þ 1─a2kþ2ð Þbkþ1 ¼ 1─a2ð  Þa2k kak þ 1─a2kð Þbk
─A─kak þB─ka2k ─B─ kþ1ð  Þa2kþ2 

"  

k¼ 1;2;3; · · · ;

ð29Þ
Þ  
a─kð

⎰

þ  Þ
2 

ð
[

Þ þ s5( ) ( )
2 
jð  Þ a
(> 

>>> 

ia─k 1
─k─ a2

─kþ1

( )
s0þ 1─a2 

2 a─kþ1─a─k─1ð Þ  s1─ is2ð Þþ  1─a4ð  
2a2 

8>>>> 

ia 1─ a2 

2

( )
s0þ 1─a2 

2 a2─1ð  Þ  s1─ is2ð Þþ  1─a4ð  Þ  
2a2 a─a3ð  Þ  1─a2ð  

2a 

>>>>>>>>>> 

Ak ¼ ─ia2s0þ aþ a─a3 

2

( )
s1─ a─a3 

2 is2þ i a4─a2ð Þs3þ a4─2a2ð s4 

>>>><
─ias0─ a2þ1 s1─ i 1─a2 

s2þ i a3─að  Þs3þas4─as5─ f x2─if y>>>
2 2 4p 1þ 

ia2 

2 s0þ
i  1─a2ð  Þ2 

2 s3─ 1─a2ð  Þ2 

2 s4─ f x2─if y2 
4p 1þjð  Þ ; 

>>>>>>>>>> 
iak 

k  k─1ð  Þs0þ
i  1─a2ð  Þ2 

ak─2 

2
s3─ 1─a2ð  Þ2 

ak─2 

2
s4;

>: 

─

2

( )

 

#

Þ

( )

( )
1─ a2 a1 þ b1 þ CA ¼ ─A0 þB0 ─B─1 a

2; ð30Þ

1─ a2
( )

a1 þ b1
( )

─ CAa
2 ¼ ─A1a─ B0a

2 þ B 1; ð31Þ
where C is determined by Eqs. (30) and (31).A ( )

CA þCAa
2 ¼ ─A0 þ A1aþ B0 ─B1 þ B0 ─ B─1 a

2 ð32Þ
In Eq. (27), the value of Ak is de termined by the series

expansion:

1─ arð Þi
Z 

T x2 þ iT y2

( )
dsþ 1─ arð ÞF  f x2; f y2

( )
¼ 

X1 

k¼─1 
Akr

k; ð33Þ

where is a function including and ,f x2; f y2 f x2 f y2F  

i X iY ds ir ;

Z
i ─cr0b 

2 h0 þ k0cr0bsinh
0 ─ ichbcosh0 þ cr0bi 

4 sin2h0
"  

n þ nð Þ  ¼ 0 þ k0cr0b 
4 cos2h0 ─ k 0cr0b

4
þ ichb

ð34Þ

F  f x2; f y2

( ) ¼ 
f x2þif y2 

2p ln r─a 
ar─1

( )þ f x2þif y2 
2p 1þjð  Þ  1─ jð  Þ ln að  Þ

─ f x2─if y2 
4p 1þjð  Þ  

j 
r þ a─1
( )

r─ aþ ar2 ─ a2rð

2
4

3
5;
ð35Þ

X1 ─1 k k
" #  

h0 ¼ hþ i 
k¼1 

arð  Þ  
k

─ arð Þ
k

: ð36Þ

pfParticularly, the angle h in the lane is not a periodic

function. In Eq. (35), the ite
( )

is also a non-
periodic function, and the increment of this function for
a circle is equal to In Eq. (36), the increment of h 
for a circle is equal t Combining Eqs. (34)–(36), 

and can be obtained: 

ln r─a 
ar─1 

2 pi.
─2p .

m

─
o 

f x2 f y2 

f x2 ¼ 0; ð37 Þ
f y2 ¼ bp cr2 

0: ð38Þ
Based on the series expansion of trigonometric functions

(Lu et al., 2019), combining Eqs. (34)–(38), Ak is obtained
as follows:
⎱

 

 

2 2

a─kþ2Þþ  1─að  Þ  
2a2 ─kþ1ð Þa─kþ2þka─k½ ] is3þ s4ð Þ; k6─2 

a2─1Þ
]
i  is3þ s4ð Þþ f x2─if y2 

4p 1þjð  Þja; k¼─1

─ f x2─if y2
4p 1þjð Þ j─1─a2jð Þþ f x2þif y2

2p 1þjð Þ 1─jð Þ lna; k¼ 0

jþ 1─a
)─a

f x2þif y2 1─jð Þ lna; k¼ 1

; ð39Þ
a 2p 1þjð Þ

k¼ 2

kP 3
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where 

s0 ¼ cr2 
0b 
2 

; ð40Þ
s1 ¼ ik0cr0hb; ð41 Þ
s2 ¼ chr0b; ð42 Þ

s3 ¼ ─ cr2 
0b 
4 

; ð43Þ

s4 ¼ ─ cr2 
0b 
4 

i ; ð44Þ
s5 ¼ ─cr0hb: ð45 Þ

By Eqs. (28)–(31) and (39), all the coefficients can be 
determined successively, except for the constants a0 and 

Here, a0 represents the rigid body displ acement,
which generates no stresses. a0 can be determined when cer-
tain points are fixed (Verruijt & Strack, 2008; Zhang et al.,
2021; Kong et al., 2023a). In this work, a0 is determined by 
fixing ux at (0, −5h) and uy at (2h, 0) or (−2h, 0).

þ b1
─
.a1 

study). The corresponding a1 is the correct start value. 

The number of expansion terms depends on the stress 
boundary condition, tunnel geometry parameters, and 
geotechnical mechanics parameters. Therefore, there is no 
specific number of Laurent expansion terms. An error con-
trol method is used to determine the number as follows. a1
is first assumed to be 0, and b1 is determined by Eqs. (30) or 
(31). ak, bk, ck, and dk are obtained by Eqs. (21)–(23) and 
(28)–(29).  When  k approaches infinity, and tends 
to a constant value C. Taking a C as the updated start 
value, b1, ak, bk, ck, and dk are again obtained. The steps 
above are repeated until C closes to 0 (C610−8 in this

The correct b1, ak, bk, ck, and dk can be obtained.

─
¼ ─ bkak 

1─

The stress and displacement of stratum are determined 
when the solut ions of Part-1 and Part-2 are summed.

rx ¼ k0cy þ rx2 ð46Þ
ry ¼ cy þ ry2 ð47Þ
rxy ¼ rxy2 ð 48Þ
ux ¼ ux2 ð49 Þ
uy ¼ uy2 ð 50Þ
3 Verification of the proposed analytical solution

Stress comparisons between FEM and the proposed 
analytical solution are conducted to verify the correctness 
of the proposed method. FEM commercial software ABA-
QUS 6.14 is used to establish the numerical model. The
radius and depth of the tunnel are respectively 3 and 8 m
in Fig. 3. As shown in Fig. 1, the analytical mechanics 
model is a semi-infinite domain model. In order to elimi-
nate the size effect of the numerical model on the calcul a-
tion results, the size of the numerical model is considered
as 400 m × 400 m in Fig. 3. Horizontal displacements of 
both boundaries of the numerical model are constrained.
At the bottom, the horizontal and vertical displ acements
are constrained simultaneously.

The numerical analysis is divided into two steps: first, in-
situ stress balance; second, the tunnel is excavated, and the 
stress boundary function is applied. When the stress release 
factor b of the tunnel cross-section is respectively 0.25 and
0.50, comparison results of vertical and horizontal stress at
different depths above the tunnel crown are respectively
shown in Fig. 4(a) and (b). The analytical solution matches 
well with the numerical results, whi ch validates that the
proposed analytical method is reasonable.

c = 30 kPa, and Stress release factor b can be cal-

tal displacement obtained from the analytical solution at 

In order to further explore the rationality and potential
of this work, the second Heinenoord tunnel in the Nether-
lands (Pinto et al., 2014) is selected as a case study. The 
shield technique is applied to excavate the tunnel, and the 
overlying strata above the tunnel mainly consist of loose 
to medium sands. The geometry of the tunnel is 
r0 = 4.15 m and h = 16.65 m. The material parameters 
of the stratum are considered as E = 8 MPa, v = 0.3,

ibrated based on the following method. When the horizon-

the buried depth of 6 m is consistent with the field monitor-
ing, as shown by blue dots 1, 2, 3, and 4 in Fig. 5, the value 
of b is determined and is equal to 0.42. At y = 0 m, surface 
horizontal displacement can be predicted by the calibrated 
analytical model. The predicted horizontal displacement
values are quantitatively close to the field monitoring val-
ues, as shown by black dots 5, 6, 7, and 8 in Fig. 5, which 
indicates the rationality of the proposed method.

25°.¼u 
4 Prediction method of stress release factor

In the actual tunnel construction site, the value of b can-
not be directly measured and is unknown pr ior to the tunnel
excavation. The calibrationmethod for b is presented in Sec-
tion 4. Instead, the maximum surface settlement can be 
measured to evaluate the disturbance degree of the tunnel
excavation to the strata. As depicted in Section 2, when 
the values of r0, h, E, v, and k0 in the analytical solution 
are fixed, there exists a one-to-one correspondence be tween
b and MLmethods are suitable approaches for predict-
ing prior to tunnel excavation. As shown in Fig. 6, if the 
value of predicted by the ML method is equal to the 
value of calculated by the analytical method, then the 
value of b is predicted reasonably, and the distribution
mechan ms of the stress field and displacement field of the
strata can also be reasonably elucidated. As shown in
Fig. 6, the initial value of b can be any value within the range 
of 0 to 1. Based on the proposed analytical method, the value 
of can be computed. If is less than s the updated 
value of b must be larger than that of the last iteration. Con-
versely, the updated b value in the next step should be less
than that in the previous step. The above steps are iterated
until the absolute value of the error between an
is less than the allowable error. The allowable error is

x

x.

x

ax

ax

x s

max max

is
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Fig. 3. Model size, tunnel geometric parameters, and stratum mechanics parameters for FEM.

Fig. 4. Stress comparisons between analytical method and FEM. (a) Comparisons of ry above the tunnel, and (b) comparisons of rx above the tunnel.
0.1 mm in this study. The process of predicting s bymeansm 
of an ML method is demonstrated as follows.

ax 

The random forest (RF) model is chosen as the ML 
model. The input values in RF model can encompass geome-
chanical parameters, tunneling parameters, and geometric
parameters. As shown in Fig. 7, RF is an ensemble learning 
algorithm that constructs a parallel bagging ensemble with 
decision trees as the base learners. Through simple random 
sampling with replacement of the dataset, n new datasets 
are generated. Then, n decision trees are trained using these 
n datasets. Finally, the results of the n decision trees are inte-
grated. The RF model significantly en hances the robustness
and generalization ability of the model by constructing mul-
tiple decision trees and integrating their results. It can effec-
tively suppress overfitting and is insensitive to noise and
outliers in the data, which is crucial for tunnel engineering
monitoring data with varying data quality. In addition, the 
advantage of the random forest is its ability to automatically 
assess the contribution of features, thereby facilitating fea-
ture selection. The relative importance of stratum condi-
tions, tunneling parameters, and geometric parameters as
features influencing the prediction results can be evaluated.
As presented in Eq. (51), for regression problems, the mean 
value of the results of all decisio n trees is adopted as the final
output of RF.

y ¼ 
1 
n 
Xn 

i¼1 
yi xð Þ; ð51Þ

where yi(x) denotes the prediction result of the i-th decisi on
tree for the input variable x.

Decision trees are chosen as the base learners. By conduct-
ing tests on the optimal splitting feature at each node of the

move_f0035
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Fig. 5. Comparison of horizontal displacement of stratum between
analytical method and field data.
tree, the tree is split continuously from top tobottomuntil the 
basic requirements for tree establishment are ultimately met. 
Consequently, the most critical problem of decision trees lies 
in the selection of the optimal splitting feature for each node. 
The number of decision trees (ntree) and the number of can-
didates spl itting features trees (mtry) will greatly affect the
prediction results of RF. If the number of ntree is too small,
Fig. 6. Flow diagram for determin
underfittingmay occur, resulting in weak generalization abil-
ity. Conversely, when the number of ntree is excessive, over-
fitting problems may arise, along with a prolonged 
computational time. The number of mtry can influence both 
the correlation among decision trees and the prediction per-
formance of individual trees. Specifically, as the number of
mtry decreases, the correlation among decision trees weak-
ens, and the predictive performance deteriorates.

The sparrow search algorithm (SSA) is utilized to ascer-
tain the appropriate values of ntree and mtry for the RF
model, as shown in Fig. 6. During the optimization process 
of the SSA, sparrows are categorized into two groups: dis-
coverers and followers. The coordinate positions of differ-
ent sparrows correspond to the ntree and mtry in the RF
model. In the (t + 1)-th iteration, the position update of
the discoverer is given by the following formula:

tþ1 X t 
i;j · exp ─i 

a·itermax

( )
; if R2 < S

8<
X i;j ¼ 

X t 
i;j · Q; if R2 P S: ; ð52Þ

where a is the random number in the range of (0,1]; Q is the 
random number from the standard normal distribution; R 2
is the random number in the range of (0,1]; and S is the
warning threshold.

In the (t + 1)-th iteration, the position update of the fol-
lower is given by
ing the stress release factor b.
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Fig. 7. Random forest model.

 

( )8
Q · exp X t 

w;j─X t 
i;j 

i2
; if i > N=2ǀ ǀ

>><
X tþ1 

i;j ¼ 
X t 

p;j þ 1 
J 
PJ 
j¼1 

Lj X t 
i;j ─ X t 

p; j
ǀǀ ǀǀ; if i 6 N=2>>: ; ð53Þ

where N denotes the size of the sparrow population; J rep-
resents the number of hyperparameters; Lj randomly takes 
the value of either 0 or 1. X is the global worst position in

dimension j is the best position occupied by

discoverers

X t
p;j

t 
w; j

; 

After the position updates of all sparrows are com-
pleted, some of the sparrows will detect danger and become 
sentinels. Regardless of whether the sentinels were previ-
ously discoverers or followe rs, they will abandon their cur-
rent positions and move to new ones. The expression for
the position change is as follows:

X tþ1 
i;j ¼ 

X t 
b;j þ g · X t 

i;j ─ X t 
b;j

ǀǀǀ ǀǀǀ; if f i > f g 

X t 
i;j þ K · X t 

i;j─X t 
w;jj j  

f i─fwð Þþh

[ ]
; if f i ¼ f g

8>><
>>: ; ð54Þ

inator. is current global best position is fitness of 
sparrow ; s current global best fitness; current glo-
bal worst fitness. The position coordinates of the sparrow 

where g is the random number following the standard nor-
mal distribution; K is the random number in the range of [– 
1,1]; h is the relatively small number to avoid a zero denom-

i

with the smallest fitness value represent the optimal combi-
nation of hyperparameters that is, determining reasonable
ntree and mtry.

;j

f
X b 

t ; f i
if g isw 

5 Analysis of stratum stress and displacement field

solution of stratum stress, the analytical solution of the 

The zone where the maximum principal stress is greater 
than zero is defined as the tensile zone in this work. Com-
bined Mohr–Coulomb strength criterion and analytical
stratum plastic zone is presented. Vertical stress, tensile 
zone, and plastic zone of stratum are studied due to the

and stratum mechanical parameters.
influence of tunnel radius and depth, stress release factor,

5.1 Analysis of v ertical stress

The tunnel geometric parameters and stratum mechani-
cal parameters are considered as follows: r0 =  3  m,
E = 20 MPa, v = 0.3, and the influence of b on the vertical
stress above the tunnel is shown in Fig. 8. The tunnel depth 
is respectively 15 and 30 m in Fig. 8(a) and (b). In particu-
lar, the self-weight stress line i y As the stratum 
depth decreases, the vertical stress curve gradually 
approaches the self-weight stress line, which indicates that 
the stratum away from the tunnel is less disturbed. For a 
smaller value of b, the vertical stress approaches the self-
weight stress at any depth. There is an inflection point in
the vertical stress curve with depth for a larger value of b
in Fig. 8(a) and (b). When the depth is less than the inflec-
tion point, the vertical stress line gradually closes to the ini-
tial self-weight stress line. When the depth is more than the 
inflection point, the vertical stress line gradually moves 
away from the initial self-weight line. The range from the 
inflect ion point to the tunnel crown is the disturbed zone
of the stratum caused by the tunnel excavation. The height
of the disturbed zone of the stratum is expressed as The
influence of b on the value of or different tunnel depths
is shown in Fig. 9. 

y ¼ c .

h

s r 

0. 
fh0 

When the tunnel depth is large, the smaller b value will
generate the inflection point. As shown in Fig. 9, when the 
tunnel depth is 10, 15, 20, and 30 m, the value of b that 
inflection point begins to appear is 0.6, 0.4, 0.3, and 0.2, 
respectively. After the inflection point presents, the value 
of becomes larger with the increase of the value of b.
For the same value of b, the value of larger for a larger
tunnel depth, as shown in Fig. 9. 

h 
h0 

is0
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Fig. 8. Influence of stress release factor b on the vertical stress above the tunnel at different depths. (a) h = 15 m, and (b) h = 30 m.

 

Based on the proposed analytical method, the influence 

greatly disturbed, as shown in Fig. 10(b)–(d). 

of b on the vertical stress ne phogram of the stratum is
shown in Fig. 10 when the tunnel depth is 15 m. When 
the value of b is equal to 0.10, the disturbance degree of 
stratum is low, and the vertical stress of stratum is close
to a linear distribution with depth in Fig. 10(a). As the 
value of b increases, the stratum around the tunnel is

5.2 Analysis of tensile zone

The tensile zone of stratum induced by tunnel excava-
tion is analyzed in this section. When the maximum princi-
pal stress Eq. (55) is greater than zero, the stratum is 
considered to be in the tensile zone. The tensile zone of
the stratum is shown in Figs. 11 and 12 owing to the influ-
ence of b and r0.

r1 ¼
2 

þ
2 

þ rxy ð55Þrx þ ry 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rx ─ ry

( )2
2

r

Fig. 9. Relation between b and the position of the inflection point.
For h = 8 m and r = 3 m, the influence of b on the ten-0

sile zone of stratum is shown in Fig. 11. The tensile zone of 
the stratum appears at the ground surface for b = 0.10 and 
0.50. As the value of b increases, the tensile area near the 
ground surface expands, and the strata above the tunnel 
also begin to generate the tensi le zone. The tensile zone
above the tunnel is butterfly-shaped. When the value of b
is equal to 1.00, the tensile zone above the tunnel is con-
nected with that near the ground surface.

For h =  8  m  and  b = 0.88, the influence of r on the ten-0

sile zone of stratum is shown in Fig. 12. The tensile zone of 
the stratum only appears near the ground surface for r0 =  2
m. With the increase of tunnel radius, the range of stratum
tension zone becomes large, and a large area of stratum
above the tunnel appears as a tensile zone in Fig. 12. 
]

5.3 Analysis of p lastic zone

The maximum and minimum principal stress formulas 
of the stratum are respectively expressed as Eqs. (55) an d
(56). 

r3 ¼ rx þ ry 

2
─

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rx ─ ry 

2

( )2 
þ r 2xy

r
ð56Þ

Shear strength sc can be determined when Eqs. (55) and 
(56) are substituted into Eq. (57). Shear stress s0 under the 
same stress state is obtained by Eq. (58). 

sc ¼ c─ tanu 1 
2 

r1 þ r3ð Þ þ 1 
2 

r1 ─ r 3ð Þ sinu
[

; ð57Þ

s0 ¼ 1 
2 

r1 ─ r3ð Þ cosu; ð58Þ

where c and u are respectively cohesion strength and inter-
nal friction angle. While the plastic zone of strata
is presented.

P sc,s0 

While the geometric parameters of the tunnel and the 
mechanical parameters of the stratum are considered as

move_f0050
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Fig. 10. Vertical stress nephograms of stratum for different values of b by the analytical solution. (a) b = 0.10, (b) b = 0.50, (c) b = 0.75, and (d) b = 1.00.
r0 =  3  m,  h =  8  m,  E = 20 MPa, v = 0.3, c = 30 kPa, and
the effect of b on the plastic zone is shown in

Fig. 13. Tunnel excavation does not cause plastic zon e of
¼ 25°,u 
Fig. 11. Tensile zone of stratum with the increase of b for h = 8 m,
r0 = 3 m.

 

the stratum for b = 0.10. The stratum plastic zone is 
formed on both sides of the tunnel while b is equal to 
0.50. While the value of b increases to 0.88 and 1.00, the
plastic zone on both sides of the tunnel increases and
extends to the tunnel shoulder and arch foot in Fig. 1 3(c) 
and (d).

The effect of r0 on the plastic zone is shown in Fig. 14 for 
h = 8 m and b = 0.88. When the tunnel radius is equal to 
2 m, the plastic zone is mainly concentrated on both sides 
of the tunnel. The plastic zone of the stratum extends to the 
tunnel shoulder and arch foot for r0 = 3 m. For r0 = 4 m,
the range of plastic zone around the tunnel expands, and
plastic zone also appears on the ground surface, as shown
in Fig. 14. 

Effect of internal friction angle on the boundary line of 
plastic zone around the tunnel is shown in Fig. 15. The geo-
metric parameters of the tunnel and the mechanical param-
eters of the stratum are considered as r0 =  3  m,  h =  20  m,
b = 0.80, E = 20 MPa, v = 0.3, and c = 30 kPa. The plastic 
zone on both sides of the tunnel is larger, corresponding to
a smaller value of u. As the value of u decreases, the stra-
tum plastic zone extends from both sides of the tunnel to
the tunnel shoulder and arch foot, as shown in Fig. 15. 
Effect of cohesive strength on the boundary line of plastic
zone around the tunnel is shown in Fig. 16 for u =  
The range of stratum plastic zone is larger caused by a 
smaller value of c. The boundary line of the plastic zone
at the tunnel shoulder is slightly larger than that at the tun-
nel arch foot, as shown in Fig. 16. 

25°.

5.4 Stress zones around the tunnel

The stress zone around the tunnel is studied due to the 
effect of b an for h =  10  m,  c = 30 kPa, and

Zone I denotes that the stratum around the tunnel
0=h

¼ 25°.
d r 

u
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Fig. 12. Tensile zone of stratum with the increase of r0 for h = 8 m, b = 0.88.

 

 

 

is in the elastic zone. Zone II denotes that the stratum 
around the tunnel forms a plastic zone. Zone III denotes 
that the stratum around the tunnel has both tensile zone 
and plastic zone. Zone IV denotes that the tensile or plastic
zone of the stratum is connected with the ground surface.
For a small value of b, the stratum around the tunnel is
in Zone I when ranges from 0.1 to 0.5, as shown in
Fig. 17. For a large value of the stratum starts to form 
the plastic zone corresponding to a small value of b. When 

is 0.1, 0.2, 0.3, 0.4, and 0.5, the minimum value of b is 
0.34, 0.27, 0.24, 0.23, and 0.21 in Zone II, respectively. The 
stratum around the tunnel is only in Zone I and Zone II 
fo = 0.1. When b is 0.98 and 0.93 = 0.2 
and 0.3, respectively, the stratum around the tunnel starts
to generate the tensile zone. When the value of is large,
four stress zones are gradually formed as the value of b
increases. For = 0.4 an = 0.5, the minimum
value of b is respectively 0.87 and 0.75 in Zone IV.

=h
r ,

h

r h r0=h

r0

=h 0=h

r0 

0=h 

r0= 

r0= for 

=h 

r0 d r 

5.5 Analysis of stratum displacement field

The geometrical parameters of the tunnel are r0 =  3
m, h = 10 m; the material parameters of the surrounding 
stratum mass are E =  20  MPa,  v =  0.3,  and  c = 17.64 
kN/m3 . When the horizontal ordinate is the same, the
vertical displacement curves for different depths are
shown i n Fig. 18.  At  x = 0, the stratum settlement 
increases  with  an  increase  in  depth.  The  exten  t of the
increase becomes significant near the tunnel, as shown
in Fig. 18(a). For the same depth, the larger the value 
of b, the larger the settlement. At x =  2r0,  the  vertical
displacement shows t he behavior of the settlement when
the depth is small, as shown in Fig. 18(b). As the depth 
increases, the stratum rebound deformation occurs. 
When the depth is about –6.8 m, uy is equal to 0 for dif-
ferent values of b. The tunne l cross-section presents the
ovalization deformation mode, as shown in Fig. 19.  At
0° and 180°, the deformation is approximately 0. The 
rebound deformation at the bottom is larger than the 
settlement at the crown. As b increases, the degree of
the ovalization deformation increases.

The curves for the ground surface displacements due to 
stress release of different degrees are shown in Fig. 20. 
When b is equal to 1, the stress of the tunnel cross-
section is completely released, and no support structures 
are applied to the tunnel. Therefore, the settlement value 
for the center point is the largest. However, the Buoyancy 
effect is also most significant for b = 1. When the position is
far from the center point, the local rebound deformation
occurs. In particular, the values of local rebound deforma-
tion and surface center point settlement are smaller for a
smaller value of b, as shown in Fig. 20.
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Fig. 13. Plastic zone of stratum with the increase of b for h = 8 m and r0 = 3 m. (a) b = 0.10, (b) b = 0.50, (c) b = 0.88, and (d) b = 1.00.
6 Dis cussions

In order to compensate for the drawbacks of data-
driven methods, namely the low prediction accuracy in 
small-sample datasets and the lack of interpretability of 
prediction results, the dual-driven prediction method based 
on physical laws and data has been extensively utilized in
fields such as fluid mechanics and solid mechanics in recent
years (Sun et al., 2020; Xu et al., 2023; Bai et al., 2023). 
Moreover, it has yielded satisfactory results in the predic-
tion of stra tum displacement caused by tunnel excavation
(Zhang et al., 2023; Liu et al., 2024). In the dual-driven pre-
diction method of stratum displacement caused by tunnel 
excavation, a rational analytical mechanical model, acting 
as a constraint based on physical laws, is crucial for achiev-
ing high-precision predictions. The novel method put for-
ward in this work can be employed as the analytical
mechanical model in the dual-driven prediction method,
as shown in Fig. 21. The mean squared error (MSE) of 
the predicted stratum displacement value from the ML 
model and the field monitoring displacement data orms 
the loss function of the data-driven component. The MSE 
between the calculated stratum displacement value rom 
the analytical solution, and orms the loss function of the 
analytical-driven comp onent. The two loss functions are
multiplied by their respective weights k1 and k2, and then
summed to obtain the dual-loss function in the dual-
driven prediction model. The dual-loss function is incorpo-

ŷ

ŷi 
y f i

g f i

fi 
rated into the ML model. Subsequently, the parameters 
within the ML model are trained, thereby establishing a 
high-performance prediction model. Specifically, the 
analytical-driven method presented herein is founded upon
the shallow tunnel mechanical model within a semi-infinite
domain, as depicted in Fig. 1. The stratum displacement 
prediction method proposed in this work is not applicable 
to the mechanical models of deep tunnels. The dual-driven 
framework is applicable under the cond itions that the tun-
nel is circular in shape and the stress–strain behavior of the
stratum follows the elastic constitutive relationship.

In the data-driven component of the dual-driven model, 
input parameters can incorporate the influence of tunnel 
excavation parameters. In contrast, the analytical-driven 
component is unable to account for such excavation 
parameter effects, leading to discrepancies in both the types 
and quantities of input parameters between the analytical-
driven and data-driven components. During the training of 
the dual-driven model, the stratum displacement is first 
derived using the proposed analytical method, which is 
then fed into the dual-driven program to develop a high-
precision prediction model. The analytical-driven compo-
nent is not directly coupled to the dual-driven model. In
future research, an analytical method capable of accommo-
dating the influence of tunnel excavation parameters will be
developed, and a dual-driven model enabling direct cou-
pling of the analytical-driven and data-driven components
will be proposed.

gi
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Fig. 14. Relation between plastic zone of stratum and r0 for h = 8 m and
b = 0.88.

r0=h 

Fig. 15. Effect of internal friction angle on boundary line of plastic zone.

Fig. 16. Effect of cohesive strength on boundary line of plastic zone.

Fig. 17. Schematic diagram of stress zone due to the effect of b and .
7 Conc lusions

Considering the influence of stress release, a hybrid 
method is proposed to predict stratum respon se caused
by shallow circular tunneling using the combination of
the ML and analytical methods. The follo wing conclusions
are drawn.

(1) The tunnel stress release function is considered as the 
stress boundary condition. Based on the Laurent ser-
ies expansion and conformal mapping function of CV 
method, the analytical solution of stratum stress and 
displacement of a shallow tunnel is obtained. The 
stresses and displacements obtained by the proposed
method are in good agreement with those by FEM
and field data, which verifies the rationality of the
proposed method.

(2) An intelligent calibration approach for boundary 
conditions is proposed when the maximum surface 
settlement predicted by the analytical solution coin-
cides with the prediction result of ML. The proposed 
analytical method integrating ML enables the intelli-
gent prediction of the stratum response prior to tun-
nel excavation. RF is chosen as the ML model, and
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Fig. 18. Vertical displacement curves of different depths for the stress release of different degrees. (a) x = 0, and (b) x = 2r0.

Fig. 19. Tunnel deformation for the stress release of different degrees.

Fig. 20. Curves for the ground surface displacements due to stress release.
the sparrow search algorithm is utilized to optimize 
the hyperparameters of RF. Integrating the results 
of analytical solutions, on-site monitoring data, and 
ML predicted values, a dual-driven prediction
method for stratum displacement is proposed and
conceptually formulated.

(3) The distribution patterns of stratum stress and dis-
placement are investigated owing to the influence of 
stratum stress release. There is an inflection point in 
the vertical stress curve varying with depth above 
the tunnel. When the stratum depth is less than the
inflection point, the vertical stress curve is close to
the initial self-weight stress line. With the increase
of stress release, the tensile zone for a shallow tunnel
first appears near the stratum surface, then above the 
tunnel, and finally forms a connection between stra-
tum surface and the tunnel top. The larger range of 
plastic zone corresponds to the larger stress release 
factor, the smaller cohesion strength, and internal 
friction angle. The tunnel presents ovalization defor-
mation due to the influence of stress release. The
rebound deformation at the tunnel bottom is larger
than the settlement at the crown. The presented
method can provide a simplified tool for evaluating
the stratum stress and displacement distribution in
the preliminary design of tunnels.
Data availabil ity

The data that support the findings of this study are
available on https://github.com/liuyihan0212-crypto/Intel-
ligent-method-code-and-data.

https://github.com/liuyihan0212-crypto/Intelligent-method-code-and-data
https://github.com/liuyihan0212-crypto/Intelligent-method-code-and-data
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Fig. 21. A dual-drive prediction framework for stratum displacement caused by tunnel excavation.
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