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ABSTRACT

The interaction process among hydraulic fractures and natural fractures, bedding planes, and other
discontinuities during shale fracturing determines the complexity of the fracture network that is
formed. However, the current conclusions and understanding of the mechanisms underlying the
interaction between hydraulic and natural fractures, as well as their primary controlling factors, fail to
meet the requirements of hydraulic fracturing operations, thereby restricting the efficient development
of shale gas resources. Therefore, in this study, a coupled thermal-hydraulic-mechanical finite element
numerical model that is based on the maximum tensile stress and the Mohr-Coulomb criterion is
established, thereby considering rock deformation, fluid flow, and heat transfer. The reliability of this
model is validated on the basis of previous research. This model is subsequently employed to simulate
the propagation behavior of hydraulic fractures in shale with well-developed bedding. The results
indicate that when hydraulic fractures propagate to the bedding, five propagation modes may occur:
arrest, diversion, diversion and crossing, crossing and diversion, and direct crossing. These modes are
controlled by factors such as the mechanical properties of the shale matrix and bedding, geostress,
bedding dip angle, temperature, and fracturing fluid injection rate. During fracture propagation, in-
creases in the elastic modulus ratio between the rock matrix and the bedding, the bedding dip angle,
and the temperature are favorable for hydraulic fractures turning along the bedding, whereas increases
in the difference in vertical stress and the injection rate are favorable for hydraulic fractures directly
crossing the bedding. Second, on the basis of four influencing factors, namely, the shale matrix and
bedding elastic modulus ratio, bedding dip angle, difference in vertical stress, and temperature, prop-
agation criteria for hydraulic fractures along the bedding under various combinations of influencing
factors are established. The results provide theoretical reference data for the design and optimization of
fracturing in shale with well-developed bedding.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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speed development stage and have gradually become important
supplements to conventional oil and gas resources (Wang et al.,
2020; Jarvie et al., 2007; Zou et al., 2012; Miao et al., 2024). Un-
conventional oil and gas reservoirs such as shale and tight sand-
stone exhibit low production capacity in their natural state
because of their low porosity and permeability and require reser-
voir stimulation for achieving commercial development (Slatt and
O’Brien, 2011; Chalmers et al., 2012; Clarkson et al., 2013; Miao
et al., 2023). Hydraulic fracturing, which is a core technology for
unconventional oil and gas reservoir stimulation, is important for
increasing the storage and production of unconventional oil and
gas resources. In the fracturing process, the hydraulic fracture
propagation path and its geometry are influenced by factors such
as geostress, rock mechanical properties, discontinuities, and
construction parameters (Blanton, 1982, 1986; Warpinski and
Teufel, 1987; Zou et al.,, 2021; Hu and Ghassemi, 2021; Zheng
et al,, 2022). The degree of communication between hydraulic
fractures and discontinuities, such as natural fractures, lithological
interfaces and bedding, determines the complexity of the gener-
ated fracture network, which is also an important indicator of the
reservoir stimulation volume (Zheng et al., 2022; Zhang et al,,
2021, 2022). The widely developed bedding structure of shale is
usually discontinuous. When a hydraulic fracture extends to the
bedding, its propagation pattern will become complex under the
combined effect of many factors, which leads to difficulty in
accurately predicting hydraulic fracture propagation paths and
poses an obstacle to fracture design and optimization.

In recent years, scholars have extensively researched the
propagation patterns of hydraulic fractures, natural fractures, and
other discontinuities, as well as the geometric characteristics of
lithological interfaces and bedding structures, through methods
such as mine field experiments, indoor hydraulic fracturing model
experiments, and numerical simulations and have reached various
conclusions and insights. For example, Fu et al. (2020) performed
core observations of poststimulation fracturing samples. Their
results revealed that parallel fractures are frequently generated
during fracturing. On the basis of these findings, they proposed the
concept of fracture clusters. Sun et al. (2025) conducted similar
postfracturing core studies of the Fuling shale reservoir. Their
conclusions agreed with those of Fu et al. (2020). Additionally, they
reported that the distance between natural fractures and the
wellbore influences the fracture network complexity. Field ex-
periments provide the most reliable data by stimulating fracturing
sites during operations. However, existing monitoring techniques
cannot accurately capture fracture propagation paths and geom-
etries. Moreover, field tests face limitations because of the limited
size of research areas and high costs, which hinders the wide-
spread application of the test results. To reduce expenses and
facilitate laboratory-based research, scholars have developed
small-scale hydraulic fracturing experiments that involve the use
of outcrop samples. This approach enables the indoor and minia-
turized simulation of field conditions. Guo et al. (2014) conducted
true triaxial hydraulic fracturing experiments involving outcrop
shale samples and reported that lower fracturing fluid injection
rates and differences in principal stress were conducive to the
formation of complex fracture networks. Subsequently, Xu et al.
(2015) conducted hydraulic fracturing experiments of shale with
well-developed bedding and reported that the smaller the differ-
ence in principal stress is, the more likely the turning of hydraulic
fractures along the bedding is. These results validate the findings
of Guo et al. (2014). By performing hydraulic fracturing experi-
ments of outcrop shale samples, Tan et al. (2017, 2018) determined
that in addition to geostress, the strength of bedding cementation
is an important factor that influences the propagation pattern of
hydraulic fractures. Zhang et al. (2023a) conducted hydraulic
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fracturing experiments involving outcrop shale and reported that
termination, diversion, direct crossing, and composite propagation
occurred mainly when hydraulic fractures extended to the
bedding, and these conclusions have been confirmed by numerous
scholars (Cong et al., 2024; Warpinski and Teufel, 1987; Tan et al.,
2017, 2018; Wu et al., 2022a; Hou et al., 2018; Lu et al., 2023; Jiang
etal, 2023; Zhang et al., 2021). By conducting hydraulic fracturing
experiments of shale samples, Liu et al. (2021) determined that the
rock rupture pressure was negatively correlated with the strati-
graphic dip and borehole size. Zhao et al. (2022) conducted hy-
draulic fracturing experiments of shale and reported that the
pumping pressure and vertical stress notably affected the propa-
gation pattern of hydraulic fractures and that the rupture pressure
increased with increasing vertical stress. Wu et al. (2022a) simu-
lated the propagation behavior of hydraulic fractures in reservoirs
containing bedding by conducting true triaxial hydraulic frac-
turing experiments of shale. It has been indicated that the bedding
structure is the main factor influencing interseam interference and
that it also restricts the propagation height of hydraulic fractures.
The above scholars conducted hydraulic fracturing experiments of
shale samples to analyze the propagation morphology of hydraulic
fractures in the fracturing process and its influencing mechanisms
and reported that the propagation morphology of hydraulic frac-
tures and its influencing factors are comprehensively influenced
by numerous geological and engineering factors. Indoor hydraulic
fracturing experiments aim to simulate field experiments on a
smaller scale, and the results obtained via this method are highly
reliable; thus, it is a commonly employed method in hydraulic
fracturing research. However, hydraulic fracturing experiments
are relatively costly and involve certain risks. In addition, the re-
sults of these experiments are influenced by size effects, which
suggests that the results obtained via this method do not fully
conform with those obtained at fracturing sites in the field, thus
limiting the widespread application of this method.

With the development of computer technology, numerical
methods such as the finite element method (FEM), extended finite
element method (XFEM), boundary element method (BEM),
discrete element method (DEM), and phase field method (PFM)
have been introduced into hydraulic fracturing research and have
gradually yielded important methods (Shentu et al., 2024; Ju et al.,
2019; Qin and Yang, 2023; Zhou et al., 2018, 2020; Ouchi et al., 2017;
Lecampion et al., 2018; Cundall and Strack, 2008; Chen et al., 2021;
Gong et al., 2025a). Liao et al. (2024) employed a numerical model
that was established via the FEM to simulate the vertical propaga-
tion of hydraulic fractures during fracturing. The results revealed
that differences in vertical stress and rock interfacial strength
control the propagation pattern of hydraulic fractures at rock in-
terfaces. Zhang et al. (2024) simulated the interaction process be-
tween hydraulic fractures and shale bedding by applying a
numerical model that was established via the XFEM and reported
that factors such as differences in the mechanical properties of the
rock matrix and bedding and geostress notably influence the
propagation of hydraulic fractures. Via the use of a numerical model
established through the DEM, Zheng et al. (2022) analyzed the ef-
fects of the fracturing fluid viscosity and injection rate on the
propagation behavior of hydraulic fractures at the bedding. High
viscosity and a high injection rate are conducive to hydraulic frac-
tures directly crossing the bedding. Li and Wu. (2022a) investigated
the influence of the bedding interface on the geometry and width
distribution of hydraulic fractures via a numerical model that was
established through the displacement discontinuity method (DDM).
The results revealed that the lateral extension of hydraulic fractures
is beneficial and that the interface spacing and shear toughness
notably influence the geometry and width of hydraulic fractures.
Zeng et al. (2023a) simulated the extension behavior of hydraulic
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fractures at a lithological interface through a numerical model that
was established with the PFM and reported that factors such as the
mechanical properties of the rocks on both sides of the lithological
interface, the injection pressure, and the geostress greatly influence
the extension behavior of hydraulic fractures at the interface. This
conclusion was also confirmed by Gong et al. (2025a). In addition to
using a single numerical method, scholars have combined multiple
numerical methods to analyze the propagation behaviors of hy-
draulic fractures during fracturing. Gong et al. (2025b) considered
the widespread development of shale bedding structures and
combined the advantages of the PFM and the cohesive element
method to establish a thermal-hydraulic-solid coupled numerical
model for simulating the propagation behavior of hydraulic frac-
tures in bedding structures. The results revealed that bedding
structures, which are weak surfaces, are the primary cause of the
complex and variable propagation paths of hydraulic fractures. Ma
et al. (2023) employed a numerical model that was developed via
the XFEM and the cohesive zone method (CZM) and reported that
hydraulic fractures can easily cross the interface between hard and
soft rock layers. Zeng et al. (2023b) applied a numerical model that
was established via the FEM and the CZM to simulate the interac-
tion process between hydraulic fractures and bedding planes. The
results demonstrated that an increase in the difference in vertical
stress is conducive to hydraulic fractures directly crossing the
interface. Wu et al. (2022b) simulated the propagation behavior of a
hydraulic fracture at the interface with a model that was developed
via the FEM in combination with the DEM and reported that the
degree of slip at the interface determines whether the hydraulic
fracture passes through the interface. The different numerical
methods exhibit distinct advantages and shortcomings. Therefore,
on the basis of the characteristics of the research subject, consid-
ering the advantages and disadvantages of various numerical
methods and selecting the most appropriate option are important.
Compared with other numerical methods, the FEM, which was the
first research method to be introduced into hydraulic fracturing,
offers the advantages of a wide range of applications and has been
applied in abundant research cases; therefore, the accuracy of the
results obtained via this method is high. The propagation behavior
of hydraulic fractures along the bedding in shale formations with
well-developed laminations is complex and variable, and the un-
derlying mechanisms remain incompletely understood. Current
knowledge regarding the interactions between hydraulic fractures
and natural fractures, lithological interfaces, and other dis-
continuities—particularly bedding—remains insufficient to meet
the practical demands of field-scale hydraulic fracturing operations.
To address this gap, a coupled thermal-hydraulic-mechanical finite
element numerical model with laboratory-scale hydraulic frac-
turing dimensions is developed by integrating theoretical frame-
works from rock mechanics, damage mechanics, fracture
mechanics, elasticity theory, and porous media mechanics. The
model relies on the maximum tensile stress criterion for tensile--
compressive damage and the Mohr-Coulomb criterion for shear
damage, fluid flow is governed by Darcy’s law, and heat exchange
between the fracturing fluid and reservoir rock is characterized by
Fourier’s law of heat conduction. Additionally, rock heterogeneity is
accounted for via the Weibull distribution. By incorporating tem-
perature variations, rock deformation, fluid flow dynamics, and
inherent rock heterogeneity, the model effectively captures sub-
surface hydraulic fracturing processes. Through numerical simula-
tions, the propagation behavior of hydraulic fractures along shale
bedding is investigated, and the controlling mechanisms are
analyzed, thereby elucidating the influence of the bedding structure
on fracture propagation. The findings provide theoretical insights
for optimizing laboratory-scale hydraulic fracturing experiments
and field-scale fracturing design.
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The remainder of this article is organized as follows: Section 2
offers a description of the governing equations that are associated
with the mathematical model. Section 3 provides an examination
of the numerical solution process and the solution method. Section
4 presents a verification of the reliability of the model. Section 5
provides an analysis of the propagation pattern of hydraulic frac-
tures in bedding and its influencing factors. Section 6 offers an
exploration of the propagation patterns of hydraulic fractures in
reservoirs with widely developed bedding and its influencing
factors. Finally, Section 7 concludes the article.

2. Mathematical model

The basic assumptions of the numerical model are as follows
(Leietal., 2021; Zhang et al., 2023b): (1) The established numerical
model is a dual-media model that comprises a rock matrix and
fractures. (2) Numerous bedding structures are developed in shale,
which can become bedding fractures under unconfined condi-
tions, and the mechanical strength of bedding structures is
assumed to be lower than that of the rock matrix, whereas the
porosity and permeability are assumed to be greater than those of
the rock matrix. (3) The fluid flow complies with Darcy’s law, and
there is no chemical reaction with the rock. (4) The shale meets the
assumption of small deformation, and there is no phase change
throughout the simulation process.

2.1. Rock deformation

The mechanical equilibrium equations for rocks during quasi-
static loading are as follows:

V-ﬁijJ+Fi=0 (1)
where o;; denotes the total stress tensor and F; denotes the body
force per unit volume of rock, Pa/m.

Under the assumption that shale is a linear elastic porous
medium and considering both the pore fluid pressure and thermal
stress effects, the constitutive equation can be expressed as
follows:

2Gv 2G(1 + v)al,

where G denotes the shear modulus, Pa; p denotes the pore
pressure, Pa; a denotes the Biot coefficient (ay, and «ap, denote the
ratios of the rock matrix and fractures, respectively), which varies
with increasing damage degree of the rock; v denotes the

dimensionless Poisson’s ratio; 6;; denotes the Kronecker number; T

denotes the temperature variable; and «!, denotes the thermal
expansion coefficient.

On the basis of the conservation of momentum and considering
the effects of the pore fluid pressure and thermal stress, the
following stress balance equation can be obtained:

_2G6(1 + v)al

3(1—20) (T-Ty)+F;=0 (3)

G
GUyjj + 55, Wiji — aP.i

where T and T, denote the real-time and initial temperatures,
respectively, K.

2.2. Fluid flow in porous media

Considering shale as a porous medium throughout the frac-
turing process and accounting for the porous elasticity effect, the
mass conservation equation for fluid flow is as follows:
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08yol

3 (4)

Pfs%*v~ (Pf7) =Q — pa
where p; denotes the fluid density, kg/m?>; S denotes the storage
coefficient of the porous medium (Sy, and S;, denote the storage
coefficients of the matrix and fractures, respectively); v" denotes
the fluid velocity vector; Q denotes the sink term (Qm and Q
denote the source-sink terms for the rock matrix and fractures,
respectively); and ¢, denotes the volumetric strain.

Ignoring the effects of gravity, Darcy’s velocity can be calculated
as follows:

N K

V= ——-Vp (5)
i

where K denotes the permeability of the porous medium (K, and
K;, denote the matrix and fracture permeabilities, respectively),
m?, and x denotes the fluid dynamic viscosity, Pa-s.

The water storage coefficient of the porous medium can be
expressed as follows:

(@a—¢)1-a)

@ (6)

S=qcs +

where ¢; denotes the fluid compression coefficient, Ky denotes the
bulk modulus of the porous medium (Kvm and K, denote the rock
matrix and fracture bulk moduli, respectively), and ¢ denotes the
porosity (¢, and ¢, denote the rock matrix and fracture porosities,
respectively).

Second, for the rock matrix, the porosity can be obtained as
follows:
Pm=¢ mr + (@ mO_(ﬂmr)EXp(_faef) (7)
where ¢, and ¢, denote the initial and residual porosities of the
rock matrix, respectively, and ¢ denotes the rock matrix
pore-stress correlation coefficient, which can be calculated as
follows (Lei et al., 2021; Wu et al., 2023):

Cim’ D=0

£= Pmo ; Pmr (8)
——— D>0
[Kn(bo — br)]

where Cy, = M is the rock matrix drainage compressibility; Ky

denotes the normal stiffness, the details of which can be found in
the literature (Lei et al. (2021)); bg and b; denote the initial and
residual apertures of the fractures, respectively; and D denotes
the damage factor, which indicates the degree of rock
deterioration.

In addition, ¢.¢ denotes the average effective stress, which can
be calculated as follows:

(01 + o0y + (73)

z ()

Oef = —ap
where o1, 05 and o3 denote the three-way principal stresses, Pa.

The rock matrix permeability can be calculated as follows:

3
Kin =Ko () exp(cD) (10)
Pmo

where Ko denotes the initial permeability of the rock matrix, D
denotes the damage evolution parameter, and ¢ denotes the per-
meability-stress correlation coefficient of the rock matrix, with a
value of 5 adopted in this study (Zhang et al., 2023b).

300
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For discontinuities such as natural fractures and bedding in
rocks, the porosity can be calculated as follows:
Po=¢pr + (9 bo—%r)exp(—éﬁef) (11)
where ¢},¢ and ¢y, denote the initial and residual porosities of the
fracture, respectively, and ¢ denotes the fracture porosity-stress
correlation coefficient, with a value of 5 x 1078 chosen in this
study, Pa~! (Zhang et al., 2023b).

Moreover, the permeability of discontinuities such as natural
fractures and bedding can be calculated as follows:

Ky, = Kpo exp(ac,) (12)
where K, denotes the initial permeability of the fracture, a de-
notes the normalization constant related to the deformation of the
fracture (Zhang et al., 2019), and &), denotes the effective normal
stress that acts on the fracture surface, which can be expressed as
follows:

G =o0n—ap (13)
where o, denotes the normal stress that acts on the fracture
surface.

2.3. Heat transfer equation

In the fracturing process, under the assumption that the shale
and fluid occur in local thermal equilibrium and considering heat
convection and heat conduction, the heat transfer equation is
expressed as follows:

oT _
(/)Cp)qu+/)prf v -VT=V"(4eqVT) + Qo (14)
where Qg denotes the heat source and the specific equations for
the remaining parameters are as follows:

(pCp)eq :(/7mpfcpf + (1= ¢m)pmCpm (15)

deqVT=@mie + (1 — ¢m)im (16)
where Cpm and Cp¢ denote the constant-pressure heat capacities of
the reservoir rock and fluid, respectively, and 4y, and 4; denote the
heat conductions of the reservoir rock and fluid, respectively.

The change in heat transfer through the rock during fracturing
can be expressed as follows:

A=2g exp(Dar) (17)
where 1 denotes the thermal conductivity (im and 4, denote the
reservoir rock and fracture thermal conductivities, respectively),
Ao denotes the initial thermal conductivity (4,0 and 4;,9 denote the
reservoir rock and fracture initial thermal conductivities, respec-
tively), and a denotes the coefficient of the thermal conductivity
(atm and ay, are the coefficients for the reservoir rock and frac-
tures, respectively), which varies for different values of the rock
matrix and fracture properties (Zhang et al., 2023b).

2.4. Damage evolution equation

Shale is generally considered brittle rock. Therefore, in this
research, the maximum tensile stress criterion and the Mohr--
Coulomb criterion are used as rock damage criteria (Zhu and Tang,
2002; Cheng et al., 2023; Wu et al., 2023). First, we determine
whether F; is greater than or equal to 0, and then we determine
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whether F, is greater than or equal to 0. As long as one of these
variables is greater than or equal to 0, rock rupture occurs, which
can be expressed as follows:

Fi=01-f1

1-+siné
Fy— —0a — _+smo
2 03 fc+1 —ind’!

(18)
where F; and F, denote the queue functions of tensile and shear
damage, respectively, Pa; o; and o3 denote the maximum and
minimum principal stresses, respectively, Pa; fr and fc denote the
tensile and compressive strengths, respectively, of the rock, Pa; and
0 denotes the angle of internal friction, ° (¢, and 6, denote the
angles of internal friction of the rock matrix and the fracture,
respectively).

In the rock damage evolution process, the damage factor D is
used to indicate the degree of damage to the rock, where a value of
0 indicates that the rock is intact, whereas a value of 1 indicates
that the rock is completely damaged; the expression is as follows:

1,F1<0,F2<O
1732F =0, dF; >0
D— e 1 =Y, 1 (‘19)
e 2
1-|=| ,F,=0,dF,>0

where &; and e. denote the tensile and shear strains, respectively,
and e; and e3 denote the maximum and minimum principal
strains, respectively.

The process of rock damage during fracturing is irreversible.
Therefore, the mechanical properties of the rock gradually deteri-
orate with increasing degree of damage, and when the damage
factor D equals 1, the rock is completely damaged. In the damage
process, the change in the rock elastic modulus can be expressed as
follows:

E=Ey(1-D) (20)
where Ey denotes the initial modulus of elasticity of the rock.

In addition, in the fracturing process, fresh water is used as the
fracturing fluid, the degree of which decreases with increasing
temperature, and COMSOL’s equation is used to calculate this
parameter as follows:

pp="545.28 + 5.749816T — 0.0157244T? + 1.264375E°T3
(21)
In the fracturing process, the viscosity of the fracturing fluid

decreases gradually with increasing temperature, and COMSOL’s
equation is used to calculate the viscosity as follows:

1=exp (3.4837831 5E9T% — 5.27092524E5T3 4+ 3.02511035E3T% — 7.90657912E 1T + 7.1963491615)

2.5. Rock heterogeneity

Shale comprises mainly of quartz, feldspar, dolomite, pyrite and
other minerals. Under high temperature and pressure, different
minerals exhibit different mechanical properties, which leads to
high heterogeneity in shale. Research has shown that the hetero-
geneity in shale notably influences the extension of hydraulic
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fractures. Therefore, in this study, the Weibull distribution is used
to characterize the heterogeneity caused by differences in the
shale mineral composition. The lower the heterogeneity coeffi-
cient value is, the greater the heterogeneity in the rock sample. On
this basis, and with reference to previous studies, the heteroge-
neity coefficient is set to 10 to characterize the heterogeneity in
the mechanical properties of shale (Guo et al., 2021; Wu et al,,
2023; Zhang et al., 2023b), such as the elastic modulus and
strength. The specific expression is as follows:

b-1 b
&) e ()
0 X0
where y is a mechanical parameter; y is a scale parameter of the
rock sample cell, which is related to the average shear rupture
strength of all the cells; and b is the heterogeneity coefficient. The

lower its value is, the higher the heterogeneity in the rock (Guo
et al,, 2021; Zhang et al., 2023Db).

b

fG) ~ (23)

3. Numerical solution

The fracturing process involves coupled thermal-fluid—
mechanical-damage processes that are highly nonlinear in both the
temporal and spatial domains, thus rendering the solution process
difficult. Commercial software COMSOL Multiphysics relies on finite
elements for obtaining the solution and provides a series of solvers
and external interfaces for MATLAB, which can effectively address
the computation of the combined nonlinear equations. Therefore,
considering the difference in mechanical parameters between the
rock matrix and bedding, in this research, MATLAB software, in
combination with the Weibull distribution, is first used to charac-
terize heterogeneous rock mechanical parameters such as the elastic
modulus, tensile strength and compressive strength in the model
domain, and the strength of the bedding must be lower than that of
the rock matrix. On the basis of the maximum tensile stress criterion
and the Mohr-Coulomb criterion, the rock damage criterion is
defined in the model component, which serves as the damage cri-
terion for the subsequent calculation process. Second, the rock
deformation equations, fluid flow equations, and heat transfer
equations that are involved in the model are first initialized via the
steady-state solver, and the transient solver is then applied for
simultaneous solving. The specific settings of the transient solver are
as follows: the time domain is discretized via the implicit solution
method, the relative tolerance is set to 0.001, the time step is set to 1,
and the full-coupling algorithm is selected for solving. The specific
solution steps are as follows (see Fig. 1):

(1) Heterogeneous mechanical parameters such as the elastic
modulus, compressive strength, and tensile strength at the
model scale are generated with MATLAB.

(2) In COMSOL Multiphysics, the Solid Mechanics, Darcy’s Law,
and Heat Transfer in Porous Media modules are selected, a
geometrical model is established, the model parameters are
input, and the model boundary conditions and initial con-
ditions are defined. Moreover, the tensile and compressive
damage criteria for rocks are defined under the definition
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Model setup
Input parameters

Increasing time step

[ Solving the stress field, flow field,

temperature field
[Tensile damage criterion }L{m Shear damage criterion ]

Damage judgment
Yes

)

—-[ Updating parameters J-—

Whether the maximum time step is
reached?

Yes

End

Fig. 1. Flowchart of the model solution process.

subnode of the component, which serve as damage criteria
in the subsequent calculation process.

(3) The model is first solved in the steady state. In one time step,
the steady-state solver is chosen to compute the rock defor-
mation, fluid flow, and heat transfer to initialize the model.

(4) Then, a fully coupled algorithm is selected to solve the
model in the framework of the transient solver. The tensile
and shear damage criteria are employed to assess the nodal
cells. The tensile stress is evaluated first, and the shear stress
is then assessed if the damage conditions are not satisfied.
The parameters are processed according to the results

(5) The time step is increased sequentially, and the above steps
are repeated until the maximum time step is reached.

4. Model validation
In this section, the reliability of the obtained model results is
verified. The model is validated on the basis of hydraulic fracturing

experimental results and numerical simulation results.

(a)

(b) 22
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4.1. Comparison with experimental results

Hydraulic fracturing experiments are typically conducted to
study the mechanism of hydraulic fracture propagation and are
often employed to validate hydraulic fracturing numerical simula-
tion results. On the basis of recent experimental studies on the hy-
draulic fracturing of hard rocks, such as shale, tight sandstone, and
hot dry rock, in this study, a coupled thermal-hydraulic—-mechanical
numerical model is first applied to simulate previous experimental
results. The simulation results are then compared with the experi-
mental results to verify the model reliability. Zhou et al. (2020a)
analyzed the propagation patterns of hydraulic fractures and their
impact mechanisms under thermal-hydraulic-mechanical coupling
by conducting true triaxial hydraulic fracturing experiments of hot
dry rocks. Therefore, in this study, a two-dimensional model, with a
size of 300 x 300 mm, is established according to the experimental
requirements of Zhou et al. (2020a), and the boundary conditions,
rock mechanical parameters and construction parameters of the
model are defined by following the experimental requirements of
Zhou et al. (2020a) as much as possible. The simulation results are
shown in Fig. 2. Notably, the hydraulic fracture initiates from the
wellbore and then extends along the direction of the maximum
horizontal principal stress, which is consistent with the experi-
mental results of Zhou et al. (2020a), thereby demonstrating that the
established coupled thermal-hydraulic-mechanical numerical
model can realistically simulate the hydraulic fracturing process of
hard rocks such as hot dry rocks, shale, and tight sandstone. More-
over, various degrees of bending occur in the fracture extension
process, which results in the numerical simulation results and
experimental results failing to match completely, which is attributed
to the heterogeneity in the rock as well as the incomplete agreement
of the simulation parameters.

4.2. Interaction of hydraulic fractures with natural fractures

Reservoir rocks develop discontinuities such as faults, joints,
natural fractures, and bedding, which notably influence the propa-
gation patterns of hydraulic fractures and their paths in the frac-
turing process. Scholars have investigated the interaction
mechanism between hydraulic and natural fractures in depth and
have concluded that when hydraulic fractures approach natural
fractures, they may turn, terminate or pass through the natural
fractures directly. The resultant situation is controlled by geological
factors such as geostress, rock mechanical properties, natural frac-
tures and engineering factors such as the properties of the

section
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Fig. 2. Results of physical modeling experiments and numerical simulations (Zhou et al., 2020a). (a) Numerical simulation, (b) hydraulic fracturing tests.
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Fig. 3. Numerical simulation results for a principal stress difference of 4 MPa. (a) Approach angle of 30° and turning, (b) approach angle of 60° and turning, and (c) approach angle

of 90° and direct crossing.

1310111

Natural fracture

300 mm
)

Tttt

Injection well

<

Natural fracture
300 mm

hhh b hh A

Fig. 4. Geometric boundary and simulation results (Zhang et al., 2023b; Blanton, 1986;
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fracturing fluid and proppant (Zhou et al., 2022; Zhao et al., 2022; Li
and Wu, 2022b; Gong et al., 2024; Sarmadi et al., 2024). Therefore,
in this study, we verify the model reliability by comparing the nu-
merical simulation results with previous numerical simulation re-
sults and fracturing experimental results and by analyzing the
interaction behavior of hydraulic fractures with natural fractures
under various combinations of geostresses and angles of approxi-
mation (intersection angles between hydraulic and natural
fractures). The details are as follows: first, a 300 x 300 mm
two-dimensional coupled thermal-hydraulic-mechanical-damage
model is established according to the results of previous studies. At
the center of the model, a 20-mm-diameter borehole is established,
and there are natural fractures of an identical nature with a length
of 150 mm on both sides of the model. The left and lower sides of
the model are fixed surfaces, and the upper and right sides are
subjected to the maximum horizontal stress and the minimum
horizontal stress, respectively (Fig. 4(a)). The fracturing fluid is
injected at a constant rate during the simulation, and the applied
principal stress differences are 2, 4 and 10 MPa; subsequently, the
interaction behaviors between the hydraulic and natural fractures
are simulated at approximation angles of 30°, 60°, and 90°.

Stress difference, MPa
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Warpinski and Teufel, 1987; Gu et al., 2012). (a) Geometric boundary of the model and (b)
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Additionally, the selection of parameters such as the porosity,
permeability and rock mechanical properties throughout the
simulation process is as consistent as possible with that in previous
studies to reduce the influence of parameter differences on the
simulation results. The simulation results are shown in Fig. 3(a) and
(b). When the principal stress differences are 2 and 4 MPa and the
approximation angles are 30° and 60°, respectively, the hydraulic
fracture turns along the natural fracture when it reaches the latter.
When the principal stress difference is 2 and 4 MPa and the
approximation angle is increased to 90°, the hydraulic fracture
directly crosses the natural fracture when it approaches the latter
(Figs. 3(c) and 4(b)). When the principal stress difference increases
to 10 MPa and the angle of approximation is 30°, the hydraulic
fracture extends to the natural fracture and turns along it; as the
angle of approximation increases to 60° and 90°, the hydraulic
fracture passes directly through the natural fracture as it ap-
proaches the latter (Fig. 4(b)). The other parameters are maintained
constant, and with increasing approach angle and difference in
principal stress, the behavior of the hydraulic fracture gradually
changes from turning along the natural fracture to crossing its
directly when it extends to the latter. In other words, increases in
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the difference in principal stress and the approximation angle are
favorable for the hydraulic fracture to directly pass through the
natural fracture. This conclusion is consistent with previous con-
clusions, which verifies the reliability of the model. Moreover, mi-
nor differences are observed between the hydraulic fracture
extension morphology and the previous results, which can be
attributed to the incomplete matching of the selected parameter
values and the heterogeneity in the rock.

5. Analysis of the propagation patterns of hydraulic fractures
in formations with bedding and their influencing factors

Scholars have numerically studied the influence of the shale
bedding structure on the extension behavior of hydraulic fractures
and have reached certain conclusions. On the basis of the estab-
lished coupling thermal-fluid-mechanical-damage model, the
extension behavior of hydraulic fractures in formations with
bedding is simulated in this study, and the mechanism underlying
the influence of the shale bedding structure on hydraulic fracture
extension is investigated. The geometric boundaries and me-
chanical parameters of the model are selected on the basis of the
results of the hydraulic fracturing experiments and rock me-
chanics experiments. Specifically, the side length of the model is
300 mm, the borehole (with a radius of 10 mm) is located at the
center of the model, the fracturing fluid is injected mainly along
the wellbore, and the injection rate is maintained constant
(Fig. 5(a)). Moreover, straight lines are inserted every 100 mm
along the longitudinal direction to indicate the bedding structure
(Fig. 5(a)). As shown in Fig. 5, the borehole is used as the center of
the model, with one bedding above and below it, whose distance
from the center of the borehole is 50 mm; thus, the rock matrix is
divided into three parts (Fig. 5(a)). The left and lower boundaries of
the model are defined as fixed surfaces, with 14 MPa vertical stress
applied to the upper boundary and 10 MPa minimum horizontal
stress applied to the right boundary, and the initial pore pressure
remains constant (Fig. 5(a)).

Second, the established model is meshed and discretized. In
this research, free triangular grid cells are used to discretize the
entire model domain. The grid cell size of both the bedding and
borehole boundaries is set to 0.5 mm; the minimum grid cell size
of the model domain is 0.5 mm, and the maximum is 3 mm, with a
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cell growth rate of 1.05 (Fig. 5(b)). This ensures that the model
simulation results are only minimally affected by the grid division,
which in turn increases the accuracy of the simulation results.

Shale bedding is closed under subsurface in situ conditions
because of the surrounding pressure, but in the unconfined state,
bedding cracks easily develop. Therefore, scholars generally regard
shale bedding as a weak plane whose mechanical parameters, such
as the modulus of elasticity and strength, are much lower than
those of the rock matrix, whereas its porosity and permeability are
greater than those of the rock matrix. Therefore, to capture the
actual geological conditions as much as possible, different
parameter values are set for the shale bedding and rock matrix
throughout the simulation process. The mechanical strength
parameter of the rock matrix is greater than that of the bedding,
whereas the porosity and permeability are lower than those of the
bedding. In addition, the 300 mm square shale samples used in the
hydraulic fracturing experiments possess the same material
source and depositional environment, so the elastic modulus,
mechanical strength, porosity, and permeability of the shale ma-
trix are identical, and there are large differences only in the
bedding structure. This study also follows these guidelines for the
selection of rock matrix and bedding parameters. The selected
model parameters are listed in Table 1. The rock mechanical pa-
rameters are derived mainly from experimental test results,
whereas the remaining parameters are derived from previous re-
sults (Yaghoubi, 2019; Zhang et al., 2023; Yin et al., 2023; Lei et al.,
2024), thereby ensuring that the model parameters are as close to
reality as possible.

5.1. Hydraulic fracture propagation pattern in bedding

Shale features massive bedding structures with high hetero-
geneity and anisotropy, which poses a serious obstacle to the ac-
curate prediction of hydraulic fracture extension paths. Deep
underground shale is subjected to high temperatures and high
pressures, which results in closed bedding; when shale is
removed, it becomes unconfined, and bedding fractures are
developed. Therefore, we can regard the bedding structure that is
developed in shale as a type of weak plane, and its properties, such
as elastic modulus and mechanical strength, are much weaker
than those of the rock matrix. Bedding fractures, which are a type

Fig. 5. Model geometric boundary and meshing. (a) Model geometric boundary and (b) mesh division.
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Table 1

Selected model parameters (Yaghoubi, 2019; Zhang et al., 2023; Yin et al., 2023; Lei et al., 2024; Zhou et al., 2020b).
Parameter Magnitude Parameter Magnitude
Rock matrix Bedding
Elastic modulus (E,), GPa 20 Elastic modulus (Ep), GPa 5
Poisson’s ratio (vm) 0.2 Poisson’s ratio (vp) 0.25
Density (pm), kg/m> 2700 Density (pp), kg/m> 2000
Compressive strength (fcr,), MPa 120 Compressive strength (fc,), MPa 30

Tensile strength (frm), MPa 8
Thermal expansion coefficient (1), K~ 2x10°°
Heat capacity (Cpm), J/(kg-K) 950
Initial thermal conductivity (Amo), W/(m-K) 4

Permeability (K,), m? 1x10°18
Initial porosity (¢mo) 0.005
Residual porosity (¢mr) 0.005
Internal friction angle (6n,), ° 30

Fluid properties

Viscosity (uo), Pa-s 0.002
Heat capacity (Cpy), J/(kg-K) 4200
Other

Vertical stress (oy), MPa 14

Rock temperature (Tp,), K 393.15

Tensile strength (frp), MPa 2
Thermal expansion coefficient (i), K~ 4x10°°
Heat capacity (Cpp), J/(kg-K) 850
Initial thermal conductivity (ip0), W/(m-K) 8

Permeability (Kp), m? 1x10°1
Initial porosity (¢po) 0.1
Residual porosity (¢gbr) 0.003
Internal friction angle (6y), © 15
Density (pro), kg/m> 1000
Thermal conductivity (i¢), W/(m-K) 0.65
Horizontal stress (o), MPa 10

Fluid temperature (T¢), K 293.15

of discontinuity, greatly influence the expansion of hydraulic
fractures in the fracturing stimulation process. Scholars have
investigated the mechanism underlying the influence of the
bedding structure on hydraulic fracture extension and reported
that when hydraulic fractures extend to the bedding structure,
they may undergo behaviors such as arrest, diversion, diversion
followed by crossing, and direct crossing (Fig. 6), and these modes
are controlled by numerous factors, such as geology and engi-
neering (Fisher and Warpinski, 2012; Gu et al., 2022).

On this basis, in this research, the extension behavior of hy-
draulic fractures in bedding is simulated. The results are shown in
Fig. 7. When a hydraulic fracture extends to the bedding, arrest,
diversion, diversion followed by crossing, crossing with simulta-
neous diversion (crossing and diversion), or direct crossing may
occur. When the injection rate of the fracturing fluid is low and the
elastic modulus of the rock matrix on both sides of the bedding
structure is high, the hydraulic fracture is arrested by the bedding
upon reaching it. When the modulus of elasticity of the bedding is
much lower than that of the rock matrix and the other parameters
remain unchanged, the hydraulic fracture is diverted along the
bedding. With increasing principal stress difference, bedding
inclination, and elasticity modulus ratio, the hydraulic fracture
evolves from diverting along the bedding to directly crossing it.
With increasing difference in principal stress and elastic modulus
ratio, the behavior of the hydraulic fracture gradually evolves from

first diverting along the bedding and then directly crossing the
bedding to directly crossing and diverting along the bedding to
finally only crossing the bedding. The complex propagation
pattern of hydraulic fractures in reservoirs with bedding is
considered. In this study, we combine the results of previous
studies with the study results for the mechanical properties of the
rock, the inclination angle of the bedding, the geostress, etc., and
investigate their effects on the propagation behavior of hydraulic
fractures in formations with bedding to elucidate the interaction
mechanism between shale bedding and hydraulic fractures and its
controlling factors.

5.2. Influence of the elastic modulus ratio (E/Ef) of the rock matrix
on the bedding

Parameters such as the modulus of elasticity, tensile strength,
and compressive strength are typically used to represent the me-
chanical properties of rocks. On this basis, the modulus of elas-
ticity is used to characterize the mechanical properties of rocks in
this study. Therefore, the propagation behavior of hydraulic cracks
in bedding is analyzed by varying the ratio of the elastic modulus
of the rock matrix to that of the bedding (E,/Es), thus revealing the
influence of the mechanical properties of the rock on the propa-
gation pattern of hydraulic cracks in the bedding. Throughout the
simulation process, the other parameters are maintained constant;
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Fig. 6. Hydraulic fracture vertical propagation pattern (Fisher and Warpinski, 2012; Gu et al., 2022).
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Fig. 7. Extension behavior of hydraulic fractures in bedding. (a) Termination, (b) turning, (c¢) turning and then crossing, (d) turning and crossing, and (e) direct crossing.

En/Es is set to 4, 6, 8, or 10; and the corresponding compressive
strength and tensile strength are varied proportionally. The
simulation results are shown in Fig. 8. When the other parameters
are kept constant and E/Esis 4 or 6, the fracturing fluid is injected
into the wellbore, and the hydraulic fracture gradually approaches
the bedding; it turns along the bedding first, extends along the
direction of the bedding for a certain distance, then crosses the
bedding directly to enter the upper rock matrix, and finally con-
tinues to extend along the vertical stress direction.

Throughout the process, the fracturing fluid exchanges heat
with the high-temperature rock, which alters the fracturing fluid
properties and modulates the reservoir stimulation effect
(Fig. 8(a), (b), (e), (f), (j), and (k)). In addition, the higher the E/Ef
ratio is, the farther the hydraulic fracture extends along the
bedding (Fig. 8(a), (b)). With the increase in Ey,/Ef to 8 and 10, the
hydraulic fracture extends to the bedding and mainly turns along
it, and the fracturing fluid is cut off by the bedding, flows along the
direction of the bedding, and exchanges heat with the reservoir,
thus increasing the stimulated reservoir volume (Fig. 8(c), (d), (g),
(h), (1), and (m)). Therefore, when the other conditions remain
unchanged, with increasing difference between the mechanical
properties of the rock matrix and the bedding, the extension of the
hydraulic fracture to the bedding gradually evolves from directly
crossing the bedding to first turning along the bedding and then
directly crossing it until it finally only turns along the bedding. In
other words, the larger E/Eris, the more favorable the interactions
between hydraulic fractures and the bedding are, and the greater
the complexity of the generated fracture network, which in turn
improves the effect of reservoir stimulation. In addition, the in-
jection of normal-temperature fracturing fluid throughout the
whole fracturing process leads to thermal shock and heat
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exchange of the rock under high temperature and high pressure
underground, which alters the viscosity, density, and other prop-
erties of the fracturing fluid, thus modulating the effect of reser-
voir stimulation.

5.3. Effects of geostress

Geostress has been demonstrated to notably influence the
expansion path of hydraulic fractures and their geometrical
morphology in the fracturing process. On this basis, the other
parameters are first maintained constant, after which the differ-
ence in the vertical principal stress (the difference between the
vertical principal stress and the minimum horizontal principal
stress) is adjusted to investigate the effects of various geostress
states on the propagation pattern of hydraulic fractures in reser-
voirs with bedding. During the simulation, the difference in ver-
tical stress is set to 4, 8, 12, and 16 MPa, and the simulation results
are shown in Fig. 9, in which the other parameters are kept con-
stant, Ey/Eris 10, and the difference in vertical stress is 4 MPa. The
hydraulic fracture extends to the bedding, the fracturing fluid
flows across the bedding directly, and some of the fracturing fluid
flows along the direction of the bedding, which interacts with the
bedding (crossing and turning) (Fig. 9(a)). When the difference in
vertical stress increases to 8, 12 and 16 MPa and the hydraulic
fracture extends to the bedding, the fracturing fluid directly
crosses the bedding and enters the upper rock matrix, after which
it flows along the direction of the vertical principal stress (Fig. 9(b),
(c) and (d)). Therefore, when the other parameters are kept con-
stant, with increasing difference in vertical stress, the behavior of
the hydraulic fracture can be inferred to gradually change from
following the bedding to directly crossing the bedding when it
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Fig. 8. Extension behavior of hydraulic fractures in reservoirs with bedding at various E,,/E¢ ratios. (a), () and (j) En/Er = 4; (b), (f), and (K) E./E¢ = 6; (c), (g), and (1) E/Er = 8; and
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Fig. 9. Extension behavior of hydraulic fractures in bedding with various principal stress differences. (a) Principal stress difference of 4 MPa, (b) principal stress difference of
8 MPa, (c) principal stress difference of 12 MPa, and (d) principal stress difference of 16 MPa.

extends to the latter. In other words, the larger the difference in
vertical stress is, the more likely the hydraulic fractures are to
directly cross the bedding.

Furthermore, the variation in the fluid injection pressure with
time during fracturing is analyzed, and the results are shown in
Fig. 10. First, the whole fracturing process is divided into stages
AB, BC, and CD according to the pressure-time curve, and points E,
F, M and N indicate the extension of the hydraulic fracture to the
bedding. The difference in vertical stress of 4 MPa is chosen as an
example for analysis. Stage AB is the fracturing fluid injection
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stage, in which the fluid pressure is gradually increased by
pumping the fluid into the wellbore until the pressure reaches the
rupture pressure of the rock, at which time rock rupture is initi-
ated. The fluid pressure that corresponds to point B is the rupture
pressure. Stage BC is the fracture extension stage, in which the rock
ruptures at point B because of the accumulated fluid pressure from
stage AB. After rupture at point B, the fluid pressure decreases as
the fluid acts on the rock, and the hydraulic fracture expands along
the vertical principal stress direction until point C is reached,
where the fluid energy that acts on the rock reaches its minimum
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Fig. 10. Variation in the injection pressure over time.

value, as does the corresponding fluid pressure. The unevenness of
the curve at this stage occurs because of the heterogeneity of the
rock and the difference in the widths of the hydraulic fractures.
Stage CD is the crack propagation stage, in which the fluid pressure
gradually increases as the rate of increase exceeds that of the crack
propagation, and the hydraulic fractures continue to propagate
along the direction of the vertical principal stresses. At the same
injection rate, the rupture pressures that correspond to differences
in vertical stress of 4, 8, 12, and 16 MPa are 29.8, 28.2, 26.8, and
24.4 MPa, respectively, which means that the rupture pressure of
the rock gradually decreases with increasing difference in vertical
stress, which corresponds to an earlier fracture initiation time. In
addition, under the same injection rate, when the difference in
vertical stress is 4, 8, 12, and 16 MPa, the time taken for the hy-
draulic fracture to extend to the bedding is 78, 67, 58 and 49 s,
respectively; i.e., as the difference in vertical stress increases, the
time needed for the hydraulic fracture to extend to the bedding
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decreases (points E, F, M, and N in Fig. 10). Thus, when the other
conditions are maintained constant, the difference in vertical
stress can be inferred to be positively correlated with the distance
of hydraulic fracture propagation and negatively correlated with
the rupture pressure and fracture initiation time. Additionally,
owing to the effects of rock heterogeneity and anisotropy, this
conclusion differs across local areas.

5.4. Effect of the bedding inclination

Field profile observations indicate that shales are not horizon-
tally stacked. In contrast, most shales intersect the horizontal plane
at a certain angle, which results in the shale bedding exhibiting a
certain angle of intersection with the horizontal plane. Research has
confirmed that the angle of intersection between shale and the
horizontal plane (the angle of inclination of the shale) notably in-
fluences hydraulic fracture propagation behavior during fracturing.
Under different bedding inclination angles, hydraulic fractures
exhibit different propagation patterns. On this basis, in this study,
while the other parameters are held constant and the E,/Ef ratio is
set to 4, the inclination angles of the bedding are set to 0°, 30°, 45°,
and 60° to simulate the extension behavior of hydraulic fractures in
reservoirs with bedding structures at various bedding inclination
angles. The results are shown in Fig. 11. When the inclination angle
of the bedding is 0°, the hydraulic fracture directly crosses the
bedding and enters the upper rock matrix when it extends to the
bedding (Fig. 11(a)). The fracturing fluid exchanges heat with high-
temperature fluid at this time, and the temperature of the fracturing
fluid increases and its properties change, which affects the reservoir
stimulation results (Fig. 11(e)). As the dip angle of the bedding in-
creases to 30° and 45° when the hydraulic fracture extends to the
bedding, the fracture first extends along the bedding for a certain
distance and then directly crosses it and enters the upper rock
matrix; the greater the dip angle of the bedding is, the further the
fracturing fluid flows along the bedding (Fig. 11(b), (¢), (f), and (g)).
When the inclination angle of the bedding increases to 60°, the
fracturing fluid stops at the bedding upon reaching it after initially
following the hydraulic fracture and then flows along the direction
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Fig. 11. Expansion behavior of hydraulic fractures in the bedding at various bedding dip angles. (a) Bedding inclination angle of 0°, (b) bedding inclination angle of 30°, (c) bedding

inclination angle of 45°, and (d) bedding inclination angle of 60°.
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of the bedding, and the bedding is reactivated (Fig. 11(d), (h)). When
the other parameters are maintained constant, with increasing
inclination angle of the bedding, the hydraulic fracture propagation
to the bedding gradually evolves from directly crossing the bedding
to turning along the bedding and then directly crossing the bedding
until the fracture finally propagates only along the direction of the
bedding. In other words, the higher the inclination angle of the
bedding, the more favorable the extension of hydraulic fractures
along the bedding is. In addition, when hydraulic fractures first turn
along the bedding and then directly cross it, the greater the bedding
inclination angle is, the farther the hydraulic fractures extend along
the bedding.

5.5. Effect of temperature

With increasing shale reservoir depth, the reservoir temperature
gradually increases, which leads to changes in the mechanical
properties of the rock, pore structure, and other characteristics,
which in turn affect the reservoir stimulation results. Moreover,
temperature change affects the properties of the fracturing fluid,
which in turn affects hydraulic fracture extension. On this basis, the
other parameters are kept constant in this study, Ey/Es is 10, the
injected fluid temperature is 293.15 K, and the reservoir tempera-
ture is set to 353.15, 373.15, 393.15, and 413.15 K to investigate the
propagation pattern of hydraulic fractures in reservoirs with
bedding at various temperatures. The results are shown in Fig. 12.
When the other parameters are maintained constant and the
reservoir temperature is 353.15 K, the hydraulic fracture directly
crosses the bedding and enters the upper rock matrix when it ex-
tends to it; at this time, heat exchange between the fracturing fluid
and the reservoir rock occurs, the temperature of the fracturing fluid
gradually increases, and the properties of the fracturing fluid, such
as the density and viscosity, change, which affects the reservoir
stimulation results (Fig. 12(a) and (e)). As the reservoir temperature
increases to 373.15 K, when the hydraulic fracture extends to the
bedding, it may cross the latter directly, and while crossing the
bedding, the fracturing fluid flows along the direction of the
bedding, which activates the bedding (Fig. 12(b), (f)). As the
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temperature is increased to 393.15 K, the hydraulic fractures ap-
proaches and eventually crosses the bedding, and simultaneously,
the fracturing fluid flows along the bedding, thus activating the
bedding (Fig. 12(c), (g)). When the temperature increases to
413.15 K, the hydraulic fracture extends to the bedding and then
turns along it or directly crosses it, thus activating the bedding and
increasing the reservoir stimulation volume (Fig. 12(d), (h)). At this
time, there is a difference in the propagation pattern of the hy-
draulic fracture between the upper and lower sides of the bedding
plane, which is caused by the heterogeneity in the rock (Fig. 12(d),
(h)). According to the results, in the fracturing process, when other
parameters are maintained constant, with increasing reservoir
depth, the temperature in the reservoir gradually increases, and
when the hydraulic fracture extends to the bedding, the behavior of
the hydraulic fracture gradually develops from directly crossing the
bedding to turning along it while crossing it, and with a further
increase in temperature, the hydraulic fracture only turns along the
bedding in the end. In other words, an increase in reservoir rock
temperature promotes the turning of hydraulic fractures along the
bedding and the generation of more discontinuities, thus increasing
the reservoir stimulation volume.

Afterward, the wellbore pressure and temperature changes
during fracturing are analyzed. As shown in Fig. 13, adopting the
reservoir temperature of 413.15 K as an example, the fracturing
process can be divided into stages HI, I], and JK according to the
curve of the change in the wellbore temperature. Stage HI is the
stage during which the wellbore temperature rapidly decreases. In
this stage, with the continuous injection of fluid pressure, the
wellbore temperature decreases rapidly until the minimum value of
312.17 Kis reached at 15 s. Stage I] is the stage in which the wellbore
temperature rapidly increases. At this stage, with the continuous
injection of fracturing fluid, the wellbore pressure increases until it
reaches the rupture pressure, and then the reservoir starts to crack,
and with increasing fluid-rock contact surface, the fluid tempera-
ture increases faster until it reaches point J. At this time, the rate of
injection of the fracturing fluid is more consistent with the rate of
fluid warming. At stage JK, the temperature in the wellbore changes
more slowly. Compared with the previous two stages, the wellbore

T=393.15K T=413.15K

(d) !

1
-

5

300

Fig. 12. Extension behavior of hydraulic cracks in bedding at various temperatures. (a) and (e) T = 353.15 K, (b) and (f) T = 373.15 K, (¢) and (g) T = 393.15 K, and (d) and (h)

T=41315K
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Fig. 13. Variation in the fluid pressure with time at various reservoir temperatures.

temperature at this stage increases or decreases with time, but the
rate of increase or decrease is low, which indicates that the fluid
injection rate and the fracturing fluid warming rate are more
consistent at this time, and the gradual curve fluctuations are
caused by the heterogeneity in the rock. In addition, at stage HI, the
times to reach point I (lowest temperature) at reservoir tempera-
tures of 353.15, 373.15, 393.15, and 413.15 K are 10, 11,12 and 15 s,
respectively, and the corresponding real-time temperatures are
304.21, 307.87, 310.57 and 312.17 K, respectively. When the other
parameters are kept constant, with increasing reservoir tempera-
ture, the time needed to reach its minimum temperature increases,
and the corresponding minimum temperature also increases. In
addition, the time required for its extension to the bedding is
analyzed. O, P, Q, and R in Fig. 13 indicate the times required for
hydraulic fractures to extend to the bedding at reservoir tempera-
tures of 353.15, 373.15, 393.15, and 413.15 K, which are 42, 60, 75,
and 99 s, respectively. Thus, the time necessary for hydraulic frac-
tures to extend to the bedding increases with increasing reservoir
temperature when the other parameters are kept constant. An in-
crease in temperature leads to decreases in the viscosity and density
of the fracturing fluid, which in turn reduces the energy of the
fracturing fluid, thus leading to an increase in the time needed for
the fracture to extend the same distance.

The fluid pressure change curve is similar to that in Fig. 10.
Therefore, only its relationship with temperature is analyzed here.
Fig. 13 reveals that the time needed to reach point B (rupture
pressure) is 14, 15, 17, and 21 s under reservoir temperatures of
353.15, 373.15, 393.15, and 413.15 K, respectively. The corre-
sponding rupture pressures are 28.05, 25.33, 23.91, and 23.20 MPa,
respectively, and the rupture pressure of the reservoir rock grad-
ually decreases with increasing reservoir temperature. With
increasing reservoir temperature, the rupture pressure of the
reservoir rock decreases gradually, and the time needed to reach
the rupture pressure increases gradually. The rock comprises many
types of minerals, and different minerals exhibit distinct expan-
sion capacities. When the reservoir temperature increases, the
expansion of different minerals differs, thereby resulting in
microcracks between minerals, which decreases the strength of
the rock, and the corresponding rupture pressure decreases
accordingly. The reservoir temperature is negatively correlated
with the rock fracture pressure.

5.6. Criteria for hydraulic fracture propagation under the action of
various factor combinations

(1) Criteria for hydraulic fracture propagation under combina-
tions of two factors
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First, the results of previous studies reveal that the ratio of the
elastic moduli of the rock matrix and bedding, geostress, bedding
inclination, and temperature notably influence the propagation
pattern of hydraulic fractures in the bedding. On this basis, these
four influencing factors are combined in pairs to analyze the
propagation behavior of hydraulic fractures in the bedding under
the effects of various factor combinations. The results are shown in
Fig. 14, in which the graphical area is divided according to four
propagation patterns: direct crossing, turning, turning and then
crossing, and crossing and diverting. When the other parameters
are maintained constant and Eqy/Er does not change, with
increasing difference in vertical stress, hydraulic fractures tend to
directly cross the bedding when they extend to the bedding. When
the difference in vertical stress is greater than or equal to 16 MPa,
hydraulic fractures that extend to the bedding directly cross the
bedding (Fig. 14(a)). In contrast, increases in bedding inclination
and temperature are favorable for the turning of the hydraulic
fractures along the bedding. When the bedding dip angle is greater
than or equal to 60° or the E/Es ratio is greater than or equal to 6
and the temperature is greater than or equal to 413.15 K, hydraulic
fractures that extend to the bedding divert along the bedding
(Fig. 14(b), (c)). When the other parameters are kept constant, the
difference in vertical stress is kept constant, and the temperature
is greater than or equal to 413.15 K, hydraulic fractures tend to
propagate along bedding when they reach the bedding (Fig. 14(d)).
Additionally, a bedding dip angle greater than or equal to 60° fa-
vors the propagation of hydraulic fractures along the bedding
(Fig. 14(e)). For combinations of the temperature and bedding
inclination angle, when the other parameters are kept constant
and the bedding inclination angle is set to a specific value greater
than or equal to 60°, as the temperature increases to 393.15 K,
hydraulic fractures that extend to the bedding are more likely to
divert along the bedding (Fig. 14(f)). With the other factors held
constant, increases in the bedding dip angle, temperature, and
elastic modulus ratio are favorable for hydraulic fracture diversion
along the bedding. Specifically, when the bedding dip angle is
greater than or equal to 60°, the temperature is greater than or
equal to 413.15 K, and the elastic modulus ratio is greater than or
equal to 6, hydraulic fractures are more likely to be diverted along
the bedding; conversely, an increase in the difference in vertical
stress favors hydraulic fractures directly crossing the bedding, and
the difference in vertical stress being greater than or equal to
16 MPa favors hydraulic fractures directly crossing the bedding.

(2) Criteria for hydraulic fracture propagation under combina-
tions of three factors

On the basis of the results of two-by-two combination
analysis, the propagation pattern of hydraulic fractures in
reservoirs with bedding under the effects of combinations of
three factors, namely, the elastic modulus ratio-vertical stress
difference-bedding inclination, elastic modulus ratio-vertical stress
difference-temperature, bedding inclination-temperature—elastic
modulus ratio, and bedding inclination-temperature-vertical stress
difference, are analyzed. The specific steps are as follows: first,
while the other parameters are kept constant, the first two and the
last two parameters are used as vertical and horizontal coordinates,
respectively, of the elastic modulus ratio-vertical stress difference
and bedding inclination-temperature, and the bedding inclination,
temperature, elastic modulus ratio, and vertical stress difference are
changed in turn to investigate the extension mechanism of hy-
draulic fractures in reservoirs with bedding under this combination
of the three factors. The results are shown in Fig. 15, and the image
area is divided according to the propagation pattern of hydraulic
fractures in the bedding. As shown in Fig. 15(a), when the inclination
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Fig. 15. Extension behavior of hydraulic fractures in bedding at various bedding inclinations. (a) Bedding inclination angle of 0°, (b) bedding inclination angle of 30°, (c) bedding

inclination angle of 45°, an (d) bedding inclination angle of 60°.

angle of the bedding is 0°, the difference in vertical stress is less than
or equal to 4 MPa, and when E,/Es is greater than or equal to 10, the
hydraulic fracture turns along the bedding while crossing the
bedding upon reaching it; when the difference in vertical stress is
greater than 4 MPa or less than Ep/Es is less than 10, the hydraulic
fracture directly crosses the bedding when it reaches the latter. As
the dip angle of the bedding increases to 30°, 45°, and 60°, the
propagation pattern of hydraulic fractures becomes complicated
when they extend into the bedding. Additionally, the proportion of
the area where the hydraulic fracture directly crosses the bedding
gradually decreases to 0, and the proportion of the area where the
hydraulic fracture is diverted along the bedding gradually increases;
i.e., an increase in bedding inclination is favorable for the diversion
of hydraulic fractures along the bedding (Fig. 15(b), (¢), and (d)).
Similarly, an analysis of the data in Fig. 16 reveals that when the
other parameters are kept constant and Ey,/Er and the difference in
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vertical stress are the vertical and horizontal coordinates, with
increasing temperature, when the hydraulic fracture extends to the
bedding, the proportion of the area where the hydraulic fracture is
diverted along the bedding gradually increases, and the proportion
of the area where the hydraulic fracture directly crosses through the
bedding gradually decreases or even becomes zero, which indicates
that an increase in temperature favors the diversion of hydraulic
fractures along the bedding. Afterward, taking the bedding incli-
nation temperature as the vertical and horizontal coordinates, E,/Es
is 4, 6, 8, and 10, and with increasing E,/Er ratio, the proportion of
the area that is diverted along the bedding gradually increases and
the proportion of the area where the hydraulic fracture directly
crosses the bedding gradually decreases when the hydraulic frac-
ture extends to the bedding, which indicates that an increase in the
ratio of the elastic moduli of the rock matrix and bedding is favor-
able for the diversion of hydraulic fractures along the bedding
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Fig. 16. Extension behavior of hydraulic fractures in bedding at various temperatures. (a) T = 353.15 K, (b) T= 373.15K, (¢) T = 393.15 K, and (d) T = 413.15 K.

(Fig. 17). In addition, when the other parameters are kept constant
and the difference in vertical stress is set to 4, 8, 12 and 16 MPa, as
the difference in vertical stress increases, more hydraulic fractures
that extend to the bedding cross the bedding directly, and the cor-
responding percentage of the area gradually increases, while the
percentage of the area where the hydraulic fracture is diverted
along the bedding gradually decreases (Fig. 18). An increase in the
difference in vertical stress is favorable for the crossing of hydraulic
fractures through the bedding and their entry into the upper rock
matrix.

6. Effect of the bedding structure on hydraulic fracture
propagation

In Section 5, the propagation patterns of hydraulic fractures in
individual bedding planes were analyzed. Observations revealed
that shale develops a massive bedding structure, and on this basis,
the extension behavior of hydraulic fractures in shale bedding
when a massive bedding structure is well developed is investi-
gated, and the mechanism of the influence of the bedding struc-
ture on the extension behavior of hydraulic fractures is clarified.

6.1. Effect of the elastic modulus ratio (Er/Ey) of the rock matrix
and the bedding

Shales contain numerous bedding structures, on the basis of
which the extension behavior of hydraulic fractures in well-
bedded shales is simulated in this study via an established nu-
merical model. In this study, the model is set with a spacing of
10 mm between the bedding planes, the other parameters are kept
constant, and Ey/Ef is set to 4, 6, 8, and 10 to investigate the
extension behavior of hydraulic fractures in shale with developed
bedding. The results are shown in Fig. 19, in which the red lines
indicate the bedding; when the shale bedding is developed, the

® Diverted (D) ® Diverted and crossing (D+C)

propagation pattern of hydraulic fractures extending to the
bedding mainly occurs, such as direct crossing, diversion, crossing
and diversion, and diversion before crossing. When the other pa-
rameters are kept constant and Ey/Er is 4, the hydraulic fractures
extend vertically to the bedding, and they cross the bedding
directly or are diverted along the bedding for a certain distance
first and then cross the bedding directly to enter the upper rock
matrix (Fig. 19(a)); as Eq/Ef gradually increases to 6 and 8, the
hydraulic fractures extend to the bedding, and in addition to
crossing the bedding directly, they also cross the bedding and
divert along the bedding at the same time (Fig. 19(b), (c)). When
En/Er increases to 10, the hydraulic fractures are mainly diverted
along the bedding and cross and are eventually diverted when
they extend to the latter (Fig. 19(d)). Therefore, for shale with well-
developed bedding, when the other parameters are kept constant,
with increasing elastic modulus ratio between the rock matrix and
bedding, the extension of hydraulic fractures to the bedding easily
evolves from directly crossing the bedding to crossing and grad-
ually diverting until they only divert along the bedding. In addi-
tion, when a hydraulic fracture experiences crossing and diverting
behavior in the bedding, the larger the Ey/Efratio is, the farther the
hydraulic fracture diverts along the bedding. Notably, the greater
the ratio of the elastic moduli of the rock matrix and bedding, the
more favorable the diversion of the hydraulic fracture along the
bedding and the flowing of the fracturing fluid along the bedding
direction are, which results in the reactivation of the bedding and
the generation of more discontinuities, thus increasing the volume
of the reservoir stimulation.

6.2. Effect of the injection rate on hydraulic fracture propagation
In accordance with Section 6.1, with the other parameters kept

unchanged and Ep/Es set to 8, simulations are conducted to study
the propagation behaviors of hydraulic fractures under various
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fracturing fluid injection rates. In the simulation process, the
fracturing fluid injection rate is set to 3 x 1077, 4 x 107, 5 x 1077,
and 6 x 107 m?/s in succession, and the simulation results are
shown in Fig. 20. When the bedding is developed, the hydraulic
fracture extends to the bedding and may cross the bedding directly
or cross and be diverted along it. When the other parameters are

g=3x10"mds g=4x10"mds

kept constant, the fracturing fluid injection rate is 3 x 10~ or
4 x 10~7 m3/s; when the hydraulic fracture extends to the bedding,
it directly crosses the bedding or diverts along the bedding while
crossing it, and the fracturing fluid exchanges heat with the
reservoir rock and changes its properties, which in turn modulates
the reservoir stimulation effect (Fig. 20(a), (b), (e), and (f)). As the
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Fig. 20. Extension behavior of hydraulic fractures in bedded structures at various injection rates. (a) and (e) with an injection rate of 3 x 1077 m>/s, (b) and (f) with an injection
rate of 4 x 10~ m3/s, (c) and (g) with an injection rate of 5 x 10~ m3/s, and (d) and (h) with an injection rate of 6 x 10~/ m’/s.
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fracturing fluid injection rate increases to 5 x 107 or 6 x 10~/ m?/
s, the wellbore is subjected to fluid pressure and starts to crack,
which results in the formation of multiple hydraulic fractures
(Fig. 20(c) and (d)). When the main fracture extends to the
bedding, it directly crosses it or is diverted along it while also
crossing it, and the extension distance along the bedding is smaller
than the extension distances that correspond to injection rates of
3 x 107 and 4 x 10~7 m?/s; when the branching fracture extends
to the bedding, the fracturing fluid flows along the direction of the
bedding, and the bedding is activated, which in turn increases the
reservoir stimulation volume (Fig. 20). A comprehensive analysis
reveals that when the hydraulic fracture passes through the
bedding and is diverted along it simultaneously, the extension
distance of the hydraulic fracture along the bedding decreases
with increasing fracturing fluid injection rate; moreover, the
higher the fracturing fluid injection rate is, the shorter the time
needed for the hydraulic fracture to extend to the first bedding,
and the hydraulic fracture crosses the bedding directly when it
reaches the latter. A higher injection rate causes the fracturing
fluid to contain more energy, and it can flow across a larger
distance.

7. Conclusions

The focus of this study was shale with well-developed bedding.
On the basis of theories such as rock mechanics, fracture me-
chanics, damage mechanics, maximum tensile stress, and
Mohr-Coulomb theory and considering rock deformation, fluid
flow, and heat transfer phenomena, a coupled thermal--
hydraulic-mechanical finite element numerical model was
established at the hydraulic fracturing experimental scale. By
simulating the hydraulic fracturing process of shale, the following
primary conclusions were obtained:

(1) A comparison of the results of previous hydraulic fracturing
experiments and numerical results with the results ob-
tained with this model revealed that the two sets of results
suitably agreed, thereby validating the reliability of the
model.

(2) The results of this study indicated that when hydraulic
fractures propagate into shale bedding, five propagation
modes may occur: arrest, diversion, diversion followed by
crossing, crossing and diversion, and direct crossing. These
modes are influenced by factors such as the geostress, rock
mechanical properties, bedding plane dip angle, reservoir
temperature, and fracturing fluid injection rate.

(3) As the ratio of the elastic moduli of the rock matrix and
bedding, the bedding dip angle, and the temperature in-
crease, hydraulic fractures are diverted along the bedding
when they extend into the latter. When the bedding dip
angle is greater than or equal to 60°, the temperature is
greater than or equal to 413.15 K, and the elastic modulus
ratio is greater than or equal to 6, the diversion of hydraulic
fractures along the bedding is more favorable. As the prin-
cipal stress difference and hydraulic fracturing fluid injec-
tion rate increase, hydraulic fractures typically directly cross
the bedding when they expand into it. When the difference
in principal stress is greater than 16 MPa, direct crossing of
the bedding by hydraulic fractures is more favorable.

(4) For shale with a well-developed bedding structure, with
increasing ratio of the elastic moduli of the rock matrix and
bedding structure, when the hydraulic fracture extends to
the bedding structure, the number of hydraulic fractures
that cross the bedding structure directly decreases, and the
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hydraulic fractures are diverted along the bedding structure
close to the wellbore.
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