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Abstract
The scale of propagation of hydraulic fractures in deep shale is closely related to the effect of stimulation. In general, the 
most common means of revealing hydraulic fracture propagation rules are laboratory hydraulic fracture physical simulation 
experiments and numerical simulation. However, the former is difficult to meet the real shale reservoir environment, and 
the latter research focuses mostly on fracturing technology and the interaction mechanism between hydraulic fractures and 
natural fractures, both of which do not consider the influence of temperature effect on hydraulic fracture propagation. In this 
paper, the hydraulic fracturing process is divided into two stages (thermal shock and hydraulic fracture propagation). Based 
on the cohesive zone method, a coupled simulation method for sequential fracturing of deep shale is proposed. The effects of 
different temperatures, thermal shock rates, and times on the scale of thermal fractures are analyzed. As well as the effects of 
horizontal stress difference and pumping displacement on the propagation rule of hydraulic fractures. The results show that 
the temperature difference and the thermal shock times determine the size and density of thermal fractures in the surrounding 
rock of the borehole, and the number of thermal fractures increases by 96.5% with the increase of temperature difference. 
Thermal fractures dominate the initiation direction and propagation path of hydraulic fractures. The main hydraulic fracture 
width can be increased by 150% and the length can be increased by 46.3% by increasing the displacement; the secondary 
fracture length can be increased by 148.7% by increasing the thermal shock times. This study can provide some inspiration 
for the development of deep shale by improving the complexity of hydraulic fractures.
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Abbreviations
BEM	� Boundary element method
CZM	� Cohesive zone finite element model
DEM	� Discrete element method
FEM	� Finite element method
FVM	� Finite volume method
FLR	� Fracture length ratio
KGD	� Hhristionovch, Geertgma, Daneshy 2D hydraulic 

fracturing model
LEFM	� Linear elastic fracture mechanics

PFM	� Phase field method
SDEG	� Degree of stiffness degradation
SF	� Secondary fracture
XFEM	� Extended finite element method

Latin letters
cl	� Leakage coefficient, m pa−1 s−1

Cr	� Specific heat capacity, J kg−1 K−1

d	� Degree of stiffness degradation, dimensionless
dn(s)	� Normal displacement and tangential displace-

ment, mm
E	� Elastic modulus after damage, GPa
E0	� Initial elastic modulus, GPa
f 	� Body force, GPa
G	� Shear modulus, GPa
K	� Volume modulus, MPa
k	� Permeability tensor, μm2

pf	� Fracture pressure, MPa
pp	� Pore pressure, MPa
p	� Fluid pressure, MPa
q	� Fluid flow, m2 s−1
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ql	� Local leakage velocity, m s−1

qm	� Velocity vector of fluid flow, m s−1

Qh	� Heat source, J m−2 s−1

T 	� Absolute temperature, K
T0	� Constitutive thickness, mm
u	� Displacement, mm
w	� Thickness of the element, mm

Greek letters
�	� Biot’s coefficient, dimensionless
�T	� Thermal expansion coefficient, K−1

�0
m
	� Initial damage displacement, mm

�
f
m	� Complete damage displacement, mm
�max
m

	� Maximum load displacement, mm
�n(s)	� Normal strain and critical tangential strain, 

dimensionless
�	� Constant between 1 and 1.05, Dimensionless
�r	� Thermal conductivity, J m−1 s−1 K−1

�	� Fluid viscosity, mPa s
�	� Poisson’s ratio, dimensionless
�r	� Density, kg m−3

�	� Stress matrix, MPa
�n(s)	� Normal stress and tangential stress, MPa

�0
n(s)

	� Critical normal stresses and critical tangential 
stresses, MPa

�x(y)	� Maximum horizontal principal stress and mini-
mum horizontal principal stress, MPa

�	� Porosity, dimensionless

Introduction

Deep shale gas is taken as an important alternative field for 
unconventional oil and gas exploration and development, 
and how to form a large-scale production capacity is very 
important for China to guarantee energy security (Wei et al. 
2022). Even if horizontal well staged fracturing technology 
is currently the main means to improve the recovery rate of 
deep shale gas, due to the three high characteristics of the 
deep shale formation environment (high temperature, high 
in-situ stress, and high stress difference), the hydraulic frac-
turing effect is not good and the productivity decreases rap-
idly after fracturing (He et al. 2023; Yijin 2014). Therefore, 
in order to find out the reasons for the poor effect of hydrau-
lic fracturing in deep shale, it is necessary to understand the 
propagation rule of hydraulic fractures in deep shale.

However, conventional laboratory tests are difficult to 
meet the real shale reservoir environment (Qian et al. 2020), 
and most of the studies on numerical simulation focus on the 
fracturing technique and the interaction mechanism between 
hydraulic and natural fractures, both of which do not con-
sider the temperature effect. The purpose of this paper is 

to study the propagation law of hydraulic fractures under 
temperature effect by means of numerical simulation, but 
some research results without considering temperature effect 
still have certain reference significance. Boone and Ingraffea 
(1990) first used the finite element method (FEM) to approx-
imately simulate the fluid flow in the fracture and to deter-
mine the size of the fractures based on a KGD-like model. 
Hunsweck et al. (2013) used linear elastic fracture mechan-
ics (LEFM) as a criterion for fracture propagation. Both of 
them finally simulate the propagation behavior of hydraulic 
fractures in impermeable elastic media. Carrier and Granet 
(2012) used the cohesive zone finite element model (CZM) 
to simulate the propagation behavior of hydraulic fractures 
in permeable media, and noted that the propagation path of 
hydraulic fractures has a strong correlation with the perme-
ability of the matrix. Similarly, Yao et al. (2015) used the 
cohesive element to simulate the crack propagation process 
and noted that the brittleness index and fracture opening 
were inversely correlated with the elastic modulus. Settgast 
et al. (2017) combined FEM with finite volume method 
(FVM) to simulate the field-scale hydraulic fracture propa-
gation behavior. Wang et al. (2012) developed a 3D hydrau-
lic fracturing model and noted that the fracture height will 
decrease with high interfacial tensile strength, low elastic 
modulus, and in-situ stress. Based on the hydraulic fractur-
ing parameters, Wang et al. (2017) optimized the perfora-
tion cluster distance, while Tang et al. (2023) and Zhu et al. 
(2023). adjusted the temporary plugging process parameters 
to maximize the fracturing volume. Some scholars have sim-
ulated the propagation process of hydraulic fractures based 
on extended finite element method (XFEM) (Gordeliy and 
Peirce 2013; Roth et al. 2020; Zeng et al. 2019), bound-
ary element method (BEM) (Hattori et al. 2017; Wu and 
Olson 2014), discrete element method (DEM) (Hamidi and 
Mortazavi 2014; Zhang et al. 2016) and phase field method 
(PFM) (Mikelić et al. 2019; Wheeler et al. 2014; Yoshioka 
and Bourdin 2016), and some results with engineering guid-
ing significance have been obtained.

The simulation of deep shale hydraulic fracturing process 
is actually a typical complex multi-field coupling problem 
involving fluid-rock mass heat transfer, rock deformation, 
rock damage and fluid flow. Most studies have shown that the 
change of temperature has a significant effect on the overall 
morphology of hydraulic fractures. Especially under high 
temperature conditions, the thermal shock effect of low tem-
perature fracturing fluid will induce microfracture formation 
in openhole section (Guo et al. 2022; Wu et al. 2018), which 
not only hinders the formation of complex fractures, but also 
greatly reduces the conductivity of hydraulic fractures. In order 
to further study the causes of these differences and the propa-
gation rule of hydraulic fractures, more dynamic evolution 
processes of hydraulic fractures and rock field variables need 
to be obtained. Unfortunately, on the one hand, the current test 
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conditions are not able to monitor these important processes. 
On the other hand, compared to the typical hydraulic fractur-
ing physical model test, the expense of the test under high 
temperature and pressure is significantly higher, and it does 
not seem feasible to repeat the test in large numbers. Therefore, 
with the help of numerical simulation technology, the initiation 
as well as the propagation of hydraulic fractures can be carried 
out in two steps (thermal shock and hydraulic fracture propa-
gation). Based on the CZM, a numerical model of hydraulic 
fracture propagation considering the thermal shock effect is 
established. The effects of different temperatures, thermal 
shock rates, and times on the scale of thermal fractures are 
analyzed. The evolution rule of hydraulic fracture propagation 
behavior and characteristic parameters under thermal shock 
are revealed. This study can provide some inspiration for the 
development of deep shale by improving the complexity of 
hydraulic fractures.

Simulation method and model setup

In order to simulate the process of borehole surrounding rock 
cracking and subsequent hydraulic fracture propagation after 
thermal effect. A numerical calculation model is established 
based on the CZM theory. The model first calculates the dam-
age zone of the borehole surrounding rock after the thermal 
shock, then reconstructs the damage zone and calculates the 
propagation path of the hydraulic fracture. In this model, 
the rock deformation is simulated by the physical property 
parameters given to the basic elements, and the rock cracking 
caused by thermal stress and fluid pressure is simulated by the 
cementation surface between the basic elements. Finally, the 
thermo-solid coupling, fluid–solid coupling and deformation 
fracture process in the overall model can be solved by the cor-
responding governing equations (Wu et al. 2023a, b).

Governing equations

Stress balance equation

Considering the influence of temperature and pore pressure 
changes on rock deformation, there is the following Navier-
type stress equilibrium equation (Zhang et al. 2021):

where G is the shear modulus, u is the displacement, � is 
the Poisson’s ratio, � is the Biot’s coefficient, pp is the pore 
pressure, K is the volume modulus, �T is the thermal expan-
sion coefficient of rock, T  is the absolute temperature, and 
f  is the body force.

(1)Gui,jj +
G

1 − 2v
uj,ji − �pp − K�TTi + fi = 0

Heat transfer equation

The thermal shock problem of low temperature fluid can be 
considered as the problem of thermos-solid coupling in the 
process of rapid temperature reduction. In the model, it is 
assumed that the rock is in a local thermal equilibrium state 
during the rapid cooling process and only heat conduction 
is considered. Then there is the following heat transfer equa-
tion (Ogata et al. 2018):

where � is the porosity of rock, �r is the density of rock, Cr 
is the specific heat capacity of rock, �r is the thermal con-
ductivity of rock, and Qh is the heat source.

Criteria for fracture initiation and propagation

The finite element model used in this paper is to realize the 
initiation and propagation of fractures (thermal fractures and 
hydraulic fractures) by inserting global cohesive elements at 
the boundaries of all elements. The linear-elastic relation-
ship of the cohesive element simulates the initial deforma-
tion of the fracture (Guo et al. 2015; Wu et al. 2023a, b; Wu 
et al. 2020):

where � , �n and �s are stress matrix, normal stress and tan-
gential stress. The above stress is obtained by stiffness and 
strain, and the corresponding strain is as follows:

where dn, ds and T0 are normal displacement, tangential dis-
placement and constitutive thickness.

The maximum stress criterion was used to simulate frac-
ture initiation when the fracture started to expand:

where �0
n
 and �0

s
 are the critical stresses in different direc-

tions; ⟨⋅⟩ is the tensile stress only, and � is a constant between 
1 and 1.05. The degree of weakening of the stiffness of the 
cohesive element when the fracture opens can be expressed 
by the following equation (Dahi Taleghani et  al. 2018, 
2016):

(2)(1 − �)�rCr

�T

�t
= ∇ ⋅

(
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)
+ Qh

(3)� =

[
�n
�s

]

(4)�n =
dn

T0
, �s =

ds

T0

(5)
�⟨�n⟩

�0
n

�2

+

�
�s

�0
s

�2

= �

E = (1 − d)E0



1000	 Journal of Petroleum Exploration and Production Technology (2024) 14:997–1015

 where E0 is the initial elastic modulus, E is the elastic mod-
ulus after damage, d is the degree of stiffness degradation 
(SDEG), �fm is the complete damage displacement, �max

m
 is the 

maximum load displacement, and �0
m

 is the initial damage 
displacement.

In addition, in the process of hydraulic fracture propaga-
tion, assuming that the fracturing medium is incompressible 
Newtonian fluid, the flow of fluid in the cohesive unit is as 
follows:

where w is the thickness of the element, � is the fluid viscos-
ity, p is the fluid pressure. The process of fracture propaga-
tion is also accompanied by fluid leakage, and the rate of 
leakage can be expressed as follows:

where ql is the local leakage velocity per unit fracture sur-
face area, pp is the pore pressure, cl is the leakage coefficient.

The fluid flow in reservoir rock follows Darcy 's law:

where k is the permeability tensor, qm is the velocity vector 
of fluid flow.

Since the numerical modeling is divided into two stages 
of calculations: (1) the establishment and calculation of 
the thermal shock model of the borehole surrounding rock 
considering the temperature of the rock mass, the cooling 
rate and the number of thermal shock; (2) establishment 
and calculation of hydraulic fracturing model for recon-
structing thermal shock damage zone (identify the dam-
aged area → mark the damaged area → reconstruct the new 
model → eliminate the damaged area). In order to simplify 
the modeling and calculation process, this paper developed 
codes that automate modeling and computation and nested 
them into Abaqus software to realize batch calculation and 
processing. The modeling and calculation process of the 
whole model are shown in Fig. 1.

Initial model setup

Firstly, in order to study the thermal shock effect of low 
temperature fluid, according to the geometric characteris-
tics of laboratory test samples, the two-dimensional plane in 
the direction of horizontal wellbore is selected, as shown in 
Fig. 2. The model is a square with sides of 300 mm, and the 

(6)d =
�
f
m

(
�max
m

− �0
m

)

�max
m

(
�
f
m − �0

m

)

(7)q =
w3

12�
∇p

(8)ql = cl
(
pf − pp

)

(9)qm = −
k

�
∇pp

diameter of the borehole is 30 mm. The whole model is in a 
constant temperature state. The upper and lower boundaries 
simulate the in-situ stress state of the model by applying 
loads. The inner wall of the borehole is set as the tempera-
ture boundary condition (cooling heat conduction process), 
where an initial temperature of the borehole is set as well 
as the temperature of the borehole after it has cooled down 
for a specified calculation time. Secondly, in the process 
of simulating hydraulic fracturing, the in-situ stress state is 
realized by the "in-situ stress balance" module in ABAQUS. 
The injection point of fracturing fluid is the boundary of the 
whole borehole wall, and the pumping displacement is con-
stant. The rapid propagation of hydraulic fractures is driven 
by fluid pressure, and the whole simulation time is 100 s. 
It should be noted that the damage zone of the borehole 
surrounding rock in the first stage can be used as the initial 
damage point for the fracturing fluid injection in the second 
stage. It can not only eliminate the step that the traditional 
model needs to artificially define the initial damage point, 
but also further promote the convergence of the model.

Generally, the parameters required in the simulation are 
divided into formation parameters and engineering param-
eters, with the former generally including the stress state, 
formation temperature, and physical and mechanical prop-
erties of the rock, and the latter generally including the 
fracturing fluid pumping displacement and the viscosity of 
the fracturing fluid, etc. Where the process of initial stress 
equilibrium is solved by employing the initial equilibrium 
enhancement program in Abaqus/Standard (Wu et al. 2023a, 
b, 2021a, 2021b). In this paper, the simulation is conducted 
at the scale of laboratory tests, so the simulation parameters 
are mainly consistent with the laboratory test parameters. 
Considering the low porosity and permeability of shale 
reservoirs, the initial porosity ratio is set to 0.001, and the 
permeability is reduced from the set value to impermeable, 
as shown in Table 1.

Numerical experiment results

Cracking characteristics of borehole surrounding 
rock under thermal shock

The thermal shock effect is obvious for the promotion of 
thermal fracture formation in rock. Therefore, this paper first 
analyzes the process of heat transfer between low tempera-
ture fluid and high temperature rock mass in the process of 
hydraulic fracturing of deep shale. The influencing factors 
mainly include rock temperature, thermal shock rate and 
thermal shock times, which correspond to the formation 
temperature, fracturing fluid type and fracturing technique 
of the actual construction site.
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Effect of thermal shock temperature

The distribution characteristics of thermal fractures in bore-
hole surrounding rock with shale temperature of 100, 200, 
and 300 °C, open hole section cooling to 20 °C, and cooling 
time of 25 s are shown in Fig. 3. According to Fig. 3, due 
to the rapid decrease in temperature of the borehole sur-
rounding rock, some thermal fractures of different scales are 
formed under the action of thermal stress, which are evenly 
distributed along the circumference of the borehole. Under 
the condition of 100 ℃, the thermal fractures are sparser, and 
the opening degree is smaller, and the extension distance is 
shorter; under the condition of 200 ℃, the thermal fractures 
are gradually dense, and the opening degree is obviously 
increased, and they can be extended for a certain distance; 
under the condition of 300 ℃, the tendency to change the 
characteristics of the thermal fractures is more obvious. This 
shows that when the temperature of the thermal shock fluid 
is constant, the higher the shale temperature, the stronger 

the tensile stress generated on the surface of the borehole 
surrounding rock, the larger the thermal fracture occurs, and 
the more obvious the thermal shock effect.

In order to further analyze the distribution characteris-
tics of thermal fractures under different temperature con-
ditions, the number, width and length of thermal fractures 
with SDEG (cohesive element stiffness damage value) of 
0.98 ~ 1 were counted, as shown in Fig. 4. According to 
Fig. 4, at 100 °C, 29 thermal fractures were generated in 
the borehole surrounding rock; at 200 °C, 35 thermal frac-
tures were generated. At 300 °C, 57 thermal fractures were 
generated. With the increase of temperature, the number of 
hot seams shows an upward trend. Interestingly, no matter 
what kind of temperature conditions, there are two partitions 
in the thermal fracture scale, which are defined as small-
scale thermal fracture zone and large-scale thermal fracture 
zone, and the maximum fracture width thermal fracture is 
the optimal thermal fracture. At 100 °C, the scale zoning 
characteristics of thermal fractures are the most obvious. 

Fig. 1   Modeling workflow of 
the fracture’s initiation and 
propagation
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Small-scale thermal fractures are mainly distributed in the 
range of 2–8.5 μm in width and 2–4 μm in length. Large-
scale thermal fractures ranged from 7 to 11 μm in width and 
5.5–7 μm in length. The width and length of the optimal 
thermal fracture are 10.6 μm and 6.1 μm. At 200 °C, the 
scale zoning characteristics of thermal fractures are slightly 
weakened. Small-scale thermal fractures are mainly distrib-
uted in the range of 3–15 μm width and 6–13 μm length. 
Large-scale thermal fractures ranged from 15 to 30 μm in 
width and 13–19 μm in length. The width and length of 
the optimal thermal fracture are 29.9 μm and 18.9 μm. At 
300 °C, thermal fractures gradually gather at the junction of 
the partition. Small-scale thermal fractures ranged from 2 to 
15 μm in width and 8–20 μm in length. Large-scale thermal 
fractures ranged from 16 to 37 μm in width and 18–27 μm in 
length. The width and length of the optimal thermal fracture 
are 36.2 μm and 26.8 μm. With the increase of temperature, 

the width and length of thermal fractures become larger. The 
width and length of the optimal thermal fracture at 300 °C 
are about 3.5 times that of 100 °C. Under the driving of fluid 
pressure, hydraulic fractures are more likely to propagate 
directly along these large-scale thermal fractures.

In general, the thermal fractures in the borehole will not 
be fully opened by hydraulic fractures. Due to the overall 
increase in the scale of the thermal fracture, the hydraulic 
fracture certainly tends to open the thermal fracture with a 
relatively large fracture width, so it can be considered that 
the large-scale thermal fracture is a fracture with opening 
potential. Figure 4d shows the total number of thermal frac-
tures and the stacking histogram of thermal fractures with 
opening potential. According to Fig. 4d, 8, 19, and 28 ther-
mal fractures with open potential were produced at 100 °C, 
200 °C, and 300 °C, accounting for 27.5%, 54.2%, and 
49.1%, respectively. It can be seen that the thermal shock 
with a large temperature difference is the material basis for 
the formation of complex fractures by hydraulic fracturing.

Effect of thermal shock rate

Due to the shale at 200 ℃ to form the highest percentage of 
thermal fractures with opening potential, this section sets the 
shale temperature to 200 °C, the open hole section to 20 °C, 
and the cooling time to 25 s, 50 s, 100 s. To clarify the influ-
ence of thermal shock rate on thermal fracture characteristic 
parameters. The distribution of thermal fractures in bore-
hole surrounding rock under different thermal shock rates 
is shown in Fig. 5. According to Fig. 5, compared with the 
thermal shock duration of 25 s, when the duration is 50 s, the 
distance between the thermal fractures begins to increase, 
but the width and length begin to increase; when the dura-
tion is 100 s, the thermal fractures become sparse, and the 
width and length increase further. With the increase in ther-
mal shock duration, the thermal shock rate slows down, the 
density of thermal fractures gradually decreases, but the 
scale gradually increases. This is mainly because the ther-
mal shock time becomes longer, which means that the tem-
perature of the borehole surrounding rock decreases slowly, 

Fig. 2   Numerical model diagram

Table 1   Main parameters of numerical model

Parameter (units) Value Parameter (units) Value

Maximum horizontal principal stress (MPa) 85 Filtration coefficient (mPa−1 s−1) 5 × 10−13

Minimum horizontal principal stress (MPa) 70/77/81 Displacement (m3s−1) 0.0025/0.005/0.01
Elastic modulus (GPa) 25 Fluid viscosity (mPa s) 1
Poisson 's ratio 0.15 Rock temperature (℃) 100/200/300
Tensile strength (MPa) 8.96 Fluid temperature (℃) 20
Fracture toughness (MPa m0.5) 0.82 Rock thermal expansion coefficient (K−1) 2.2 × 10−5

Porosity (%) 6.37 Rock heat transfer coefficient (J m−1 s−1 K−1) 0.61
Permeability (μm2) 2.9 × 10−4 Rock specific heat capacity (J kg−1 K−1) 1.28 × 103
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and the heat exchange efficiency between the fluid and the 
rock becomes lower. The lower heat exchange efficiency 
will inhibit the initiation of rock, resulting in a decrease 
in the number of thermal fractures. However, the tensile 
stress caused by thermal shock will gradually increase, so 
the length and width will gradually increase.

The characteristic parameters of thermal fractures under 
different thermal shock rates are also counted, as shown in 
Fig. 6. According to Fig. 6, when the thermal shock duration 
is 50 s, 25 thermal fractures are generated in the borehole 
surrounding rock; when the duration is 100 s, the number of 
thermal fractures is reduced to 22. With the increase in ther-
mal shock duration, the number of thermal fractures shows a 
slow downward trend. In addition, the zoning characteristics 
of the thermal fracture scale under different thermal shock 
rates are still obvious. At 50 s, small-scale thermal fractures 
ranged from 2 to 23 μm in width and 5–20 μm in length. 

Large-scale thermal fractures ranged from 27 to 46 μm in 
width and 17.5–32.5 μm in length. The width and length of 
the optimal thermal fracture are 44.3 μm and 26.5 μm. At 
100 s, small-scale thermal fractures ranged from 3 to 28 μm 
in width and 6–26 μm in length, and large-scale thermal 
fractures ranged from 42 to 69 μm in width and 29–40 μm in 
length. The width and length of the optimal thermal fracture 
is 68.4 μm and 32.6 μm. With the decrease of thermal shock 
rate, the number of thermal fractures decreases slowly, but 
its width and length increase significantly. Under the condi-
tion of 200 °C, the width and length of the optimal thermal 
fracture 100 s are about 2.3 times that of 25 s.

According to Fig. 6d, 19, 14 and 11 thermal fractures 
with opening potential were generated in 25 s, 50 s and 
100 s, respectively, accounting for 54.2%, 56% and 50%, 
respectively. In addition, although the decrease of thermal 
shock rate increases the size of thermal fractures as a whole, 

Fig. 3   Distribution of thermal 
fractures in borehole surround-
ing rock at different temperature
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the proportion of thermal fractures with opening potential 
has not been significantly improved due to the decrease of 
the number of thermal fractures, which indicates that weak-
ening the heat exchange efficiency of fracturing fluid can-
not significantly improve the possibility of complex fracture 
formation in hydraulic fracturing.

Effect of thermal shock times

According to the above results, the change of thermal 
shock rate has little contribution to the width and length 
of thermal fractures. Therefore, in this section, the shale 
temperature is set to 200 °C, the open hole section to 20 °C, 
the cooling time is 25 s, and the number of thermal shocks 
is 1,5 and 10 times, so as to clarify the influence of the 
number of thermal shock on the characteristic parameters 
of thermal fractures. The distribution of thermal fractures 

in borehole surrounding rock under different thermal shock 
times is shown in Fig. 7. According to Fig. 7, compared 
with a single thermal shock, when thermal shocks times is 
5, the thermal fractures will not only widen but also extend 
forward obviously for a certain distance, and a large number 
of new small-scale thermal fractures will emerge. When the 
thermal shocks times is 10, only a small number of thermal 
fractures continue to extend forward, but new small-scale 
thermal cracks will continue to appear. At the same time, the 
thermal fracture will bifurcate during the extension process, 
which may be due to the local stress concentration at the tip 
of the thermal fracture, resulting in the secondary cracking 
of the fracture (Khalil and Emadi 2020). With the increase of 
the times of thermal shocks, the number of thermal fractures 
will increase, but the number of thermal fractures that con-
tinue to increase in width and length will begin to decrease. 
On the one hand, the cyclic thermal shock will continuously 

Fig. 4   Thermal fractures characteristic parameters at different temperature
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cause the cracking of the rock, so the formed thermal frac-
tures have temporal characteristics (i.e., time-order charac-
ter); on the other hand, the cyclic thermal shock will cause 
the accumulation of fatigue damage at the tip of the existing 
thermal fractures, so only the first formed thermal fractures 
have the most accumulated damage, and the trend of the 
increase in the size of their fractures is significantly better 
than the other accumulated thermal fractures with less dam-
age. This difference in damage accumulation will increase 
with the continuous increase of the thermal shock times, 
thus showing a trend of decreasing the number of thermal 
fractures with increasing scale.

The characteristic parameters of thermal fractures under 
different thermal shock times are counted, as shown in 
Fig. 8. According to Fig. 8, when the thermal shock times 
is 5, 44 thermal fractures are generated in the borehole 
surrounding rock; when the thermal shock times is 10, 
the number of thermal fractures continues to increase to 

52. The higher the number of thermal shock, the number 
of thermal fractures shows a slow upward trend, which is 
mainly attributed to the generation of small thermal frac-
tures under the action of cyclic thermal shock. The higher 
the number of thermal shock, the zoning characteristics 
of the thermal fracture scale become obvious. When the 
thermal shock times is 5, the small-scale thermal fractures 
are mainly distributed in the range of 2–24 μm in width 
and 5–28 μm in length, and the large-scale thermal frac-
tures are mainly distributed in the range of 32–48 μm in 
width and 25–36 μm in length. The width and length of the 
optimal thermal fracture are 50.0 μm and 32.1 μm. When 
the thermal shock times is 10, the scale zoning character-
istics are the most obvious. The small-scale thermal frac-
tures are mainly distributed in the range of 2–35 μm width 
and 5–40 μm length. The large-scale thermal fractures are 
mainly distributed in the range of 58–75 μm width and 
42–52 μm length. The width and length of the optimal 

Fig. 5   Distribution of thermal 
fractures in borehole surround-
ing rock at different thermal 
shock rate
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thermal fracture are 73.7 μm and 50.4 μm. The optimal 
thermal fracture width and length of 10 thermal shock 
times are about 2.5 times that of single thermal shock. It 
is worth noting that the numerical simulation results of the 
thermal fracture width after thermal shock are consistent 
with the measured results by Guo et al. (2022), which indi-
cates that it is reasonable and true to use the CZM to simu-
late the thermal cracking of borehole surrounding rock.

According to Fig. 8d, 19,7 and 5 thermal fractures with 
opening potential were generated after 1,5 and 10 thermal 
shocks, accounting for 54.2%, 15.9% and 9.6%, respec-
tively. With the increase of thermal shock times, although 
the proportion of thermal fractures with opening potential 
decreases significantly, the width and length of these large-
scale thermal fractures are significantly better than those 
of small-scale fractures, and the cumulative damage sum 
is also significantly greater than other thermal fractures. It 
can be inferred that if these large-scale thermal fractures can 
expand synchronously during hydraulic fracturing, the possi-
bility of forming complex fractures will be greatly improved.

Hydraulic fracture propagation characteristics 
of shale after thermal shock

At present, hydraulic fracturing is generally divided into 5 
stages: pipeline pressure test, pumping ahead liquid, pump-
ing carrying fluid, pumping displacement fluid and pres-
sure drop test. In the first two stages, the large amount of 
heat exchange process between low temperature fracturing 
fluid and high temperature rock mass can be regarded as a 
thermal shock. Based on the above concepts, this section 
reconstructs the damage zone of the borehole surrounding 
rock of, establishes a new numerical model of hydraulic 
fracture propagation and performs multi-factor calculation. 
The influencing factors include horizontal stress difference 
and pump displacement.

Effect of horizontal stress difference

The model parameters keep the thermal shock times 
unchanged (1), the maximum horizontal principal stress 

Fig. 6   Thermal fractures characteristic parameters at different thermal shock rate
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unchanged (85  MPa), and the pumping displacement 
unchanged (0.0025 m3/s). By changing the minimum hori-
zontal principal stress (70–77–81 MPa), a numerical calcu-
lation model with horizontal stress difference of 15 MPa, 
8 MPa and 4 MPa was established to analyze the influence of 
horizontal stress difference on the propagation morphology 
and complexity of hydraulic fractures.

When processing and analyzing the numerical calculation 
results, the propagation morphology of hydraulic fractures 
can be identified by the distribution cloud diagram of pore 
pressure. When the horizontal stress difference is 15 MPa, 
the hydraulic fracture morphology of different pumping 
time is shown in Fig. 9. According to Fig. 9a, in the initial 
stage of hydraulic fracturing, the hydraulic fracture starts 

from two thermal fractures, and the propagation direction is 
roughly parallel to the direction of the maximum horizontal 
principal stress. In the middle stage of hydraulic fracturing, 
one of the hydraulic fractures propagated for a certain dis-
tance and then stagnated (above Fig. 9b, defined as the sec-
ondary fracture), and the other hydraulic fracture propagated 
for a long distance (defined as the main fracture), and the 
propagation direction of both did not change significantly. At 
the end of hydraulic fracturing, the main fracture continues 
to propagate toward the sample boundary, and the second-
ary fracture propagation remains stagnant. It can be seen 
that under the condition of horizontal stress difference of 
15 MPa, whether it is the main hydraulic fracture or the sec-
ondary fracture, the direction of its propagation is difficult 

Fig. 7   Distribution of thermal fractures in borehole surrounding rock at different thermal shock times
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to deflect. Secondly, due to the limited fracture net pressure, 
even if multiple thermal fractures fracture synchronously, 
only one main hydraulic fracture can be formed in the end.

When the horizontal stress difference is 8  MPa, the 
hydraulic fracture morphology of different pumping time is 

shown in Fig. 10. According to Fig. 10, in the initial stage 
of hydraulic fracturing, the hydraulic fracture mainly starts 
from 4 thermal fractures. The main hydraulic fracture propa-
gated for a short distance while the other three secondary 
fractures intersect and propagated stagnation. In the middle 

Fig. 8   Thermal fractures characteristic parameters at different thermal shock times

Fig. 9   The propagation morphology of hydraulic fracture when the horizontal stress difference is 15 MPa
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stage of hydraulic fracturing, the main hydraulic fracture 
was deflected, firstly expanding to the west for a certain dis-
tance (defining the direction of maximum horizontal princi-
pal stress as due north), then a second deflection occurred, 
expanding in the northwest direction, and the state of propa-
gation of the secondary fracture did not change. At the end 
of hydraulic fracturing, the primary hydraulic fracture con-
tinued to propagate along the northwestern direction to the 
boundary without being deflected again. This suggests that 
under of horizontal ground difference of 8 MPa, although the 
main hydraulic fracture is prone to deflection in favor of the 
formation of curved and complex fractures, the secondary 
fracture is prone to intersection or stagnation of propagation 
near the well zone, which may lead to an increase in the 
flow friction within the fracture, and make the propagation 
distance of the hydraulic fracture limited.

When the horizontal stress difference is 4  MPa, the 
hydraulic fracture morphology of different pumping time 
is shown in Fig. 11. According to Fig. 11, the propagation 
paths and overall morphology of hydraulic fractures are 
similar to that of the horizontal stress difference of 8 MPa, 
with the main difference that the deflection angle of the main 
hydraulic fracture is larger at the initiation of the fracture, 

and the secondary fracture also appears to intersect in the 
near-well zone or the propagation is stagnant.

In order to further clarify the opening difficulty and mor-
phology characteristics of the hydraulic fractures, the break-
down pressures, fracture lengths, maximum fracture widths 
of the main hydraulic fractures, and deflection angles of the 
main hydraulic fractures (the angle between the direction of 
fracture propagation and the maximum horizontal principal 
stresses) were counted for different horizontal stress differ-
ences, as shown in Fig. 12. According to Fig. 12, the break-
down pressure gradually increases (83.6–92.7–106.1 MPa) 
as the horizontal stress difference decreases. As the pre-
existing thermal fractures continue to propagate to form 
the main hydraulic fracture, the fluid pressure only needs to 
overcome the horizontal minimum principal stress. The min-
imum horizontal principal stress gradually increases, and the 
breakdown pressure rises. The maximum width of the main 
hydraulic fracture gradually increases (0.08–0.10–0.11 mm), 
as the horizontal stress difference decreases. This suggests 
that two hydraulic fractures were formed under high hori-
zontal stress difference condition, one of which did not prop-
agate sufficiently but still required fluid flow distribution 
to maintain the openness, to some extent making the main 

Fig. 10   The propagation morphology of hydraulic fracture when the horizontal stress difference is 8 MPa

Fig. 11   The propagation morphology of hydraulic fracture when the horizontal stress difference is 4 MPa
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fracture width smaller than that under low horizontal stress 
difference condition (only one hydraulic fracture). The vari-
ation trend of the fracture length is not obvious (61.76 mm, 
11.07 mm for secondary fracture-81.88–67.75 mm), but it is 
not difficult to see that, under the condition of low horizontal 
stress difference, due to the change of the initiation direc-
tion and propagation direction of the main fracture, the main 
fracture propagation is affected by the horizontal maximum 
principal stress in the process of the propagation (deflected 
to maximum horizontal principal stress), thus increasing the 
distance of fracture propagation to a certain extent, which is 
most obvious when the horizontal stress difference is 8 MPa. 
It is worth noting that the ratio of the propagation distance 
of the secondary fracture to the propagation distance of the 
primary fracture (FLR) is 0.16 for high horizontal stress 
difference condition, which is relatively large compared to 
the medium and low horizontal stress difference, implying 
that the secondary fracture has the potential to continue 
to propagate. The deflection angle gradually increases 
(0.45°–42.28°–50.00°), as the horizontal stress difference 
decreases. Under the condition of high horizontal stress 
difference, the propagation direction of the main hydraulic 
fracture is largely controlled by the maximum horizontal 
principal stress, and the control effect is weakened by the 
reduction of the stress difference, the fracture is easy to be 
deflected, and the angle of deflection is then increased. In 
summary, the high stress difference is unfavorable to fracture 
deflection, which makes the main hydraulic fracture internal 

friction decrease, which creates conditions for the propaga-
tion of secondary fractures, but the propagation distance of 
secondary fractures is limited, and the overall fracture width 
is lower; the low stress difference is favorable to fracture 
deflection, and the main hydraulic fracture friction is larger, 
and its propagation pressure increases accordingly, which is 
unfavorable to the propagation of secondary fractures, but 
the overall fracture width is increased.

Effect of pumping displacement

The model parameters keep the thermal shock times 
unchanged (1), the maximum (minimum) horizontal prin-
cipal stress unchanged (85 MPa and 70 MPa). By changing 
the pumping displacement (0.005 m3/s and 0.01 m3/s), a 
new numerical calculation model was established to analyze 
the influence of pumping displacement on the propagation 
morphology and complexity of hydraulic fractures. The 
hydraulic fracture propagation morphology for a pumping 
displacement of 0.0025 m3/s as a reference group has been 
analyzed and illustrated in the previous section.

When the pumping displacement is 0.005 m3/s, the 
hydraulic fracture morphology of different pumping time is 
shown in Fig. 13. According to Fig. 13, in the initial stage 
of hydraulic fracturing, the hydraulic fractures were initi-
ated by 2 thermal fractures, which is consistent with the 
reference group, and since it was under the condition of 
high stress difference, the direction of fracture propagation 

Fig. 12   Characteristic parame-
ters of hydraulic fractures under 
different stress differences
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was all parallel to the direction of the maximum horizontal 
principal stress, and the two hydraulic fractures propagated 
at a comparable distance. In the middle stage of hydraulic 
fracturing, due to the increase of the displacement and the 
increase of fluid pressure, neither hydraulic fracture showed 
stagnation of propagation. The main hydraulic fracture prop-
agated over a long distance, and the secondary fracture had a 
tendency to be deflected to the east. The secondary fracture 
is not fully extended because the direction of propagation is 
perpendicular to the direction of the maximum horizontal 
principal stress. At the end of hydraulic fracturing, the main 
hydraulic fracture appeared to be stagnant after continuing to 
propagate towards the boundary for some distance. But the 
secondary fracture first extended a distance westward, and 
then extended a long distance to the boundary in the direc-
tion parallel to the maximum horizontal principal stress. 
The fracture width and fracture length changed significantly 
compared with the low displacement.

When the pumping displacement is further increased to 
0.01 m3/s, he hydraulic fracture morphology of different 
pumping time is shown in Fig. 14. According to Fig. 14, in 
the initial stage of hydraulic fracturing, the hydraulic frac-
ture is still initiated and propagated by 2 thermal fractures 

parallel to the maximum horizontal principal stress. Differ-
ent from the other two displacement conditions, the main 
hydraulic fracture has expanded a large distance compared 
with the secondary fracture. In the middle stage of hydraulic 
fracturing, the main hydraulic fracture continued to propa-
gate and the width of the fracture increased significantly, 
while the secondary fracture appeared to be deflected to the 
west after propagating for a short distance, and the propaga-
tion rate was significantly lower compared with that of the 
main hydraulic fracture. At the end of hydraulic fracturing, 
the main hydraulic fracture propagation stagnates, the sec-
ondary fracture propagation rate becomes larger, and its path 
gradually returns to the direction parallel to the maximum 
horizontal principal stress while propagating to the bound-
ary, and the length and width of the secondary fracture are 
significantly increased compared with the previous two dis-
placement conditions.

Characteristic parameters of hydraulic fractures under 
different stress differences, are shown in Fig. 15. Accord-
ing to Fig. 15, the breakdown pressure gradually increased 
(83.6–84.8–96.9  MPa) with the increase of pumping 
displacement, which is consistent with the results of 
most scholars, mainly due to the fact that the higher the 

Fig. 13   The propagation morphology of hydraulic fracture when the pumping displacement is 0.005 m3/s

Fig. 14   The propagation morphology of hydraulic fracture when the pumping displacement is 0.01 m3/s
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displacement, the faster the fluid flow rate in the wellbore, 
the higher the friction, the net pressure decreases, and the 
fluid pressure reflected to the wellhead increases at a certain 
rock breakdown pressure. The maximum width of the main 
hydraulic fracture increases gradually (0.08–0.14–0.20 mm). 
When cracking starts from the same thermal fracture, an 
increase in displacement means more fluid feed to the frac-
ture, and if the hydraulic fracture is of a certain length, 
then the width of the fracture increases. A clear trend of 
increasing length of the fractures (67.56 mm, 11.07 mm 
for secondary fracture-81.30 mm, 85.51 mm for second-
ary fracture-98.80 mm,119.28 mm for secondary fracture) 
was observed. As the fracture propagation rate is acceler-
ated by the increased fluid pressure, when the propagation 
of the main hydraulic fracture is stagnant, the secondary 
fracture will also propagate rapidly, and the fracture length 
of the secondary fracture may even exceed that of the main 
hydraulic fracture. This is evident from the FLR, which also 
increases from 0.12 to 1.05 eventually reaching 1.20 as the 
pumped displacement is gradually increased to four times 
that of the reference group. The variation of the deflection 
angle is less pronounced (0.45°–0.51°–0.49°), due to the fact 
that the direction of fracture propagation is tightly controlled 
by the maximum horizontal principal stresses at high levels 
of stress difference. In summary, high pumping displacement 
leads to an increase in breakdown pressure, which increases 
the construction difficulty. However, the high in-fracture net 

pressure provided by the increased displacement is, on the 
one hand, conducive to the increase of the main hydraulic 
fracture width and length; on the other hand, it enhances 
the propagation distance of the secondary fracture, which 
contributes to the formation of the complex fracture.

Discussion

In view of the fact that the increase in pumping dis-
placement has a significant increase in the characteristic 
parameters of both the main and secondary fractures, is 
it possible to maximize the extent of hydraulic fracture 
propagation if the pumping displacement is increased after 
the cyclic thermal shock. Based on the above concept, the 
numerical model with maximum and minimum horizon-
tal principal stresses of 85 MPa and 70 MPa, pumping 
displacement of 0.01 m3/s, and 10 times thermal shocks 
was established and calculated, and the propagation mor-
phology of its hydraulic fractures, as shown in Fig. 16. 
In the initial stage of hydraulic fracturing, all sizes of 
thermal fractures on the borehole perimeter are open, and 
the hydraulic fracture continues to be initiated by the two 
largest sizes of thermal fractures, similar to the previ-
ous numerical modeling results. In the middle stage of 
hydraulic fracturing, the previously defined main hydrau-
lic fracture expands synchronously with the secondary 

Fig. 15   Characteristic parame-
ters of hydraulic fractures under 
different pumping displacement
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fracture, and the secondary fracture expands at a slightly 
faster rate than the main hydraulic fracture, and the frac-
ture widths of both increase significantly. At the end of 
hydraulic fracturing, both the main hydraulic fracture and 
the secondary fracture expanded steadily to the boundary, 
and there was no stagnation or deflection in the propaga-
tion. From the statistical results of fracture characteriza-
tion parameters, the rupture pressure is 94.35 MPa, which 
is not significantly improved compared with the results 
of low-displacement and multiple thermal impacts. The 
main hydraulic fracture is 119.95 mm long and 0.18 mm 
wide, the length of the fracture is increased by 77.5% and 
the width of the fracture is increased by nearly 130% com-
pared with a single thermal shock. The secondary length is 
110.80 mm and the width is 0.08 mm, which is an increase 
of nearly 9 times in length and 22.3% in width compared 
to a single thermal shock. The FLR is 0.92, which is a 
significant improvement. In summary, the pumping mode 
of cyclic thermal shock followed by large displacement 
helps to further expand the degree of hydraulic fracture. 
For fracturing construction, the fracturing mode of cyclic 
thermal shock with increased displacement undoubtedly 
enhances the fracture complexity. When the ultimate 
pumping pressure is limited, only cyclic thermal shock is 
a good choice to increase the degree of fracture propaga-
tion. If it is difficult to implement the cyclic thermal shock.

Conclusions

Based on the cohesive zone method, a coupled simulation 
method for sequential fracturing of deep shale is proposed. 
The thermal fracture initiation and hydraulic fracture propa-
gation models of borehole surrounding rock are established, 
and the variation rule of thermal fractures characteristic 
parameters and the propagation behavior of hydraulic frac-
tures are analyzed. The main conclusions are as follows:

(1)	 During thermal shock, the number of thermal fractures 
increased by up to 96.5% with increasing shock tem-
perature difference; the optimal thermal fracture width 
and length increased by up to 350%; and the percentage 
of thermal fractures with opening potential increased 
by up to 26.7%. Thermal fractures with more accumu-
lated damage and opening potential are more likely to 
propagate under the driving force of fluid pressure.

(2)	 Hydraulic fractures are always based on the initiation 
and propagation of thermal fractures. The magnitude 
of the horizontal stress difference is the main control-
ling factor of the hydraulic fracture propagation direc-
tion. The magnitude of pumping displacement is the 
main control factor of hydraulic fracture scale, with the 
increase of pumping displacement, the main hydrau-
lic fracture width increases by up to 150%, the length 
increases by up to 46.3%, and the fracture length ratio 
also increases by nearly 7.5 times. The thermal shock 
times was the main controlling factor for the variation 
of secondary fracture length, and as the number of 
thermal shocks increased from 1 to 10, the secondary 
fracture length increased by up to 148.7%, and the FLR 
also increased by almost 3.4 times.

(3)	 Increasing the thermal shock times can exacerbate the 
changes in the scale of thermal fractures, and increas-
ing the pumping displacement can effectively promote 
the simultaneous propagation of multiple thermal frac-
tures. The cyclic thermal shock and large displacement 
pump injection method are beneficial to improve the 
fracture formation effect of complex fractures in shale 
hydraulic fracturing and enhance the recovery of deep 
shale gas.

Acknowledgements  This study was financial supported by the National 
Natural Science Foundation of China (Nos. 52104046, 52104010).

Funding  This study was funded by the National Natural Science Foun-
dation of China (Nos. 52104046, 52104010).

Fig. 16   The propagation morphology at large displacements and high times of thermal shock



1014	 Journal of Petroleum Exploration and Production Technology (2024) 14:997–1015

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Ethics approval  All ethical requirements of the journal are met. This 
article does not contain any studies with human participants or animals 
performed by any of the authors.

Consent to participate  All authors agree to be the author of the pub-
lication.

Consent for publication  All authors agree to submit their publications 
to this journal.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Boone TJ, Ingraffea AR (1990) A numerical procedure for simulation 
of hydraulically-driven fracture propagation in poroelastic media. 
Int J Numer Anal Methods Geomech 14:27–47

Carrier B, Granet S (2012) Numerical modeling of hydraulic fracture 
problem in permeable medium using cohesive zone model. Eng 
Fract Mech 79:312–328

Dahi Taleghani A, Gonzalez-Chavez M, Yu H, Asala H (2018) Numeri-
cal simulation of hydraulic fracture propagation in naturally frac-
tured formations using the cohesive zone model. J Petrol Sci Eng 
165:42–57

Dahi Taleghani A, Gonzalez M, Shojaei A (2016) Overview of numeri-
cal models for interactions between hydraulic fractures and 
natural fractures: challenges and limitations. Comput Geotech 
71:361–368

Gordeliy E, Peirce A (2013) Coupling schemes for modeling hydraulic 
fracture propagation using the XFEM. Comput Methods Appl 
Mech Eng 253:305–322

Guo J, Zhao X, Zhu H, Zhang X, Pan R (2015) Numerical simula-
tion of interaction of hydraulic fracture and natural fracture based 
on the cohesive zone finite element method. J Nat Gas Sci Eng 
25:180–188

Guo W, Guo Y, Yang C, Wang L, Chang X, Yang H, Bi Z (2022) 
Experimental investigation on the effects of heating-cooling 
cycles on the physical and mechanical properties of shale. J Nat 
Gas Sci Eng 97:104377

Hamidi F, Mortazavi A (2014) A new three dimensional approach to 
numerically model hydraulic fracturing process. J Petrol Sci Eng 
124:451–467

Hattori G, Trevelyan J, Augarde CE, Coombs WM, Aplin AC (2017) 
Numerical simulation of fracking in shale rocks: current state and 
future approaches. Arch Comput Methods Eng 24:281–317

He X, Chen G, Wu J, Liu Y, Wu S, Zhang J, Zhang X (2023) Deep 
shale gas exploration and development in the southern Sichuan 
Basin: new progress and challenges. Nat Gas Ind B 10:32–43

Hunsweck MJ, Shen Y, Lew AJ (2013) A finite element approach to 
the simulation of hydraulic fractures with lag. Int J Numer Anal 
Methods Geomech 37:993–1015

Khalil R, Emadi H (2020) An experimental investigation of cryo-
genic treatments effects on porosity, permeability, and mechani-
cal properties of Marcellus downhole core samples. J Nat Gas 
Sci Eng 81:103422

Mikelić A, Wheeler MF, Wick T (2019) Phase-field modeling 
through iterative splitting of hydraulic fractures in a poroelastic 
medium. GEM Int J Geomath 10:2

Ogata S, Yasuhara H, Kinoshita N, Cheon D-S, Kishida K (2018) 
Modeling of coupled thermal-hydraulic-mechanical-chemical 
processes for predicting the evolution in permeability and reac-
tive transport behavior within single rock fractures. Int J Rock 
Mech Min Sci 107:271–281

Qian Y, Guo P, Wang Y, Zhao Y, Lin H, Liu Y (2020) Advances 
in laboratory-scale hydraulic fracturing experiments. Adv Civ 
Eng 2020:1386581

Roth S-N, Léger P, Soulaïmani A (2020) Strongly coupled XFEM 
formulation for non-planar three-dimensional simulation of 
hydraulic fracturing with emphasis on concrete dams. Comput 
Methods Appl Mech Eng 363:112899

Settgast RR, Fu P, Walsh SDC, White JA, Annavarapu C, Ryerson FJ 
(2017) A fully coupled method for massively parallel simulation 
of hydraulically driven fractures in 3-dimensions. Int J Numer 
Anal Methods Geomech 41:627–653

Tang X, Zhu H, Che M, Wang Y (2023) Complex fracture propa-
gation model and plugging timing optimization for temporary 
plugging fracturing in naturally fractured shale. Pet Explor Dev 
50(1):152–165

Wang H, Liu H, Wu HA, Zhang GM, Wang XX (2012) A 3D non-
linear fluid-solid coupling model of hydraulic fracturing for 
multilayered reservoirs. Pet Sci Technol 30:2273–2283

Wang T, Liu Z, Gao Y, Zeng Q, Zhuang Z (2017) Theoretical and 
numerical models to predict fracking debonding zone and opti-
mize perforation cluster spacing in layered shale. J Appl Mech 
85:011001

Wei T, Guosheng Z, Peng X (2022) Analyze key areas and orienta-
tions of technological innovation for oil and gas exploration and 
development in 14th five-year plan period. Pet. Sci. Technol. 
Forum 41:7–15

Wheeler MF, Wick T, Wollner W (2014) An augmented-Lagrangian 
method for the phase-field approach for pressurized fractures. 
Comput Methods Appl Mech Eng 271:69–85

Wu K, Olson JE (2014) Simultaneous multifracture treatments: fully 
coupled fluid flow and fracture mechanics for horizontal wells. 
SPE J 20:337–346

Wu M, Jiang C, Song R, Liu J, Li M, Liu B, Shi D, Zhu Z, Deng B 
(2023a) Comparative study on hydraulic fracturing using differ-
ent discrete fracture network modeling: insight from homogene-
ous to heterogeneity reservoirs. Eng Fract Mech 284:109274

Wu MY, Zhang DM, Wang WS, Li MH, Liu SM, Lu J, Gao H (2020) 
Numerical simulation of hydraulic fracturing based on two-
dimensional surface fracture morphology reconstruction and 
combined finite-discrete element method. J Nat Gas Sci Eng 
82:103479

Wu M, Song R, Zhu Z, Liu J (2023b) A study on equivalent perme-
ability models for tree-shaped fractures with different geometric 
parameters. Gas Sci Eng 112:204946

Wu M, Wang W, Song Z, Liu B, Feng C (2021a) Exploring the 
influence of heterogeneity on hydraulic fracturing based on the 
combined finite–discrete method. Eng Fract Mech 252:107835

http://creativecommons.org/licenses/by/4.0/


1015Journal of Petroleum Exploration and Production Technology (2024) 14:997–1015	

Wu M et al (2021b) The pixel crack reconstruction method: from frac-
ture image to crack geological model for fracture evolution simu-
lation. Constr Build Mater 273:121733

Wu X, Huang Z, Li R, Zhang S, Wen H, Huang P, Dai X, Zhang C 
(2018) Investigation on the damage of high-temperature shale sub-
jected to liquid nitrogen cooling. J Nat Gas Sci Eng 57:284–294

Yao Y, Liu L, Keer LM (2015) Pore pressure cohesive zone modeling 
of hydraulic fracture in quasi-brittle rocks. Mech Mater 83:17–29

Yijin Z (2014) Integration technology of geology engineering for shale 
gas development. Pet Drill Tech 42:1–6

Yoshioka K, Bourdin B (2016) A variational hydraulic fracturing 
model coupled to a reservoir simulator. Int J Rock Mech Min Sci 
88:137–150

Zeng Q-D, Yao J, Shao J (2019) Study of hydraulic fracturing in an ani-
sotropic poroelastic medium via a hybrid EDFM-XFEM approach. 
Comput Geotech 105:51–68

Zhang B, Li X, Zhang Z, Wu Y, Wu Y, Wang Y (2016) Numerical 
investigation of influence of in-situ stress ratio. Inject. Rate Fluid 
Viscosity Hydraul Fract Propag Using Distinct Elem Approach 
9:140

Zhang W, Wang C, Guo T, He J, Zhang L, Chen S, Qu Z (2021) 
Study on the cracking mechanism of hydraulic and supercriti-
cal CO2 fracturing in hot dry rock under thermal stress. Energy 
221:119886

Zhu H, Huang C, Tang X, McLennan JD (2023) Multicluster fractures 
propagation during temporary plugging fracturing in naturally 
fractured reservoirs integrated with dynamic perforation erosion. 
SPE J 28(04):1986–2002

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Numerical simulation of hydraulic fracture propagation after thermal shock in shale reservoir
	Abstract
	Introduction
	Simulation method and model setup
	Governing equations
	Stress balance equation
	Heat transfer equation
	Criteria for fracture initiation and propagation

	Initial model setup

	Numerical experiment results
	Cracking characteristics of borehole surrounding rock under thermal shock
	Effect of thermal shock temperature
	Effect of thermal shock rate
	Effect of thermal shock times

	Hydraulic fracture propagation characteristics of shale after thermal shock
	Effect of horizontal stress difference
	Effect of pumping displacement


	Discussion
	Conclusions
	Acknowledgements 
	References




