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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.

Keywords Deep shale - Hydraulic fracturing - Fracture propagation - Thermal shock - Numerical simulation

Abbreviations PFM  Phase field method
BEM  Boundary element method SDEG Degree of stiffness degradation
CZM  Cohesive zone finite element model SF Secondary fracture
DEM  Discrete element method XFEM Extended finite element method

FEM Finite element method
FVM Finite volume method
FLR Fracture length ratio
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q Local leakage velocity, m s~

A Velocity vector of fluid flow, m s~!
O Heat source, J m 2 s~

T Absolute temperature, K

T, Constitutive thickness, mm

u Displacement, mm

w Thickness of the element, mm

Greek letters

a Biot’s coefficient, dimensionless

ar Thermal expansion coefficient, K!

521 Initial damage displacement, mm

5;1 Complete damage displacement, mm

omax Maximum load displacement, mm

Encs) Normal strain and critical tangential strain,
dimensionless

A Constant between 1 and 1.05, Dimensionless

A Thermal conductivity, J m~! s K~!

u Fluid viscosity, mPa s

% Poisson’s ratio, dimensionless

Pr Density, kg m™

c Stress matrix, MPa

Oncs) Normal stress and tangential stress, MPa

ag(s) Critical normal stresses and critical tangential
stresses, MPa

Oriy) 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
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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) (Mikeli¢ 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):

G

Ui+ T oy i

—ap, — Ko T; + ;=0 1
where G is the shear modulus, u is the displacement, v is
the Poisson’s ratio, « is the Biot’s coefficient, p,, is the pore
pressure, K is the volume modulus, e is the thermal expan-
sion coefficient of rock, T is the absolute temperature, and
f is the body force.

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):

oT
(1=, Co =V - (1= @AVT) + 0, ©)
where @ is the porosity of rock, p, is the density of rock, C,
is the specific heat capacity of rock, 4, is the thermal con-

ductivity of rock, and @y, 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):

O-l’l
o= [GJ 3

where o, 0, and o, 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:
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where d,, d, and T, 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:

2 2
() (a)

where 0'2 and a;) are the critical stresses in different direc-
tions; (-) is the tensile stress only, and 4 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):

E=(1-dF°
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where EC is the initial elastic modulus, E is the elastic mod-
ulus after damage, d is the degree of stiffness degradation
(SDEG), 5’;, is the complete damage displacement, 6,"** is the
maximum load displacement, and 53[ 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:

=2y
q P P )

where w is the thickness of the element, g 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:

g =c(pi—p,) (8)

where ¢, is the local leakage velocity per unit fracture sur-
face area, p, is the pore pressure, ¢, is the leakage coefficient.
The fluid flow in reservoir rock follows Darcy 's law:

k
4w =——Vp 9
AR )

where k is the permeability tensor, g,, 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
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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 °C, the thermal fractures are sparser, and
the opening degree is smaller, and the extension distance is
shorter; under the condition of 200 °C, 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 °C, 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.
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Fig.2 Numerical model diagram

Small-scale thermal fractures are mainly distributed in the
range of 2—-8.5 pm in width and 2-4 pm in length. Large-
scale thermal fractures ranged from 7 to 11 pm in width and
5.5-7 pm in length. The width and length of the optimal
thermal fracture are 10.6 pm and 6.1 pm. 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 pm width and 6-13 pm length.
Large-scale thermal fractures ranged from 15 to 30 um in
width and 13-19 pm in length. The width and length of
the optimal thermal fracture are 29.9 pm and 18.9 pm. At
300 °C, thermal fractures gradually gather at the junction of
the partition. Small-scale thermal fractures ranged from 2 to
15 pm in width and 8-20 pm in length. Large-scale thermal
fractures ranged from 16 to 37 pm in width and 18-27 pm in
length. The width and length of the optimal thermal fracture
are 36.2 pm and 26.8 pm. With the increase of temperature,

Table 1 Main parameters of numerical model

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 “C 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,

Parameter (units) Value Parameter (units) Value

Maximum horizontal principal stress (MPa) 85 Filtration coefficient (mPa~! s™1) 5x1071
Minimum horizontal principal stress (MPa) 70/77/81 Displacement (ms~1) 0.0025/0.005/0.01
Elastic modulus (GPa) 25 Fluid viscosity (mPa s) 1

Poisson 's ratio 0.15 Rock temperature (‘C) 100/200/300
Tensile strength (MPa) 8.96 Fluid temperature (C) 20

Fracture toughness (MPa m®?) 0.82 Rock thermal expansion coefficient (K™ 22x1073
Porosity (%) 6.37 Rock heat transfer coefficient (J m™' s™! K=1) 0.61

Permeability (um?) 29%x10™ Rock specific heat capacity (J kg~! K™1) 1.28x10°
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Fig. 3 Distribution of thermal
fractures in borehole surround-
ing rock at different temperature
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Temperature:300 — 20 °C, Thermal shock times:1

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 pm in width and 5-20 pm in length.

Large-scale thermal fractures ranged from 27 to 46 um in
width and 17.5-32.5 pm in length. The width and length of
the optimal thermal fracture are 44.3 pm and 26.5 pm. At
100 s, small-scale thermal fractures ranged from 3 to 28 pm
in width and 6-26 pm in length, and large-scale thermal
fractures ranged from 42 to 69 pm in width and 2940 pm in
length. The width and length of the optimal thermal fracture
is 68.4 pm and 32.6 pm. 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,

@ Springer



1004 Journal of Petroleum Exploration and Production Technology (2024) 14:997-1015
8 20 - — \r
e q"
(a) 100 °C 5L (b) 200 °C - ,
7F ,'/’ \\\\ ’/. o i
i N ’ ® ,
. Lo lEer ;%
EXd ’ S 2 o
= . 8% K Z 14t , o®
.~ _- k) JPte N P
851 s 12} T e ® -----
I ) E :
2 =TT T~ 2 L J
R £ ;
B~ /,f \‘ 8 _’/ [ ® ./,//
[ e /! i @® .
3F '\\ o° ‘.‘ w ./’ 6 @ “..‘ g
_® o &
2 1 \I“T"F_‘_—I/‘V/I 1 1 1L gl v v e e e 11y
2 3 4 5 6 7 8 9 10 11 12 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Fracture width (um) Fracture width (um)
30 DTN 60
300 °C 19
27t (©) % % 9
, P ) y 50 H Thermal crack with opening potential
. S o ) Thermal crack with low opening potential
—~ 24 F / ® ’
g A o g
~ ] e 40
=5 21} ¢ .
B ) &9 o e .-
5. AR M z
o 181 o e 330k 542
g | O )
g 15F/ : )
&% ’ p Py 20 +
lZ/— o ° J
i ° 0% /// 10 b
93".. e .
6 \\ ;I_ //l// 1 1 1 1 1 0
5 10 15 20 25 30 35 100 200 300
Fracture width (um) Temperature (°C)

Fig.4 Thermal fractures characteristic parameters at different temperature

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
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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
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Fig.5 Distribution of thermal
fractures in borehole surround-
ing rock at different thermal
shock rate
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Temperature:200 — 20 °C, Thermal shock duration:100 s

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 pm in width
and 5-28 pm in length, and the large-scale thermal frac-
tures are mainly distributed in the range of 32—48 pm in
width and 25-36 pm in length. The width and length of the
optimal thermal fracture are 50.0 pm and 32.1 pm. 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 pm width
and 5—40 pm length. The large-scale thermal fractures are
mainly distributed in the range of 58-75 pm width and
42-52 pm length. The width and length of the optimal
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Fig.6 Thermal fractures characteristic parameters at different thermal shock rate

thermal fracture are 73.7 pm and 50.4 pm. 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.

@ Springer

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
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unchanged (85 MPa), and the pumping displacement
unchanged (0.0025 m?/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

@ Springer
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Fig.9 The propagation morphology of hydraulic fracture when the horizontal stress difference is 15 MPa

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

@ Springer

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
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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

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

@ Springer
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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
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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 m%/s and 0.01 m?%/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 m?/s as a reference group has been
analyzed and illustrated in the previous section.

When the pumping displacement is 0.005 m?/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
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Fig. 14 The propagation morphology of hydraulic fracture when the pumping displacement is 0.01 m*/s

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 m%/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
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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
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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 m?/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
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Fig. 16 The propagation morphology at large displacements and high times of thermal shock

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.
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