
Chapter 1 
Introduction 

1.1 Background 

Compared with coal and oil, natural gas is clean and efficient, flexible in trans-
portation and operation. Natural gas produces less dust, carbon dioxide and nitrogen 
oxides during combustion, which effectively reduces carbon emissions and mitigates 
the greenhouse effect [1, 2]. 

As an unconventional resource, shale gas exists in the shale reservoir [3, 4] as free  
or adsorbed. China is rich in shale gas reserves (close to 31.57 trillion cubic meters) [5, 
6], mainly distributed in north China (including the Ordos and southern north China), 
northwest China (including Zhungeer basins) and southern China (including Sichuan 
Basin). At present, the Chinese industrial shale gas production area mainly includes 
in Weiyuan-Changning, Zhaotong and Fuling blocks [7]. The shale gas is affected by 
continental deposition and late transformation movement, geological conditions are 
complex in China. Natural gas is often detected in mountains or deserts. Earthquakes 
and shortages of water make the natural gas rich in the reservoir but difficult to extract, 
leading to high construction costs and great difficulty in exploitation [8, 9]. 

Hydraulic fracturing is one of the methods of mining shale gas reservoirs. During 
this process, high flow-rate and low viscosity fracturing fluid are injected into the 
strata through the wellbore, which can break down reservoir rock and facilitate migra-
tion and seepage of shale gas absorbed in the rock matrix. Due to the continuous 
injection of high-pressure fracturing fluid into the rock, hydraulic fractures will be 
created in the reservoir and will interact with preexisting interfaces in the formation, 
resulting in variable fracture propagation behavior (offset, arrest, crossing, branch, 
etc.) The propagation of subsequent fracture branches will also be disturbed by each 
other, which finally contributes to the formation of complex fracture networks [10, 
11]. The current initial production rate of shale gas fields is only from 5 to 15% [12], 
far lower than expectation. Although the production has been improved by hydraulic 
fracturing, it is still not enough to exploit most of the shale gas. The main reason may 
be due to the insufficient understanding of the fracture initiation, propagation, inter-
section, and network formation mechanism. The current hydraulic fracture model

© The Author(s) 2023 
Y. Zhao et al., Hydraulic Fracturing and Rock Mechanics, 
https://doi.org/10.1007/978-981-99-2540-7_1 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2540-7_1&domain=pdf
https://doi.org/10.1007/978-981-99-2540-7_1
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rarely considers the non-uniform fluid pressure effect caused by fluid viscosity and 
flow inside the fracture. No reliable analytical model has been established to predict 
the propagation path and ability of hydraulic fractures, which unfavorable fracturing 
efficiency of the reservoirs. Moreover, the injection of high-pressure water during 
the fracturing process may also reduce the effective stress in the formation, which 
may cause fault activation and seismic sliding. The fracture fluid flow via induced 
fractures easily invades and pollutes the groundwater source [13, 14]. Therefore, it 
is of great practical significance to study the process of hydraulic fracture initiation, 
propagation, intersection and network formation, to optimize the actual fracture path, 
intersection behavior and extension range during fracturing design and to improve 
the shale gas extraction rate. 

1.2 Research Progress 

1.2.1 Initiation and Propagation of Hydraulic Fracture 
in Shale Reservoirs 

The initiation and propagation of hydraulic fracture are of great significance to the 
subsequent migration and exploitation of shale gas, especially the design and opti-
mization of field construction schemes. In recent years, researchers have carried 
out extensive theoretical, experimental and numerical studies on the evolution of 
hydraulic fractures [15–17]. At present, it is mainly believed that the bonding strength 
and inclination of bedding planes, pore pressure, permeability, in-situ stresses, natural 
fracture properties, flow rate and viscosity of fracturing fluid are the main factors 
influencing the initiation direction, initiation pressure and propagation morphology 
of hydraulic fractures. The shale matrix is a tight material with ultra-low porosity 
(4–6%) and permeability (< 0.001 mD). Thus, fracturing fluid penetrating intact rock 
matrix is scarcely considered [15]. 

According to the linear elastic fracture mechanics, the initiation of the hydraulic 
fracture is consistent with the maximum principal stress direction in the homogeneous 
and isotropic rock. However, in shale reservoirs, the defects in shale such as bedding 
and microcracks are more likely distributed around the wellbore [18]. which makes a 
hydraulic fracture first nucleate and initiate. In 1981, Huang [19] proposed a critical 
criterion for predicting the vertical and horizontal initiation of hydraulic fracture. He 
argued that the formation of hydraulic fracture depended on the stress state around the 
wellbore and the hydraulic fracture propagated along the maximum stress regardless 
of the initial fracture direction. By analyzing the surface stress of horizontal wells of 
shale reservoir, Guo et al. [20] proposed three modes of perforation fracturing: rock 
cracking, shear failure along a bedding plane (or natural fracture) and tension failure 
along a bedding plane (or natural fracture). Sun et al. [21] found that the bedding 
inclination played a critical role in the initiation of hydraulic fractures. When the 
bedding strength is weak and the difference between vertical and horizontal stresses
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is small, the hydraulic fracture mainly initiates along the bedding plane. Considering 
potential microcracks distribution in the axial direction of the wellbore, Bunger 
et al. [22] reported that if there were multiple defects in the wellbore axis after 
a hydraulic fracture cracks, the fluid pressure could continue to increase [23, 24] 
until the occurrence of multiple-fracture initiation. Zhou et al. [25], Rongved et al. 
[26], Zhu et al. [27] experimentally and numerically confirmed that multiple-fracture 
initiation will first start from the wellbore, and the initiation process is relatively 
independent. Kumar and Ghassemi [28] found that the stress shadow effect can limit 
multiple fracture initiation, promote fracture propagation in a mixed mode of type I 
and type II, and inhibit the growth of surrounding cracks. Zhang et al. [29] observed 
that the tight arrangement of perforation clusters will lead to uneven and asymmetric 
hydraulic fracture. 

Hydraulic fracture initiation pressure refers to the critical fluid pressure when 
the fracture initiation. In most engineering practices, the hydraulic fracture initia-
tion pressure is often equivalent to the rock breakdown pressure. Determination of 
the rock breakdown pressure determines the economy and safety of hydraulic frac-
turing operations, which is of crucial importance in the hydraulic fracturing process. 
The rock breakdown pressure model can better explain and distinguish the phys-
ical mechanism behind the hydraulic fracture initiation phenomenon, with which 
the breakdown pressure can be predicted based on measured parameters. In 1957, 
Hubbert and Willis [30] proposed a classical breakdown pressure model (H-W model) 
in the tectonic stress field, after ignoring the assumption of rock permeability (Table 
1.1). In 1967, Haimon and Fairhurst [31] remodified the H-W model and proposed 
the H-F criterion by considering the effect of fluid leak-off on the rock breakdown 
process. Subsequently, more new breakdown pressure models emerge and are associ-
ated with multiple parameters such as pressurization rate, fracturing fluid properties 
and wellbore size, forming a variety of breakdown pressure models. According to 
the different critical breakdown conditions, the breakdown pressure model can be 
categorized into a tensile strength-based method, energy release rate-based method, 
stress intensity factor-based method and shear failure-based method. The hypotheses 
applicable range the different theoretical methods are summarized in Table 1.1.

In addition to the hydraulic fracture models in Table 1.1, many models have 
been continuously developed and improved according to the practical fracturing 
treatments and prediction requirements. In 2017, Lu et al. [38] simulated the subcrit-
ical initiation and propagation of hydraulic fractures in impermeable homogeneous 
formations using open-hole fracturing. In 2019, Gunarathna and Silva [39] reported 
that vertical effective stress plays a major role in affecting the hydraulic fracture 
initiation pressure both for granite and shale strata. Through the analysis of the 
reservoir engineering data, they found that the hydraulic fracture initiation pressure 
increased with the vertical effective stress. In 2021, Chen et al. [40] considered the 
radially drilling fracturing construction and bedding orientation and established the 
radial drill fracture initiation pressure model of shale formation, which derived the 
fracture initiation pressure, the initiation direction and the location of the potential 
damage area. Michael and Gupta [41] compared the stress conditions in seven shale



4 1 Introduction

Ta
bl
e 
1.
1 

H
yd

ra
ul
ic
 f
ra
ct
ur
e 
in
iti
at
io
n 
pr
es
su
re
 m

od
el
s 

T
he
or
y

M
od
el

A
ut
ho
rs
 (
ye
ar
)

M
od

el
 o
ve
rv
ie
w
 a
nd

 c
ha
ra
ct
er
is
tic

s
D
ra
w
ba
ck
 

M
ax
im

um
 te
ns
ile

 
st
re
ss
 c
ri
te
ri
on

 
H
-W

 m
od
el

H
ub

be
rt
 a
nd

 W
ill
is
 

(1
95
7)
 [
30
] 

R
oc
k 
is
 h
om

og
en
eo
us
, l
in
e 

el
as
tic

, a
nd

 is
ot
ro
pi
c 

V
er
tic

al
 s
tr
es
s 
is
 th

e 
m
in
im

um
 m

ai
n 
st
re
ss
 

(t
ec
to
ni
c 
st
re
ss
 s
ta
te
) 

T
he
 r
oc
k 
is
 im

pe
rm

ea
bl
e 

Ig
no
ri
ng
 th
e 
flu

id
 le
ak
-o
ff
 

an
d 
in
je
ct
io
n 
ra
te
 e
ff
ec
t 

H
-F
 m

od
el

H
ai
m
on
 a
nd
 F
ai
rh
ur
st
 

(1
96
7)
 [
31
] 

B
as
ed
 o
n 
th
e 
H
-W

 m
od
el
, 

th
e 
ro
ck
 is
 a
ss
um

ed
 a
s 
a 

po
ro
us
 e
la
st
ic
 m

ed
iu
m
, 

an
d 
th
e 
B
io
t c
oe
ffi
ci
en
t 

w
as
 in

tr
od

uc
ed
 to

 c
on

si
de
r 

th
e 
fr
ac
tu
ri
ng
 fl
ui
d 
le
ak
ag
e 

ne
ar
 th

e 
w
el
lb
or
e 

N
ot
 a
pp
lic
ab
le
 f
or
 r
oc
ks
 

w
ith

 lo
w
-p
er
m
ea
bi
lit
y 

T
he
 B
io
t c
oe
ffi
ci
en
t i
s 

as
su
m
ed
 to

 b
e 
fix

ed
 

du
ri
ng
 th

e 
flu

id
 

pr
es
su
ri
za
tio

n 
pr
oc
es
s

(c
on
tin

ue
d)



1.2 Research Progress 5

Ta
bl
e
1.
1

(c
on
tin

ue
d)

T
he
or
y

M
od
el

A
ut
ho
rs
(y
ea
r)

M
od

el
ov
er
vi
ew

an
d
ch
ar
ac
te
ri
st
ic
s

D
ra
w
ba
ck

R
-W

 m
od
el

R
um

m
e 
an
d 
W
in
te
r 

(1
98
3)
 [
32
] 

B
as
ed
 o
n 
th
e 
H
-F
 m

od
el
, i
t 

as
su
m
es
 th

er
e 
is
 a
 p
ai
r 
of
 

cr
ac
ks
 n
ea
r 
th
e 
w
el
lb
or
e 

w
ith

 s
pe
ci
fic

 le
ng

th
 a
 

Fr
ac
ki
ng

 fl
ui
d 
fil
tr
at
io
n 

an
d 
w
el
lb
or
e 
si
ze
 e
ff
ec
ts
 

ar
e 
co
ns
id
er
ed
 

A
ss
um

in
g 
th
at
 th

e 
da
m
ag
e 

oc
cu
rs
 a
t t
he
 to

p 
of
 th

e 
ch
ar
ac
te
ri
st
ic
 c
ra
ck
 w
he
n 

th
e 
m
ax
im

um
 e
ff
ec
tiv

e 
st
re
ss
 r
ea
ch
es
 th

e 
te
ns
ile

 
st
re
ng

th
 

T
he
 le
ng
th
 o
f 
th
e 

pr
ee
xi
st
in
g 
cr
ac
k 
ar
ou
nd
 

th
e 
w
el
lb
or
e 
is
 d
if
fic

ul
t t
o 

de
te
rm

in
e 

Po
in
t s
tr
es
s 
m
od
el

It
o 
an
d 
H
ay
as
hi
 (
19
91
) 

[ 3
3]

w
al
l 

C
on

si
de
r 
th
e 
ef
fe
ct
 o
f 
th
e 

(c
on

st
an
t)
 p
re
ss
ur
iz
at
io
n 

ra
te
 o
n 
th
e 
br
ea
kd
ow

n 
pr
es
su
re
 b
as
ed
 o
n 
th
e 
R
-W

 
m
od
el
 

St
re
ss
 c
om

po
ne
nt
 

ge
ne
ra
te
d 
by
 s
ta
ck
in
g 
th
e 

gr
ad
ie
nt
 o
f 
th
e 
w
el
lb
or
e 

pr
es
su
re
 

T
he
 m

at
he
m
at
ic
al
 

so
lu
tio

n 
pr
oc
es
s 
is
 v
er
y 

co
m
pl
ic
at
ed
, a
nd

 th
e 

en
gi
ne
er
in
g 
ap
pl
ic
at
io
n 

is
 li
m
ite

d

(c
on
tin

ue
d)



6 1 Introduction

Ta
bl
e
1.
1

(c
on
tin

ue
d)

T
he
or
y

M
od
el

A
ut
ho
rs
(y
ea
r)

M
od

el
ov
er
vi
ew

an
d
ch
ar
ac
te
ri
st
ic
s

D
ra
w
ba
ck

G
ri
ffi
th
 f
ra
ct
ur
e 

cr
ite

ri
on

 
P-
K
 m

od
el

Pe
rk
in
s 
an
d 
K
er
n 

(1
96
1)
 [
34
] 

T
hi
s 
m
et
ho

d 
tr
ea
ts
 th

e 
w
el
lb
or
e 
as
 a
 c
ir
cu
la
r 

cr
ac
k 
pr
es
su
ri
ze
d 
by

 
in
te
rn
al
 p
re
ss
ur
e 
an
d 

ex
po

se
d 
to
 is
ot
ro
pi
c 

fa
r-
fie

ld
 s
tr
es
s 

T
he
 m

od
el
 is
 b
as
ed
 o
n 
th
e 

el
as
tic

ity
 e
qu

at
io
n 

T
he
 m

od
el
 is
 o
nl
y 

su
ita

bl
e 
fo
r 
an
al
yt
ic
al
 

lin
ea
r 
el
as
tic

 m
at
er
ia
ls
, 

lim
ite

d 
pr
ac
tic

al
 

ap
pl
ic
at
io
n 
du

e 
to
 th

e 
de
te
rm

in
at
io
n 
of
 m

ul
tip

le
 

pa
ra
m
et
er
s 

B
as
ed
 o
n 
th
e 
st
re
ss
 

st
re
ng

th
 f
ac
to
r 

R
um

m
el
 m

od
el

R
um

m
el
 (
19
87
) 
[3
5]

2D
 is
ot
ro
pi
c 
ro
ck
 

T
he
 c
ri
tic

al
 f
ra
ct
ur
e 

pr
op
ag
at
io
n 
fo
llo

w
s 
th
e 

lin
ea
r 
el
as
tic

 a
ss
um

pt
io
n 

Fo
rm

at
io
n 
bo
un
da
ry
 

co
nd
iti
on
s 
an
d 
flu

id
 

in
fil
tr
at
io
n 
ef
fe
ct
s 
ar
e 

ig
no
re
d 

C
ra
ck
in
g 
ju
dg
m
en
t

Z
ha
ng
 e
t a
l. 
(2
01
7)
 [
36
]

C
on
si
de
ri
ng
 th

e 
pr
op
er
tie
s 

of
 f
ra
ct
ur
in
g 
flu

id
 a
nd
 r
oc
k 

ba
se
d 
on
 R
um

m
el
’s
 m

od
el
 

T
he
 f
ra
ct
ur
e 
to
ug
hn
es
s 
is
 

as
su
m
ed
 to

 v
ar
y 
w
ith

 th
e 

in
iti
at
io
n 
di
re
ct
io
n 

T
he
 c
ha
ng
e 
of
 a
m
bi
en
t 

pr
es
su
re
 a
nd
 B
io
t 

co
ef
fic
ie
nt
 w
er
e 

co
ns
id
er
ed
 

T
he
 p
re
di
ct
io
n 
re
su
lts
 a
re
 

re
lia

bl
e 

C
om

pl
ic
at
ed
 to

 b
e 
so
lv
ed

(c
on
tin

ue
d)



1.2 Research Progress 7

Ta
bl
e
1.
1

(c
on
tin

ue
d)

T
he
or
y

M
od
el

A
ut
ho
rs
(y
ea
r)

M
od

el
ov
er
vi
ew

an
d
ch
ar
ac
te
ri
st
ic
s

D
ra
w
ba
ck

M
oh
r–
C
ou
lo
m
b 

cr
ite

ri
on

 
M
or
ge
ns
te
rn
 m

od
el

M
or
ge
ns
te
rn
 (
19
62
) 

[ 3
7]
 

T
he
 f
ra
ct
ur
e 
in
iti
at
io
n 

pr
es
su
re
 c
an
 b
e 

de
te
rm

in
ed
 b
as
ed
 o
n 
th
e 

kn
ow

n 
ro
ck
 d
en
si
ty
, p
or
e 

pr
es
su
re
, r
oc
k 
sh
ea
r 

st
re
ng
th
, a
nd
 a
m
bi
en
t 

pr
es
su
re
 c
oe
ffi
ci
en
t 

E
ff
ec
tiv

e 
st
re
ss
 

co
ns
id
er
at
io
ns
 b
as
ed
 o
n 

bu
lk
 w
ei
gh
t a
re
 n
ot
 

ap
pl
ic
ab
le
 in

 m
os
t 

fr
ac
tu
ri
ng
 p
ro
ce
ss
es
, 

N
at
ur
al
 f
ra
ct
ur
es
, 

re
se
rv
oi
r 
an
is
ot
ro
py
, 

w
el
lb
or
e 
si
ze
, a
nd

 
fr
ac
tu
ri
ng
 fl
ui
d 
pr
op
er
tie
s 

ar
e 
no
t c
on
si
de
re
d



8 1 Introduction

gas regions, proposed a semi-empirical method to determine the optimal perfora-
tion position and minimum ground stress, and evaluated the stress state and critical 
initiation conditions by using the correction factor. Among these numerous imitation 
pressure prediction models, current research and application are mostly based on the 
strength of the tension-based strength, but there is still a gap between the prediction 
results and the practical observation. Unknown parameters still limit engineering 
applications. Thus, comprehensive implementation of multiple methods should be 
used to obtain more reliable initiation pressure. 

Fluid pressure distribution within the fracture is the internal cause that controls and 
affects the propagation morphology of hydraulic fracture. Fluid viscosity, flow rate 
and inter-joint temporary plugging can essentially affect the fluid fracture propagation 
state by changing the fluid pressure and its distribution form [42]. In recent decades, 
researchers have carried out detailed theoretical research on the resolving theoretical 
model of a fracture pressurized by internal fluid and obtained a series of analytical, 
semi-analytical, and numerical solutions, which have played a role in promoting the 
development of hydraulic fracturing theory to a certain extent. However, there are 
still gaps and deficiencies in these models compared with the real hydraulic fracturing 
process. 

In 1921, Griffith [43] considered the effect of the fluid pressure in the fracture 
and obtained the stress field around a crack in a 2D infinite plane. However, the 
analytical solution and calculation process Griffith’s is complicated. Subsequently, 
Sneddon et al. [44] proposed an alternative method and determined the stress field 
near the Griffith crack using the Westergaard stress function, but the results are 
still limited to the cases where the internal fluid pressure is constant. In 1997, Liu 
and Wu [45] adopted the Muskbelishvili complex function theory and presented an 
approximate analytical expression of crack opening degree (COD) (Fig. 1.1) 

U (x ′, α, ω)  = 
σω  
E ′

{
4 

π

[
C1pl x

′F(ω, x ′) + C2 pl F(ω, x ′)
] + C3pl x

′ + C4pl

}
(1.1) 

where, Cipl (i = 1, 2, …, 4) is the predetermined coefficient, and its expression is 

Cipl  = ∑4 
p=0

(∑4 
l=0 fipl  ω

l
)
α p, ω = d/a, α = a/ W and x ′ = X/a.

The approximate treatment of the fracture width by Liu and Wu [45] significantly 
improves the accuracy and efficiency of the stress field near the crack tip. However, the 
segment and uniform pressure distribution is not sufficient to reflect the distribution 
state of fluid pressure along the fracture length. 

To study the hydraulic fracture initiation, researchers have established different 
models of hydraulic fracture, as shown in Fig. 1.2, including PKN model, KGD model 
and Penny-shaped model. The PKN model assumes that each vertical section is an 
elliptical crack in a planar strain state and that the crack height along the propagation 
direction is constant [46]. The maximum crack width perpendicular to the vertical 
profile is determined by the local fluid pressure and the confining pressure stress. 
This model is to simulate the one-dimensional flow of the fluid along the crack. The 
KGD model is assumed in the horizontal cross-section and uses Poissuille’s law to
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Fig. 1.1 Stress state of fracturing sample: a single side crack tensile sample, b single side band  
notch crack tensile sample, c compression tensile sample [45]

describe one-dimensional fluid flow within cracks, which describes the relationship 
between fluid pressure and fracture width [47]. The Penny-shaped hydraulic fracture 
model has a 3D axisymmetric shape extending radially around the wellbore [48]. In 
2001, based on the KGD hydraulic fracture model (Fig. 1.2b), the research group of 
Detournay [49–52] established the relationship between the internal fluid pressure 
and the crack opening by coupling the fluid lubrication theory and the rock elasticity 
equation expressed as 

p(x, t) = p f (x, t) − σ0 = −  
E ′

4π 

l∫
−l 

∂w 

∂s 

ds  

s − x 
(1.2)

In addition, Detournay et al. [53] also defined two energy dissipation regimes 
(i.e., fluid viscosity-dominated and fracture toughness-dominated) based on different 
energy dissipation processes during the hydraulic fracturing process. The rock tough-
ness response can be ignored when the viscous dissipation within the crack is domi-
nated. In 2012, Garagash and Sarvaramini [54] categorized two types of hydraulic 
fracture propagation (Fig. 1.3). When the fracture length is less than the wellbore 
radius, hydraulic fractures are assumed as edge fractures. When the fracture is greater 
than the wellbore radius, the hydraulic fracture is assumed to be a Griffith crack. 
However, the works of Garagash and Sarvaramini [54] are only aimed at the fracture 
shape and critical propagation state, and the changes in the stress and displacement 
fields induced by non-uniform pressure fluid within the crack are not involved. In 
2019, Zeng et al. [55] used the weight function and derived the analytical solution of 
the fracture initiation stress around the wellbore, and found that the initiation pressure 
subject to the nonuniform fluid pressure was higher than that under constant pres-
sure. In 2020, Li et al. [56] divided the fluid pressure into a constant pressure section 
and a rapid pressure drop section based on the pressure form inside the hydraulic 
fracture. The approximate solution of the fracture opening under nonuniform fluid
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(a) PKN model                 (b) KGD model 

(c) Penny shaped model 

R 
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L(t) 
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W (0, t) 

W (x, t) 

Rw 

h 
L(t) 

Fig. 1.2 Hydraulic fracture model in extending state

pressure is obtained by piecewise integration. The reliability of the solutions is veri-
fied by comparing the approximate solution to Sneddon’s semi-analytical solution 
[44]. In 2022, Wrobel et al. [57] established a simplified model for the stress redistri-
bution around the fracture tip and introduced a plasticity-related crack propagation 
condition. Wrobel et al. [57] considered the plastic deformation near the fracture 
tip. However, their model neglects the perturbation effect of the pressure gradient on 
the surrounding stress field. Previous hydraulic fracturing experiments, numerical 
simulations, and field studies have shown that the fluid pressure gradient in rock 
is nonlinear [58–60], especially in the disturbance of fluid viscosity and pumping 
parameters. In addition, numerous experimental and simulation studies [61, 62] have  
also shown that the nonuniform pressure form in the fracture has an important influ-
ence on the stable state of the initial fracture, new propagation direction, and final 
formation of an effective fracture network.

From this point of view, it is necessary to establish a model reflecting the influence 
of the nonuniform pressure inside the fracture on the propagation of hydraulic frac-
ture. Sneddon [44] suggested using a general polynomial to characterize the internal



1.2 Research Progress 11

Fig. 1.3 Symmetrical crack distribution near the well bore [55]

fluid pressure e. Based on the integral transform of complex functions, the analytical 
form of the displacement induced by specified fluid pressure is derived. However, 
Sneddon [44] only gives the form solution of the displacement analytical equation 
and does not apply this analytical solution to determine the hydraulic fracture propa-
gation, which has limitations in the practical engineering application. It is important 
to further investigate the perturbation effect of nonuniform fluid pressure on the prop-
agation process of hydraulic fracture. The reliability of the analytical solution and 
its applicability to the actual fracture process can be further demonstrated by using 
experimental and engineering data. 

1.2.2 Model of the Intersection of Hydraulic and Natural 
Fracture 

Engineering experience [63, 64] shows that the interaction between hydraulic and 
natural fracture is an essential influencing factor in the formation of complex fracture 
networks and the intersection behaviour between fractures is the ultimate cause of 
high fracturing fluid filtration loss, early sand plugging, fracture propagation obstruc-
tion, fracture steering and high network pressure in the actual fracturing construction 
[65]. The intersection of hydraulic fracture and natural fracture involves complex 
effects such as flow-solid nonlinear coupling, fracture propagation, rock non-local 
fracture response and intersection disturbance, covering the two physical processes 
of hydraulic fracture gradually approaching natural fracture (extension approach) 
and fracture tip passivation (intersection passivation) when hydraulic fracture and 
natural fracture intersection. During the extended approximation process, the natural 
fracture stress state is disturbed by the gradually increasing fracture tip stress singu-
larity; In the intersection passivation process, the fracture tip stress singularity has 
failed, and the subsequent fracture propagation is dominated by the dynamic flow
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pressure of the fluid in the fracture [66]. Due to the singularity of fracture tip stress, 
the interaction between fractures and the extension path of fracture is different in 
different processes. 

Some scholars have carried out a series of research based on the extended approx-
imation process, mainly establishing the intersection criteria from the aspects of 
approximation perspective, critical stress state, fracture fluid pressure form, etc. In 
1995, Renshaw and Pollard [67] proposed a model for the vertical intersection of 
hydraulic fracture and natural fracture (Fig. 1.4a): under the action of the stress field 
at the hydraulic fracture tip of the natural fracture, when a new fracture is produced 
on the other side of the natural fracture surface and the natural fracture surface does 
not slip, it is considered that the hydraulic fracture will pass through the natural 
fracture. This is an idealized either non-slip or pass-through compression crossing 
model, aiming at describing the perturbation effect of the fracture process region 
on the natural fracture, but this model is limited by the strict symmetrical vertical 
approximation angle, which does not show the propagation form of the inclined inter-
section. In 2013, Sarmadivaleh and Rasouli [68] extended the Renshaw and Pollard 
criteria to an arbitrary approximation angle (Fig. 1.4b) to obtain an analytical form 
of the compressed crossing criterion. In 2014, Zhang et al. [69] gave the calcula-
tion method for the turning Angle of hydraulic fracture through natural fractures 
based on Sarmadivaleh and Rasouli’s works. They proposed a revised version of 
the intersection criterion (Fig. 1.4c) to determine the initial direction of subsequent 
compression through fracture propagation. The calculation results show that: when 
the approximate angle is constant, the horizontal principal stress ratio required for 
the hydraulic fracture to pass through the natural fracture is within limits. Neither too 
high nor too low principal stress ratios can make the hydraulic fracture pass through 
the natural fracture; In addition, under the large approximate angle and the horizontal 
principal stress ratio (maximum principal stress ratio, minimum principal stress), the 
hydraulic fracture tends to expand directly through the natural fracture; At the same 
approximation angle, the greater the horizontal primary stress ratio value, the piercing 
direction always tends to be close to the increased horizontal primary stress direction. 
Considering the matrix heterogeneity and rock mass seepage-stress-damage fracture 
characteristics, in 2016, Zhao et al. [70] studied the influence of natural structures of 
different scales. The results show that the tension damage between hydraulic fracture 
and nonclosed fracture directly led to penetration between fractures. If the intersec-
tion angle between the direction of the maximum principal stress and the bedding 
plane strike is small, the hydraulic fracture will propagate along the tectonic plane; 
While the direction of the maximum principal stress intersects the bedding plane at a 
large angle, the maximum principal compressive stress and the bedding plane simul-
taneously dominate the joint network propagation process. The study also confirmed 
that reservoir hydraulic fracture is a transient dynamic disturbance process within 
a local scope, but the study did not consider the disturbance effect of the stress 
field at the tip of the approximation process. In 2017, Llanos et al. [71] studied the 
influence of the hydraulic fracture vertical approach process on stability based on 
the change of constant fluid pressure, hydraulic fracture length, and approximation 
distance (Fig. 1.4d). The study shows that with the shortening of the approaching
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(a) Renshaw and Pollard model [69] (b) Sarmadivaleh modified model [70] 

(c) Zhang Ran and Li Gensheng modified model [71] (d) Llanos approximation model [73] 
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Fig. 1.4 Intersection model between a hydraulic fracture and a natural fracture based on the 
approaching process 

distance, the stress state change on the natural fracture surface intensifies, and the 
natural fracture surface also tends to slip and initiate. However, Llanos’ study only 
considers the orthogonal approximation of the two fractures, while the change in the 
actual approximation angle will also have different effects on the extension direction 
of the natural fracture [72]. 

In 2018, Zhao et al. [73] extended Llanos’ approximation model to arbitrary 
approximation angles. They coupled it with the simultaneous fluid flow (lubrication 
equation) and rock elastic deformation (elastic equation), then proposed the intersec-
tion of toughness master hydraulic fracture (constant fluid pressure in the joint) and 
discontinuous friction interface, and clarified the disturbance law of the hydraulic 
fracture dynamic approach process to the stress state of any natural fracture surface. 
In 2019, Zhao et al. [74] introduced natural fracture critical opening conditions based 
on the crossing criteria and established a composite model of the dynamic approach 
of natural fracture in hydraulic fracture and predicting the three intersection behav-
iors (opening, crossing, and slip, shown in Fig. 1.5), to provide a theoretical basis 
for subsequent propagation behavior prediction. Janiszewski et al. [75] studied the 
interaction mechanism between hydraulic and natural fracture based on the frac-
ture mechanics modeling code FRACOD simulation. They believed that a small 
approximation angle is beneficial to the hydraulic fracture angle and the activation
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of natural fracture, which leads to the propagation of wing tensile fracture from the 
tip and forms a complex fracture network. Daneshy [76] established a 3D approach 
intersection model considering three types of natural fracture (open, closed unbound, 
closed bond) and found that the character of natural fractures directly affects the inter-
section behaviour and hydraulic fracture propagation state. In contrast, the ground 
stress, approach angle, and fracture fluid pressure are the main control factors leading 
to the activation of natural fracture. In 2020, Zeng et al. [77] proposed the criterion 
of type I/II mixed mode hydraulic fracture passing through the natural fracture based 
on the stress field around the hydraulic and the natural fracture and approached the 
zero simplified criterion through the composite degree (KII /KI ) and applied it to the 
verification of the test results. In 2021, Zhu and Du [78] proposed a critical criterion 
for hydraulic fracture passing through natural fracture based on fracture tip T-stress. 
They found that T-stress always limits the direction change of hydraulic fracture 
when passing through the natural fractures interface. Zhao et al. [79] established a 
3D intersection model of hydraulic and natural fracture and verified the prediction 
model combined with indoor experimental data. They also qualitatively summarized 
six types of intersection behaviors: crossing, sliding and initiation, initiation, sliding, 
sliding plus crossing and arrest. Unfortunately, only two kinds of crossing and slip 
were observed in Zhao’s tests [79], and the test basis for the six types of intersection 
behaviors was not found. Also, the critical conditions and order for the occurrence 
of the six types of intersection behaviors were not given. There are only three inde-
pendent intersection behaviors in the hydraulic approximation process theoretically 
(Fig. 1.5). Once the natural fracture slip, the stress state around the natural fracture 
will change, affecting the following propagation state of the fracture. In 2022, Zheng 
et al. [80] believed that the interaction of non-intersecting fracture in the propagation 
process could not be ignored. The inter-fracture interaction model was established 
based on the boundary element and rock fracture criteria and found that natural 
fracture could cause at least 22° deflection under appropriate conditions. 

Most of the previous intersection standards based on the approximation process 
have ignored the effects of fluid viscosity and flow rate. The fluctuations in the 
fluid viscosity and the injection rate during the actual hydraulic fracturing process 
cause changes in the in-fracture fluid pressure with time and fracture length. The

Fig. 1.5 Intersection behavior between a hydraulic fracture and a natural fracture 
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hypothetical fluid pressure is invalid, and the coordination criteria of the tough main 
control hydraulic fracture are no longer applicable. 

The study of intersection criteria for intersection passivation processes goes from 
qualitative analysis to quantitative computation. In 1986, Blanton [82] simplified 
the forming of natural fracture shear stress distribution. Based on the critical fluid 
pressure conditions in the fracture after intersecting passivation, the culinary stress 
component of the rock resistance and geological stress component was qualitative. 
However, the judgment only considers the critical condition of fracture crossing 
and ignores the disturbance effect of the propagation state fracture induction. In 
1987, Warpinski and Teufel [83] superimposed the stress field and supplemented 
the critical stress conditions of natural and hydraulic fracture after passivation and 
intercourse. However, it is still limited to the interaction of the fracture tip and the 
grounding force field. The fluid pressure effect, natural fracture penetration, and 
the position and direction of the new fracture after passivation is not considered. In 
2014, Chuprakov et al. [81] established a fracture tip passivation model considering 
the influence of rock fracture toughness, hydraulic fracture length, natural fracture 
permeability, and the effect of injection rate (Open T model, shown in Fig. 1.6a). 
It described the partition characteristics of the natural fracture opening and sliding 
segments of the fracture tip passivation zone, determined the orientation of the new 
nucleation fracture, and described the natural fracture activation problem quantita-
tively. Considering the type of T-type passivation contact form, in 2015, Chuprakov 
and Prioul [84] established the friction sticky interface of natural fractures on frac-
ture high control effects (FRACT models) and applied the criteria to the 3D bedding 
rock stream coupling model simulation, and analyze the high control mechanism of 
natural fracture on hydraulic fracture. In 2019, Xu [85] considered hydraulic frac-
ture fluid lag area effect and fracture tip passivation using analytical and numerical 
(noncontinuous deformation analysis) way to establish the hydraulic and natural 
fracture intersection model which mainly predicts the fracture tip to natural fracture 
and fluid front did not contact with natural fracture, hydraulic fracture crossing the 
natural fracture. It was found that hydraulic fracture is easier to cross natural frac-
ture under large crustal stress, approximation angle, interface friction, injection rate, 
and fracturing fluid viscosity. In 2020, Zhao et al. [86] investigated the intersection 
mechanism of hydraulic and natural fracture with different shear strengths based on 
the 3D lattice-spring method. The results show that the tensile strength of the intact 
fracture and the shear strength of the joint play a dominant role in the intersection 
behavior between the two fractures. However, the intersection criteria and models of 
the fracture intersection passivation process described above ignore the perturbation 
effect of the hydraulic fracture tip stress singularity, which is particularly significant 
in the two-fracture propagation approximation process.

In general, the intersection process of hydraulic fractures and natural fractures is 
affected by rock mechanical properties (elastic modulus, fracture toughness, tensile 
strength, etc.), natural fracture mechanical properties (shear strength, interface fric-
tion coefficient, cohesion, etc.), fracturing fluid flow and viscosity, approach angle, 
crustal stress difference, etc. The approximation process of the intercourse is rarely 
involved in the non-average pressure flow effect of the fracture caused by fluid
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(a) Open T model (b) The behavior predicted by the model 

Fig. 1.6 Open-T model and its predicted fracture behavior [81]

viscosity and flow velocity changes. Therefore, it is not considered that the distur-
bance of the stress field of dynamic changes around the surrounding dynamic changes 
in the actual hydraulic fracture. Monitoring data deviations are large. To further 
enhance the reliability of the prediction results of the interchange standards, a reason-
able change in fluid pressure conditions needs to be introduced within the standard, 
and the dynamic propagation of hydraulic fracture and dynamic propagation of the 
natural fracture process of new fracture, propagation, and interchange stress thresh-
olds. The stability change rule of the natural fracture surface is revealed to predict 
the subsequent intersection behavior. 

1.2.3 Formation Mechanism of the Complicated Crack 
Network of Shale 

Shale is formed by clay mineral dehydration, cement and later deposition, rich in 
apparent thin sheet bedding and natural microcracks [87, 88]. The combinations of 
different productive bedding, microcracks and other matrix defects form discrete 
crack systems in shale reservoirs. In the hydraulic fracturing of fractured shale 
reservoirs, high-pressure fluid-driven hydraulic fracture connected with the reser-
voir anisotropy and randomly distributed fracture clusters, branch fracture in the 
rock body breakdown with all kinds of fracture overlap and extension, forming a 
complex 3D fracture network (Fig. 1.7). Influenced by the bedding direction and the 
random distribution of natural fracture, the shale hydraulic pressure fracture network 
is diverse and discrete characteristics [89, 90]. Establishing a large-scale and inter-
connected complex fracture network is the key to realizing the effective extraction 
and commercial development of shale gas reservoirs.

Indoor hydraulic fracturing test plays a vital role in understanding the fracture 
propagation mechanism, studying the formation of the complex fracture networks, 
and simulating the field fracturing process. Based on physical model experiments and
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Fig. 1.7 Schematic diagram of a complex fracture network (multistage fracturing) [91]

dynamic acoustic monitoring technology, scholars have carried out some research 
work in fracture pattern characteristics and fracturing modification [92], focusing on 
the analysis of the influence of stress state, fluid viscosity, pump injection flow, 
formation lithology, occurrence and distribution of fractures (including bedding 
and primary microfractures), fracturing technology, etc. on hydraulic fracture 
propagation path and fracture pattern. 

The model experiment of studying the complex fracture mesh in shale reservoirs 
has undergone a transition process from rock-like materials to rock materials, prefab-
ricated cracks to natural fractures, and visual observation to acoustic wave dynamic 
scanning and monitoring. Considering the influence of 3D production and ground 
stress in natural fractures comprehensively, in 2005, de Pater et al. [93] studied the 
influence of fluid properties on fracture intersection behavior with the help of fracture 
intersection model experiments and numerical simulation. It was found that the high-
flow and high-viscosity fracturing fluid produces multiple hydraulic fractures, while 
the low-flow fracturing fluid tends to open the natural fractures. In 2015, Dehghan 
et al. [91] studied the influence of natural fracture yield and horizontal stress differ-
ence on fracture propagation with the help of the true three-axial hydraulic fracture. 
The experimental results show that under the condition of small horizontal stress 
difference, the strike and dip angle of natural fractures play a controlling role in the 
propagation law of hydraulic fractures. Improving the horizontal stress difference or 
increasing the strike and dip angle of natural fractures on the experimental scale can 
inhibit the poor development of hydraulic fractures. Considering the influence of the 
shale lamination effect, Tan et al. [94] used horizontally laminated shale test samples 
to carry out the true triaxial hydraulic fracturing experiment in 2017. They studied the 
effects of ground stress, laminar surface, injection rate, fracturing fluid viscosity, and 
other factors on fracture vertical propagation behavior and fracture morphology, and 
summarized four typical propagation modes of vertical production of laminar shale 
fracture (Fig. 1.8): Single fracture, fish-bone fracture, fish-bone fracture with bedding 
opening, and multi boundary fish-bone fracture network. Differences in the physical 
and mechanical properties of natural fractures are limited by changes in the sedimen-
tary environment. In 2018, focusing on the influence of the sedimentary environment
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and natural bedding on fracturing morphology, Zhao et al. [95] compared the differ-
ences in hydraulic fracturing forms of Marine shale and continental shale and gave the 
relationship between section roughness and stress state based with the experimental 
results. In 2019, Chong et al. [96] studied the effect of shale reservoir anisotropy on 
pressure fracture networks based on hydraulic fracturing experiments with different 
initial stress states and injection rates. Based on a CT scan, they explained the impact 
of shale anisotropy inclination on hydraulic fracture. According to the analysis of CT 
images and results of 3D reconstructed hydraulic fracturing samples, Jiang et al. [97] 
believed that the key to shale fracturing volume change was the complexity of frac-
ture formation and the fracture propagation distance generated by fracturing, and the 
stress difference played a significant role in controlling the formation of the complex 
fracture network. Considering the effect of fluid properties, Wang et al. [98] studied 
the influence of fluid viscosity and flow on the fracturing effect based on the true 
three-axial hydraulic fracturing test of bedding shale and found that the fracturing 
fluid with high injection rate and viscosity mainly forms a single main crack form. In 
contrast, the fracturing fluid with low viscosity and low injection rate promotes the 
formation of a complex fracture network. Hou et al. [99] conducted an experimental 
study on the effect of slippery water/guar glue fusion injection on fracture initiation 
and propagation in deep shale gas reservoirs. The study found that guar gum tends to 
open transverse fractures in deep shale reservoirs. In contrast, slippery water tends 
to activate the surface under the temporary blocking of guar glue combined with the 
fracture propagation morphology, a large and complex fracture network was injected 
alternately with different viscous fracturing fluids.

It is of great significance to understand the initiation and geometric properties of 
hydraulic fractures for optimizing hydraulic fracturing design and improving the final 
production of shale reservoirs. In 2019, Wu et al. [100] applied the shear tensioning 
fracture model to the data analysis of the triaxial hydraulic fracturing acoustic emis-
sion of stratified shale and evaluated the cumulative change pattern of the test sample 
tensioning and shear fracture in the hydraulic fracture process, and used the average 
fracture inclination and initiation width index to identify the fracture morphological 
characteristics quantitatively. In 2020, Chen et al. [101] used the true three-axial 
fracturing test system to simulate the influence of the ground stratification, ground 
stress difference, the hydraulic fracture initiation and propagation process. They 
found that the hydraulic fracture is easy to extend along the bedding direction with 
weak cementation, and the high ground stress difference promotes the formation of 
a single fracture form, while the viscous fracturing fluid and temporary plugging in 
the front are conducive to the formation of the complex fracture network. Dehghan 
[102] performed a series of true three-axis hydraulic fracturing tests based on large 
synthetic rock samples of preformed natural fracture on the laboratory scale and 
studied the extended behavior and length change characteristics of hydraulic frac-
ture in natural fracture reservoirs. They believed that ground stress is the dominant 
factor in disturbing fracture intersection behavior and controlling fracture propa-
gation length. Zhang and Sheng [103] considered the influence of the power-law 
distribution form and spacing of natural fracture and obtained the optimal fracture
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Fig. 1.8 Schematic diagram 
of hydraulic fracture 
propagation morphology in 
vertical plane of shale 
reservoirs [94]

mesh layout method of complex natural fracture reservoirs by the simulation and 
optimization of various complex fracture network layout methods. 

In 2021, Wu et al. [104] established an evaluation model of fracture network 
connectivity based on acoustic emission data. Combined with the triaxial hydraulic 
fracturing experiment, the correlation between the microcrack onset position and the 
fracture pull-shear characteristics in the formation process of the hydraulic fracturing-
induced fracture network was discussed entirely, which can effectively estimate the 
hydraulic fracturing effect. Zhang [105] conducted a volume fracture simulation 
study of a deep shale fracturing fracture network based on a 3D Wiremesh model. The 
results show that increasing construction time, improving construction displacement, 
and reducing fracturing fluid viscosity are conducive to increasing the volume of the 
fracturing fracture network and improving fracturing efficiency. Based on physical 
experiments and simulations, Abe et al. [106] found that the inter-fracture stress 
shadow effect is the main reason for affecting the effective fracture extension and 
the formation of a large-scale fracture network. 

In sum, the above scholars have analyzed the influence of ground stress condi-
tions, fracturing fluid properties, natural fracture properties, construction schemes, 
and other factors on the fracture mesh form through hydraulic fracturing experi-
ments. Hydraulic injection fluid-driven hydraulic fracture formation joint mesh is
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a dynamic and cyclic multi-scale process [107], which needs to comprehensively 
consider the influence of bore layout, ground stress, injection rate, reservoir medium 
properties, and other factors. In addition, to maximize the exploitation of reservoir 
resources, the best effect of hydraulic fracturing should be to form a complex fracture 
network system dominated by effective length hydraulic fracture [65]. In addition, 
to maximize the exploitation of reservoir resources, the best effect of hydraulic frac-
turing should be to form a complex fracture network system dominated by effective 
length hydraulic fracture. However, the actual engineering of hydraulic fracture-
induced fracture network production is mainly based on experience and the lack of 
reliable fracturing theory based on the in-depth study of shale reservoir hydraulic 
fracturing fracture propagation and the formation mechanism of the complex fracture 
network. It is necessary to start the influence of confining pressure, water pressure, 
and physical and mechanical response characteristics of rock materials on the frac-
ture network form, with the real-time monitoring and positioning of the deformation 
and acoustic emission signals on the rock through dynamic monitoring technologies 
such as high-precision displacement sensor and acoustic emission. By analyzing the 
characteristics of the time and frequency evolution of acoustic transmission signals, 
the microscopic (tension or shear) fracture response law of the process of hydraulic 
fracturing, combined with microscope observation and CT 3D reconstruction, the 
dynamic process of fracture network initiation, intersection propagation, and fracture 
network formation is finely characterized and the formation mechanism of complex 
fracture network is explained. 

1.2.4 Existing Problems 

According to the above research, scholars have carried out lots of detailed studies on 
the theory, experiment, and numerical simulation of the process of hydraulic fracture 
initiation, propagation, intersection and network formation involved in hydraulic 
fracture. The disturbance effect of the fracture network by fracturing parameters has 
also been discussed, but the current research work still faces the following problems: 

(i) The fracturing mechanism and model of the reservoir rock are mainly studied 
under constant pressurization rate or constant current injection conditions, 
while the breakdown process of rock under the perturbation of constant pres-
sure and static fatigue in the fracture is relatively scarce. During the hydraulic 
fracturing segment construction, the hydraulic injection operation often needs 
to be repeated, and the inner wall of the wellbore will inevitably withstand 
the fatigue disturbance caused by continuous pressurization. Moreover, many 
physical experiments [22, 108, 109] have confirmed that when the fluid is 
applied to the rock for a long time at constant high pressure (60–95% Pb), the 
rock eventually breaks up and produces a relatively tortuous hydraulic fracture 
form. Studying the constant pressure fatigue fracture mechanism in the fracture
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is helpful to deeply understand the internal mechanism of rock hydraulic frac-
turing and improve the rock hydraulic fracture theory. The fracturing pressure 
of reservoir rock can be effectively reduced by adjusting the constant flow and 
pressure injection methods, and the fracturing operation cost can be saved. 

(ii) In the actual hydraulic fracture process, especially for pulse hydraulic fracture 
and fatigue hydraulic fracture, fluid pressure in the cracks is always fluctuating 
[110, 111]. However, the existing hydraulic fracturing theory does not consider 
the dynamic change of heterogeneous cloth fluid pressure effect caused by 
viscous flow and flow decay, which is limited by engineering applications 
[112, 113]. The heterogeneous distribution effect of the fluid pressure in the 
joint can better reflect the dynamic propagation law of the hydraulic fracture 
in the actual fracturing process. 

(iii) At present, some progress has been made in studying the crack intersection 
mechanism of hydraulic approximation and fracture tip passivation, but the 
cognition of the critical transition state of the two processes is still not clear 
enough, and the predicted results of the criteria deviate significantly from the 
actual indoor experiments and engineering monitoring data [72, 114]; Consid-
ering the influence of fluid pressure, rock material, and mechanical properties 
of natural fracture, the composite criterion reflects the critical state of hydraulic 
and natural fracture, which is of great significance in analyzing the intersec-
tion of multiple fractures and predicting the formation of a complex fracture 
network. 

(vi) High-pressure fluid-driven hydraulic fracture to form fracture mesh is a 
dynamic, cyclic multiscale process [107]. The current research on complex 
fracture mesh focuses on reflecting the fracturing effect and the characteristics 
of reservoir breakdown through the macroscopic fracture morphology while 
less considering the fracture evolution law of the hydraulic loading process 
and the fracture characteristics after the breakdown. In in-depth exploring the 
formation mechanism of complex sewing nets, it is necessary to consider the 
effects of well-laying tube layout, geographical stress direction, stress shadow 
effect of cracks, and changes like reservoir medium on the evolution of complex 
fracturing networks and morphological characteristics. To further explore the 
formation mechanism of complex fracturing nets, it is necessary to consider 
the effects of well-laying tube layout, geographical stress direction, stress 
shadow effect of fracture, and changes like reservoir medium on the evolution 
of complex fracturing networks and morphological characteristics [115,116]. 
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