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a b s t r a c t

The glutenite reservoir is strongly heterogeneous due to the random distribution of gravels, making it
challenging to perform hydraulic fracturing effectively. To solve this issue, it is essential to study inter-
action behavior between hydraulic fractures (HFs) and gravels. A coupled hydro-mechanical model is
proposed for HF propagation in glutenite using a grain-based discrete element method. This paper first
investigates the dynamic evolution of HFs in glutenite, then analyzes the influences of various factors
such as horizontal stress difference (Ds), minimum horizontal stress (sh), gravel content (Vg), gravel size
(dg), and stiffness ratio of gravel to matrix (Rs) on HF propagation geometries. Results show that pene-
trating the gravel is the primary HF-gravel interaction behavior, which follows sequential and staggered
initiation modes. Bypassing the gravel is the secondary behavior, which obeys the sequential initiation
mode and occurs when the orientation of the gravel boundary is inclined to the maximum horizontal
stress (sH). An offset along the gravel boundary is usually formed while penetrating gravels, and the
offsets may cause fracture widths to decrease by 37.8%e84.4%. Even if stress dominates the direction of
HF propagation, HFs still tend to deflect within gravels. The deviation angle from sH decreases with rising
Ds and increases with the increase of dg and Rs. Additionally, intra-gravel shear HFs (IGS-HFs) are prone
to be generated in coarse-grained glutenite under high Ds, while more gravel-bypassing shear HFs (GBS-
HFs) tend to be created in argillaceous glutenite with high Rs than in sandy glutenite with low Rs. The
findings above prompt the emergence of a novel HF propagation pattern in glutenite, which helps to
understand the real HF geometries and to provide theoretical guidance for treatments in the field.
© 2024 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/
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1. Introduction

Hydraulic fracturing technology has been applied to the devel-
opment of oil and gas resources in tight glutenite reservoirs (Li
et al., 2020; Zang et al., 2022). The glutenite formation is charac-
terized by a strong heterogeneity owing to the presence of gravels
of varying shapes and sizes. Previous studies (Liu et al., 2022a,
2022b) have suggested that the stiffness and strength of gravels
may be 3e5 times larger than those of matrix. The significant
mechanical contrast between the gravel and matrix can lead to
complex interaction behavior between hydraulic fractures (HFs)
and gravels. It has been widely believed that HFs are able to bypass
(Li et al., 2013) or penetrate (Liu et al., 2019) the gravel, and may get
arrested (Ma et al., 2017) or attracted (Huang et al., 2023) by gravels.
However, the primary HF-gravel interaction behavior and
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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underlying interaction mechanism remain unclear, making it hard
to optimize the fracturing parameters for glutenite reservoirs with
different in-situ stress states and gravel properties. Consequently, it
is imperative to further understand the interaction mechanism
between HFs and gravels to enhance the stimulation efficiency.

Numerous fracturing experiments have been conducted to
investigate the interaction between HFs and gravels, and to quali-
tatively analyze the effects of geological and engineering factors on
HF propagation geometries in glutenite (Wang J. et al., 2022; Liu
et al., 2023; Zhang et al., 2023). It has been found that a bi-wing
gravel-bypassing HF tends to be created in strongly-cemented
glutenite with a low fraction of fine gravels under high Ds;
conversely, multiple tortuous gravel-bypassing HFs are inclined to
be formed in weakly-cemented glutenite with a high fraction of
large gravels under low Ds (Zou et al., 2021). Ma et al. (2017)
concluded from pressure curves that injecting low-viscosity frac-
fluid at a low rate can result in narrow HFs, simultaneously with
injection pressures fluctuating at high levels. Additionally, some
fracture characterization technologies such as computed tomog-
raphy (Liu et al., 2016) and acoustic emission monitoring (Shi et al.,
2023) have been utilized to analyze the interaction behavior be-
tween HFs and gravels. It shows that branches are expected to form
once the fracture tip encounters gravels and that the fracture width
may decrease significantly where the HF starts to bypass the gravel.
Furthermore, Nie et al. (2021) explored the influence of alternate
loading on HF growth path in glutenite by changing the pumping
rate periodically, stating that the gravel strength may be under-
mined due to the fatigue damage caused by alternate loading,
thereby causing the HF to penetrate the gravel. Although these
experiments have preliminarily studied the characteristics of HF
propagation geometries in glutenite, they have yet to quantitatively
reveal the interaction mechanism between HFs and gravels.

Numerical methods have been widely used in modelling the
dynamic fracture propagation process, which is often difficult to
acquire through experiments (Tang et al., 2024; Zhu et al., 2023;
Zhao et al., 2021). Finite element method (FEM) and discrete
element method (DEM) are two common and effective choices in
simulating HF propagation in glutenite. To achieve accurate simu-
lations of the fracture growth in glutenite, careful consideration
must be given to the gravel generation and mechanical behavior of
gravel boundaries (GBs). In FEM, meshes falling inside the gravel
are grouped together to form a gravel-shaped area. Physical and
mechanical properties of gravels are then assigned to the desig-
nated meshes in that area to represent gravels (Zhang and Wong,
2018). A hydro-mechanical-damage coupling scheme is often
employed to characterize the interaction between the fracture tip
and GB (Tang et al., 2022). Li et al. (2013) utilized the FEM-based
rock failure process analysis (RFPA) software to successfully
model the gravel-bypassing behavior of HFs and discovered the
clustering phenomenon of micro-fractures at GBs. Similarly, Rui
et al. (2018) used FEM to investigate the effects of gravel proper-
ties, matrix attributes, and interface cementation strength on
multi-fracture propagation geometries in glutenite.

In contrast, the particle flow code (PFC) is a DEM-based nu-
merical platform that is commonly applied to simulate meso-scale
HF propagation in glutenite (Zhang et al., 2019; Huang et al., 2019)
and crystalline rocks (Kong et al., 2021, 2022). In this method, the
concept of clumps is adopted to generate gravels. Several separate
balls are bonded together to create an assemblage that fits the real
gravel shape (Zhang and Wong, 2018). Unlike the continuum me-
chanical method (e.g., FEM), mechanical behavior of materials is
quantitatively represented by installing suitable contact models
between two contacting balls in the PFC method (Potyondy and
Cundall, 2004). In general, the parallel bond or flat-joint contact
model is used to reflect the deformation of rocks. The differences in
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mechanical properties among gravels, matrix, and interfaces are
characterized by assigning different parameter values to the cor-
responding contacts. Zhang et al. (2019) established a PFCmodel for
HF growth in glutenite with PBM and probed into the effects of the
gravel strength and interface cementation properties on the inter-
action between HFs and gravels. Furthermore, Huang et al. (2023)
used a novel soft bond contact model to depict the
forceedisplacement law of balls inside the gravel and successfully
gained the gravel-penetration geometry as observed in
experiments.

In glutenite with high gravel content, gravels interlock and
contact in a finite area (i.e., area contacting) along the GB (Li et al.,
2020). However, most of the existing models focus on character-
izing the irregular geometric shapes of gravels (Huang et al., 2023;
Zhang et al., 2022) and the differences in mechanical properties
between the gravel and matrix (Rui et al., 2018), ignoring the real
contact pattern and interlocking behavior between gravels, which
will lead to incorrect predictions for the interaction behavior be-
tween HFs and gravels. To fill this gap, this study adopts a grain-
based discrete element method to generate gravels. This method
has advantages in depicting the interlocking structure of minerals
of crystalline rocks (Hofmann et al., 2015; Zhou et al., 2019) but is
rarely used to characterize the contact features of gravels in glu-
tenite. Moreover, despite extensive research on HF propagation
geometries in glutenite, the primary interaction behavior between
HFs and gravels and the underlying interaction mechanism still
need to be better understood. In total, this paper aims to establish a
hydro-mechanical coupling model for HF propagation in glutenite
using the grain-based discrete element method and perform nu-
merical simulations on PFC2D platform to comprehensively un-
derstand the interaction mechanism between HFs and gravels. This
article is organized as follows. Section 2 introduces the numerical
methodology for HF propagation in the grain-based glutenite
model. Section 3 presents the dynamic evolution process of HFs in
glutenite, and analyzes the influences of stress states and gravel
properties on the interaction behavior between HFs and gravels.
Section 4 discusses the simulation results. Finally, the main con-
clusions are summarized in Section 5.

2. Numerical methodology

2.1. Gravel generation

In glutenite, it has been observed that gravels of irregular shapes
are typically in contact with each other at finite areas along GBs,
exhibiting the interlocking behavior (Li et al., 2020). To accurately
represent the contact characteristics between gravels, a grain-
based model was established through Voronoi tessellation
(Fabjan et al., 2015) to randomly generate gravels, as shown in Fig.1.

Firstly, a particle assembly was constructed by generating two
groups of different sizes of balls (Fig. 1(a)). The center positions and
sizes of balls in each group obeyed the uniform distribution. The
larger white balls marked the gravel positions, and sizes and vol-
ume fractions of larger white balls were comparable to those of real
gravels in glutenite. In contrary, the smaller gray balls represented
the matrix in glutenite. Secondly, the centers of balls in contact
were connected to form a network of polygons, as indicated with
green lines in Fig. 1(b). Thirdly, a Voronoi polygon network could be
obtained by linking the centroids (blue solid circles in Fig. 1(b)) of
adjacent polygons, as indicated with blue lines in Fig. 1(b) and (c).
The Voronoi polygons were classified into two groups: polygons
covering the larger white balls were defined as gravel grains, and
those covering the smaller gray balls were defined as matrix grains.
Eventually, tiny particles with radii of 0.50e0.83 mmwere created
to fill the Voronoi polygon network (Fig. 1(d)). White particles



Fig. 1. Generation procedures of grain-based gravels. (a) Creating the particle assembly; (b) Forming the polygon network; (c) Forming the Voronoi polygon network; (d) Gaining
grain-based gravels and assigning contact models.
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falling into gravel grains gathered together to form grain-based
gravels of various shapes. For the assignment of ball-ball contact
models, the flat-joint (FJ) model (Potyondy, 2012) was installed at
contacts entirely within the matrix or gravel polygons, while the
smooth-joint (SJ) model (Ivars et al., 2008) was assigned to contacts
intersecting the edges of gravel polygons, as shown in the subplot
in Fig. 1(d). The FJ model described the deformation characteristics
of gravels and matrix, and the SJ model characterized the opening
or sliding of GBs.

A 100mm� 100mm glutenite model (Fig. 2(a)) was established
based on the four steps above to approximate the real glutenite
(Fig. 2(b)) with Vg of 60% and dg of 4e6 mm. Comparison between
the model and real glutenite proves that the grain-based model
gained by Voronoi tessellation is an effective method for charac-
terizing the contact behavior of gravels. As a result, this study is to
build the grain-based glutenite models with varying gravel sizes,
contents, and strengths in the following sections. To facilitate the
comparisons among different simulation cases, the default values
of Vg and dg are 60% and 10e12 mm, respectively, unless otherwise
stated. Furthermore, a modelled wellbore with a diameter of 5 mm,
consisting of sixteen balls with a diameter of 1 mm, was set at the
center of the model domain.
2.2. Hydro-mechanical coupling scheme

The pore network model (Al-Busaidi et al., 2005; Potyondy,
2015; Shimizu et al., 2011; Wang T. et al., 2022; Yoon et al., 2014,
2015a, 2015b; Zhang et al., 2013) has been widely used in PFC2D to
achieve the coupling between solid deformation and fluid flow
during HF propagation. In order to establish the pore network, all
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ball centers in the system in Fig. 1(d) were connected, as indicated
in blue lines in Fig. 3(a). Each polygon within this network repre-
sents a pore domain, which is assumed to be fully saturated with
fluid at initial conditions to enhance computation efficiency. As
shown in Fig. 3(b), each pore domain is adjacent to multiple other
pore domains, and fluid exchange occurs if there is a pressure dif-
ference between the adjacent pore domains. To quantitatively
calculate the fluid exchange volume, virtual flowing pipes were
introduced and installed at the contact planes between two con-
tacting balls, with the flowing pipe perpendicularly intersecting the
edge between the two adjacent pore domains. Hence, the fluid is
allowed to flow from the high-pressure pore domain to the low-
pressure one through the flowing pipe. Please note that in the 2D
model, the flowing pipe is typically a unit-thickness flat plate with
finite length.

The volumetric flowing rate qp through the pipe can be calcu-
lated by the cubic law (Eq. (1)) (Al-Busaidi et al., 2005)

qp ¼ �wp
3

12m
p2 � p1

lp
(1)

wherewp is the pipewidth, m; lp is the pipe length, m; p2 and p1 are
fluid pressures of the pore domains which fluid flows out from and
flows into, respectively; m is the fluid viscosity, Pa s. lp is usually
calculated by 4r1r2=ðr1 þ r2Þ, in which r1 and r2 are radii of balls on
both sides of the flowing pipe.wp is related to the contact force and
bond integrity, and is obtained by (Huang et al., 2019; Kong et al.,
2021)



Fig. 2. Comparison between the model and real glutenite. (a) Glutenite model; (b) Real glutenite with interlocking gravels.

Fig. 3. Schematic of pore network model. (a) Network of pore domains; (b) Fluid exchange between the adjacent pore domains; (c) Flowing pipe between two contacting balls.
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wp ¼ w0Fn0
Fn0 þ jFnj ðintact and compressive bondÞ (2.1)

wp ¼ 2w0 �
w0Fn0

Fn0 þ jFnj ðintact and tensile bondÞ (2.2)

wp ¼ maxðw0;wb þmDwdÞ ðbroken bondÞ (2.3)

where w0 is the initial width, m; Fn is the normal contact force, N;
Fn0 is the normal contact force whenwp reduces to half of its initial
value (i.e., w0/2), N; wb is the pipe width when the bond fails, m;m
is the correction factor of the pipe width, dimensionless; Dwd is the
variation of the contact gap, m. When the bond is intact and under
compression, wp should be calculated by Eq. (2.1). If the bond is
intact and under tension, wp is supposed to be calculated by Eq.
(2.2). When the bond is broken, wp should be updated by Eq. (2.3).

Suppose that a pore domain connects other n pore domains
through the flowing pipes, the variation of fluid volume (DVf) in the
core pore domain consists of the injection volume and inflow vol-
umes from the n adjacent pore domains. In an iteration timestep Dt,
DVf is represented as (Al-Busaidi et al., 2005)
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DVf ¼
 
qinj þ

Xn
i¼1

qðiÞp

!
Dt (3)

where qinj is the injection rate, m3/s; qðiÞp is the volumetric flowing
rate through the ith flowing pipe, m3/s. The fluid pressure in a pore
domain is affected by DVf and the variation of the real pore volume
(DVp). Thus, the fluid pressure variation (Dp) in a pore domain is
calculated by (Al-Busaidi et al., 2005)

Dp¼Kf
DVf � DVp

Vp
(4)

where Vp is the real pore volume, m3, equal to Vd4 (Vd is the pore
domain volume and 4 is the porosity); Kf is the fluid bulk modulus,
Pa. Dt should be carefully selected to ensure the stability of explicit
iteration in PFC2D. One of the necessary conditions for the numer-
ical stability is that the pressure gradient direction of the natural
seepage should remain unchanged after the fluid exchange be-
tween the core pore domain and n adjacent pore domains. In other
words, the fluid pressure variation in the core pore domain during
Dt should not exceed the minimum pressure difference between
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the two ends of the flowing pipe connecting the core pore domain.
According to Kong et al. (2021), Dt can be calculated by

Dt¼at
Vp

Kf

0
@Pn

i¼1

ðwðiÞ
p Þ3

12mlðiÞp

1
A

(5)

where wðiÞ
p and lðiÞp are the width and length of the ith flowing pipe

connecting the core pore domain, respectively, m; at is the safe
factor (at < 1). Compare Dt to themechanical timestep Dtm and take
the less one as the final iteration timestep. Fig. 4 presents the
workflow of sequential hydro-mechanical coupling for the HF
propagation simulation in the PFC2D model. It can be found that
fluid flow and solid deformation modules proceeded alternately.
2.3. Micro-parameter calibration

The micro-parameters of the model mainly consist of the me-
chanical and seepage parameters. Because of the cross-scale issue,
the microscopic mechanical parameters, primarily referring to the
contact parameters, cannot be directly obtained from the macro-
scopic mechanical tests such as the tri-axial compression test and
Brazilian splitting test. Consequently, the trial-and-error approach
is frequently used in PFC to calibrate the values of microscopic
mechanical parameters to accurately match the macroscopic me-
chanical behavior of real rocks. To minimize the number of trial-
and-error attempts, the effective moduli of contacts within
gravels and matrix were initialized based on the results of micro-
indentation tests. Subsequently, the remaining contact parame-
ters were determined by carrying out numerical simulations of tri-
axial compression tests and Brazilian splitting tests to match the
experimental results. The values of microscopic mechanical
Fig. 4. Scheme of the sequential hydro-mechanical coupling for the HF propagation
simulation in the PFC2D model (t0 is the simulation time required and this figure is
corrected from Kong et al. (2021)).
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parameters were calibrated against test results from Liu et al.
(2022a) and are presented in Table 1.

Seepage parameters w0 and m should be calibrated to approxi-
mate the actual attributes of fluid flowing in glutenite. The initial
pipe width w0 reflects the ability of fluid to percolate across the
pore network and was calibrated by conducting numerical simu-
lations of the permeability test (Kong et al., 2021). To begin with, a
glutenite specimen with a diameter of 25 mm and a length of
50 mm (Fig. 5(a)) was generated using the method in Section 2.1,
and a pore network (Fig. 5(b)) was created using the method in
Section 2.2. Then, the fluid pressures in pore domains with a dis-
tance of DL away from the inlet were set to pin, and pressures in
those with a distance of DL away from the outlet were set to pout,
creating a pressure difference to enable the fluid to flow across the
numerical specimen. To save the simulation time, the fluid pres-
sures in pore domains at x2ðDL; L� DLÞ were preset by the linear
distribution. The simulation did not cease until the inflow rate was
almost equal to the outflow rate, attaining a steady flowing rate Q
through the cross-section and dynamic equilibrium of fluid
pressures.

Q is dependent on the specimen permeability and can be
calculated based on Darcy's formula. Given that the glutenite
permeability is 2 � 10�16 m2, DL is 2.5 mm, m is 1.0 mPa s, the fluid
bulk modulus Kf is 2 GPa, pin is 2 MPa, and pout is zero, the theo-
retical value of Q is calculated to be 2.22 � 10�7 m3/s. The dynamic
evolution of the inflow and outflow rates was calibrated through
multiple adjustments of w0, and the results are presented in
Fig. 5(c). It is indicated that the fluid pressures in the specimen
almost reaches dynamic equilibrium when the iteration step is
15000e18000. During this range, the inflow rate is approximately
identical to the outflow rate, and the pressure field presents the
characteristic of linear distribution along the x-axis. Whenw0 is set
to 1.86 � 10�6 m, the numerical solution of the flowing rate in
equilibrium is found to be 2.32 � 10�7 m3/s, which is close to the
theoretical solution of 2.22 � 10�7 m3/s.

According to Kong et al. (2021), the correction factorm indicates
the ability of the HF to deform under fluid pressures. It has been
observed that the fracture stiffness tends to increase as m de-
creases. In this study, a 130mm� 130mm ideal model consisting of
10201 regularly arranged balls with a diameter of 0.13 mm
(Fig. 6(a)) was established to calibrate the value of m. To simulate
the fracture width variation under fluid pressures, a pre-existing
dry fracture with a length of 62.4 mm was installed at the center
of the model. The tensile strengths of all contacts along the fracture
were set to 0.1 Pa. Upon application of a constant fluid pressure to
the fracture, the contacts along the fracture will fail easily, and the
fracture width will gradually increase until the width distribution
stabilizes. The numerical solution to the width distribution was
validated against an analytical solution (Sneddon, 1946) to find the
most appropriate value of m, which can reflect the actual defor-
mation characteristics of the HF under fluid pressures. The
analytical solution to the width distribution in an elastic solid is as
follows.

wðxÞ ¼ 8
�
1� v2

�
pf

pE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L0

2 � x2
q

(6)

where v is the Poisson's ratio, dimensionless; E is the Young's
modulus, Pa; pf is the constant fluid pressure in the fracture, Pa; L0
is the half-length of the pre-existing fracture, m. Given that pf is
2 � 106 Pa, L0 is 0.0312 m, E is 22.0 GPa, and v is set to zero, the
width distributions gained by the analytical solution and under
different values of m are presented in Fig. 6(b). It is found that the
fracture width at the same x-coordinate increases with m, and the
numerical solution to the width distribution is consistent with the



Table 1
The calibrated values of microscopic mechanical parameters.

Ball parameters
Minimum ball radius rmin, mm 0.5
Ratio of the maximum to minimum ball radius rmax/rmin 1.66
Ball density r, kg/m3 2750

Contact parameters within gravels and matrix
Gravel Matrix

Total number of elements Nr 4 4
Effective modulus E*, GPa 42 21
Normal-to-shear stiffness ratio k* 1.6 1.6
Tensile strength sc, MPa 12 9
Cohesion c, MPa 50 35
Friction angle f, � 60 45
Friction coefficient h 0.3 0.3

Contact parameters at interfaces
Gravel-gravel interface Gravel-matrix interface

Normal stiffness kn, GPa/m 24000 18000
Shear stiffness ks, GPa/m 12000 9000
Joint tensile strength scj, MPa 6 6
Joint cohesion cj, MPa 23 23
Joint friction angle fj, � 60 60
Joint friction coefficient hj 0.3 0.3

Fig. 5. The calibration of the initial pipe width w0. (a) The modelling glutenite specimen for the permeability test; (b) The initialization of the pore network; (c) The variation curve
of the inflow and outflow rates versus the iteration step.
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analytical solution when m is 0.4. Table 2 lists the values of the
initial pipe width w0, correction factor m, and other relevant fluid
properties. These parameters stay the same in the following nu-
merical simulations.

In terms of the configuration of in-situ stresses, the contrast
coefficient Kh of horizontal stresses (as defined in Eq. (7)) was
introduced to assess the relative magnitude of the maximum and
minimum horizontal principal stresses (Beugelsdijk et al., 2000).

Kh¼
sH � sh

sh
(7)

where sH and sh are the maximum and minimum horizontal
principal stresses, respectively, MPa. If sh and sH are set to 30 and
39 MPa, respectively, Kh is 0.3. To facilitate the comparisons among
different simulation cases, the default values of sh and sH are 30
and 39 MPa, respectively, unless otherwise stated. Additionally, the
frac-fluid is injected into the wellbore at a rate of 5 � 10�5 m3/s.
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3. Simulation results

3.1. Dynamic evolution characteristics of hydraulic fractures in
glutenite

A benchmark case was conducted to elucidate the dynamic
evolution characteristics of HFs in glutenite. It should be noted that
the gravel content was considered as 68% in this case.
3.1.1. Asynchronous initiation
Figs. 7 and 8 show the HF initiation geometries at the wellbore

wall in glutenite. The wellbore is located at the GB, with the right
half of thewellborewall consisting of gravel particles 1 to 8, and the
left half of the wellbore wall consisting of matrix particles 9 to 16.
The interface between the gravel and matrix at the wellbore wall is
between particles 1 and 16, and between particles 8 and 9. Results
reveal that the left and right wings of the HF initiate asynchro-
nously at the wellbore. It is observed that at iteration step 3051, the



Fig. 6. The calibration of the correction factorm. (a) The numerical model containing a pre-existing fracture in the center; (b) The distributions of the fracture width obtained by the
analytical solution and under different values of m.

Table 2
The values of the seepage parameters and fluid properties.

Initial pipe width w0, m Correction factor m Fluid viscosity m, mPa s Fluid bulk modulus Kf, GPa

1.86 � 10�6 0.4 1.0 2.0

Fig. 7. Initiation geometry of the left-wing fracture and stress distribution near the wellbore at iteration step 3051. (a) Fracture geometry; (b) Normal stress distribution; (c) Shear
stress distribution.
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contact between particles 12 and 13 is fractured, and the left wing
of the HF initiates on the matrix side of the wellbore (Fig. 7(a)). By
injecting the frac-fluid continuously, the left wing keeps propa-
gating, and two more fractures are created before the right wing
initiates. It is not until iteration step 4210 that the contact between
particles 4 and 5 fails, and the right wing of the HF initiates on the
gravel side of the wellbore (Fig. 8(a)).

In combination with the interpolated normal stress distribution
indicated in Fig. 7(b), it can be seen that there is a concentration
area of tensile stress in the matrix on the left of the wellbore at
iteration step 3051, and the local tensile stress within this area is
higher than the tensile strength of matrix (9 MPa). However, the
area within the gravel on the right of the wellbore is still under
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compression, with the compressive normal stress approximately
40e50MPa. Fig. 8(b) further illustrates that at iteration step 4210, a
concentration area of tensile stress appears in the gravel on the
right of the wellbore, and the local tensile stress within that area is
higher than the tensile strength of gravels (12 MPa), making the
gravel to fail. It demonstrates that the asynchronous initiation of
the left and right wings may be attributed to the difference in
mechanical properties between the gravel and matrix. As shown in
Table 1, the stiffness of the matrix is lower than that of the gravel,
which leads to a relatively larger normal displacement between
particles at the two ends of the matrix contact than the gravel
contact under the same wellbore pressure. This, in turn, makes it
easier for the matrix side of the wellbore to form a concentration



Fig. 8. Initiation geometry of the right-wing fracture and stress distribution near the wellbore at iteration step 4210. (a) Fracture geometry; (b) Normal stress distribution; (c) Shear
stress distribution.
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area of tensile stress. Furthermore, the tensile strength of the ma-
trix is also lower than that of the gravel, causing the matrix contact
to reach the tensile failure strength earlier than the gravel contact.

It is found that the HFs initiate nearly in the direction of sH.
Some scholars (Yu et al., 2021; Ma et al., 2017) suggest that HFs may
initiate at GBs if gravels exist near thewellbore. In this case, the GBs
between particles 1 and 16 and particles 8 and 9 remain intact,
mainly due to the orientations of these interfaces being inclined to
the direction of sh, causing the GBs to be compressed by sH. It is
worth noting that there are concentration areas of shear stress near
the GBs at iteration step 3051 (Fig. 7(c)). These areas keep
expanding as the fluid is injected continuously, according to
Fig. 8(c), suggesting that the GBs is likely to fail due to the interface
slippage under shear stress.
3.1.2. Interaction behavior between hydraulic fractures and gravels
Fig. 9(a) displays the global propagation geometries of HFs in the

benchmark case. It is indicated that the HF penetrates or bypasses
the gravel after the fracture tip encounters the GB. The left wing of
the HF penetrates gravels G1 and G2, while the right wing
Fig. 9. The global fracture propagation geometry. (a) Numerical results of the benchmark cas
iteration step at which the local grain-scale fracture was created.
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penetrates gravels G3, G4, and G5 successively. Additionally, the left
wing bypasses the gravel along the interface between gravels G8
and G9 in area B1, while the right wing propagates along the GB
between gravels G10 and G11 in area B2. The experimental results
(see Fig. 2(b)) of hydraulic fracturing in glutenite by Zou et al.
(2021) are used to validate the HF propagation geometries in the
benchmark case. It is noted that the fracturing experiment was
conducted under conditions similar to the benchmark case.
Fig. 2(b) presents the HF propagation geometry in the computed
tomography scanning graph transverse to the wellbore. According
to Fig. 2(b), the left wing crosses gravels consecutively, while the
right wing penetrates gravels in the near-wellbore area but by-
passes gravels as it approaches the specimen boundary. It is
observed that the numerical results of the HF propagation geom-
etry in Fig. 2(a) are in good agreement with the experimental re-
sults, demonstrating that the model for predicting HF propagation
geometries in glutenite is reliable.

Fig. 9(a) indicates that the HF crosses the GB from the matrix to
the interior of the gravel at locations C1, C3, and C6, and from the
gravel to the matrix at locations C2 and C5. Additionally, the HF
e; (b) Experimental results from Zou et al. (2021). The color bar on the right denotes the
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crosses over the interface between gravels G1 and G2 directly at
location C4. Fig. 10 presents a visual representation of the fracture
propagation sequence for crossing GBs at locations C1 to C6 based
on the iteration step (t) at which the local grain-scale fracture was
formed. Fig. 10(a)e(c), and (f) suggest that penetrating into the
gravel from the matrix follows a sequential initiation mode. Firstly,
the GB is opened or sheared when the fracture intersects with it.
Subsequently, the HF diverts toward and propagates along the GB.
Finally, the HF diverts again into the interior of the gravel at a
mechanically weak spot on the interface. For example, at location
C1 (Fig. 10(a)), a gravel-bypassing shear HF (GBS-HF) is first created
at t¼ 12331 once the fracturemeets the gravel. then an intra-gravel
tensile HF (IGT-HF) is generated near the boundary at t ¼ 12398.
The HF just propagates a short distance along the GB before
diverting into the gravel, with only one or two interface contacts
failing. This can be attributed to the heterogeneous orientations of
interface contacts intersecting with GBs. The orientations of some
interface contacts are almost inclined to the direction of sh.
Compared to diverting into the gravel, more energy is needed to
overcome the compression by sH to break the interface contacts if
the HF propagates a long distance along the GB.

Fig. 10(b) and (e) show that crossing the GB from the gravel into
the matrix follows a staggered initiation mode. In other words, the
matrix in front of the fracture tip fails first upon the HF intersecting
with the GB. As the fluid pressure at the fracture tip increases, the
GB is fractured, leading to communication between the pre-
Fig. 10. The dynamic evolution process of the HF crossing the GB at different locations. (
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existing fracture and fracture tip. For instance, around location
C2, a tensile HF is created first in the matrix at t ¼ 16248 before the
fracture crosses the GB, followed by the initiation of a GBS-HF on
the interface at t ¼ 16690 to communicate with the isolated frac-
ture formed previously, as presented in Fig. 10(b). The fracture
generated before the failure of the GB is referred to as a “dry”
fracture, in which no fluid is present due to the separation from the
primary fracture. This propagation behavior observed in this study
is consistent with the experimental results obtained by using real-
time photography and acoustic emission monitoring methods.
Some scholars observed the identical initiation mode in their in-
vestigations into the hydraulic micro-cracking behavior in crystal-
line rocks (Kong et al., 2021; Isaka et al., 2019; Chen et al., 2015).
They suggest that the staggered propagation behavior may result
from the induced stress intensity around the fracture tip and local
heterogeneity.

Moreover, it is found from Fig. 10(d) that the HF can pass
through the interface between two adjacent gravels. At location C4,
a gravel-bypassing tensile HF (GBT-HF) initiates first on the
boundary of gravel G1 at t ¼ 40767, when the fracture tip arrives at
the interface. Afterward, another GBT-HF is formed on the bound-
ary of gravel G2 at t ¼ 44257. Further, the HF penetrates the GB,
generating an IGT-HF within gravel G2 at t ¼ 44374, and transiting
the fracture growth trajectory from gravel G1 into the adjacent
gravel G2. Notably, the behavior of the HF crossing the interface
between two adjacent gravels obeys the sequential initiationmode.
a) to (f) illustrate the fracture propagation paths at locations C1 to C6, respectively.
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As shown in Fig. 9(a), the left wing bypasses the gravel along the
interface between gravels G8 and G9 in area B1, while the right
wing grows along the GB between gravels G10 and G11 in area B2.
The dynamic evolution of the growth trajectory for bypassing
gravels is presented in Fig. 11. In area B1 (Fig. 11(a)), it can be seen
that a GBT-HF first initiates on the boundary at t ¼ 92479 after the
left wing encounters gravel G9. This is followed by the generation of
another GBT-HF at t ¼ 95123, causing the HF to divert and propa-
gate along the interface between two contacting gravels. Subse-
quently, multiple GBT-HFs are formed during growing along the GB.
For the right wing (Fig. 11(b)), a similar bypassing behavior can be
found in area B2. It is noteworthy that the behavior of bypassing
gravels follows the sequential initiation mode, without generation
of “dry” fractures near the fracture tip. Further exploration of the
mechanism behind the sequential and staggered initiation modes
will be conducted in combination with the cloud map of stress
around the fracture tip in the following section.

3.1.3. Stress distribution near gravel boundaries
The dynamic evolution process of HFs described above dem-

onstrates that the sequential and staggered initiation of fractures
are two primary modes for crossing the GB. By contrary, the
sequential initiation of fractures along the GB is the dominant
pattern by which the HF bypasses gravels. This section further
analyzes the mechanism behind the sequential and staggered
initiation modes based on the stress distribution near gravel
boundaries, as shown in Fig. 12.

In the case of HFs propagating from the matrix into the gravel,
the stress near the fracture tip transmits across the interface and
into the gravel as the HF gradually approaches the GB (Fig. 12(a)).
Because the stiffness and failure strength of gravels are higher than
those of the matrix, the stress conduction from the matrix into the
gravel is obstructed, which induces the HF to open the GB and to
propagate along it without inducing damage fractures inside the
gravel. During the HF propagation along the GB, stress accumulates
at the interface gradually and spreads towards the interior of the
gravel, leading to the expansion of the tensile stress concentration
zone within the gravel and an increase in tensile stress. Ultimately,
an IGT-HF is generated once the tensile stress inside the gravel
Fig. 11. The dynamic evolution process of the HF bypassing the gravel. (a) HF p
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exceeds the tensile strength of the gravel, realizing the sequential
initiation of HFs.

In the case of HFs propagating from the gravel to the matrix, the
matrix initiates earlier than the interface as the HF gradually ap-
proaches the GB (Fig. 10(b) and (e)), characterized by the staggered
initiation geometry. One reason is that it is easy for the stress to
transmit from the gravel into the matrix, which leads to a rapid
increase in tensile stress inside the matrix and the formation of a
tensile stress concentration zone (Fig.12(b)). On the other hand, the
GB tends to slip because of the large angle (45.1�) between the
interface and sH. Although there is a shear stress concentration
zone along the interface (Fig.12(e)), the shear failure strength of the
interface has not been reached, and no interface fractures have
been created. Overall, it is earlier for the matrix to reach the tensile
failure strength and create fractures, while the interface has a
tendency to fail in shearing. In fact, a shear fracture is formed on
that interface at t ¼ 16690, as shown in Fig. 10(b).

In areas B1 and B2, the HFs bypass the interfaces between two
contacting gravels. In area B1, the HF diverts toward and grows
along the interface between gravels G8 and G9 instead of the one
between gravels G2 and G8. This behavior is probably caused by the
difference in orientations of the GBs with respect to sH. Specifically,
the orientation of the interface between gravels G8 and G9 is in-
clined to sH at a small angle (about 13�). However, the orientation
of the interface between gravels G2 and G8 deflects away from sH at
a much larger angle (up to 71�) and is opposite to the direction of
HF propagation. As a result, the larger tensile deformation is
generated along the interface between gravels G8 and G9, facili-
tating the spread of the induced stress along this interface
(Fig. 12(c)). The stress transmission along the GB causes interface
contacts to fail in turn during the HF bypasses gravels, realizing the
sequential initiation. Moreover, a local concentration zone of shear
stress is observed along the interface between gravels G8 and G9
(Fig. 12(f)), indicating that this interface is more prone to failure in
shearing.

The fracture initiation mode is primarily influenced by the
mechanical properties of the gravel, matrix, and interface, as well as
the orientations of GBs. This study further statistically investigates
the correlation between the HF-gravel interaction behavior and the
ropagation geometry in area B1; (b) HF propagation geometry in area B2.



Fig. 12. The stress distribution near gravel boundaries. (a) and (d) describe the tensile and shear stresses in the case of the HF propagating from the matrix to the gravel,
respectively; (b) and (e) describe the tensile and shear stresses in the case of the HF propagating from the gravel to the matrix, respectively; (c) and (f) describe the tensile and shear
stresses in the case of the HF propagating along the interface between gravels, respectively.
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angle of the GB with respect to sH. Fig. 13 reveals that the HF tends
to penetrate gravels when the orientation of the GB is between
40.7� and 134.9�, i.e., the angle between the GB and sH is 45�e90�.
By contrary, the HF bypasses gravels when the orientations of the
GBs are 10.9� and 167.1�, respectively, i.e., the angle between the GB
and sH is averagely 12�. This correlation is mainly determined by
the fracture energy required to maintain the fracture propagation.
Bypassing a GB with a large angle will consume more fracture
energy to overcome the compressive force from sH compared to
crossing it. However, crossing a GB with a small angle will consume
more fracture energy to overcome the barrier effect from the gravel
Fig. 13. The correlation between HF-gravel interaction behavior and orientations of
GBs.
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of high stiffness and failure strength compared to bypassing it.

3.1.4. Fracture width distribution
The width distribution of HFs is presented in Fig. 14. It is indi-

cated that the width generally decreases from the fracture entrance
to the fracture tip with fluctuations of varying amplitudes. For
penetrating gravels, the HF usually deflects at the GB, leading to a
significant drop in the fracture width. Specifically, the width of the
left wing decreases by 48.9% and 69.8% at locations C1 and C4,
respectively; the width of the right wing reduces by an average of
60.3%, with reductions of 84.4%, 54.6%, 66.2%, and 37.8% at locations
C2, C3, C5, and C6, respectively. However, the fracture width tends
to increase rapidly after crossing the GB due to the fracture prop-
agation direction returning to sH. For bypassing gravels in areas B1
and B2, the HFwidth tends to decrease monotonically along the GB.

Notably, the width decreases and fluctuates severely for the
fractures inside the gravel or matrix. This is mainly attributed to
different fracture types and the heterogeneity of particle sizes and
mechanical properties of contacts. On the one hand, shear fractures
within the gravel or matrix havemuch smaller widths than those of
tensile fractures (e.g., the shear fracture width in the matrix on the
left of the wellbore decreases by 78.8% compared to the tensile
fracture created earlier). On the other hand, the contact force and
contact stiffness within the gravel or matrix are highly heteroge-
neous, which may lead to the deflection of HFs and the increase of
local tortuosity. Thus, it can be concluded that the HF width in
glutenite is highly uneven. Particularly, the width decreases
significantly at spots where the fracture interacts with the GB or



Fig. 14. The width distribution of the HF in glutenite.
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deflects and bends. In hydraulic fracturing treatments, the sharp
reduction of widths will increase the transport resistance of prop-
pants, probably resulting in severe sand plug at the key positions
mentioned above.
3.2. Effects of stress states on hydraulic fracture propagation in
glutenite

3.2.1. Horizontal stress difference
The HF propagation geometries in glutenite under different

horizontal stress differences (Ds) are presented in Fig.15.With sh of
30 MPa, Ds is set to 3, 6, 9, and 12 MPa, which corresponds to Kh of
0.1, 0.2, 0.3, and 0.4, respectively. Under low Ds of 3 MPa (Kh ¼ 0.1),
three fractures initiate at the wellbore. HF1 propagates from the
matrix on the right of the wellbore and is then attracted by the
nearby gravel. Afterward, HF1 propagates along the GB at a devi-
ation angle of 34� from sH. HF2 initiates at the GB and grows at a
deviation angle of 30� from sH, penetrating two contacting gravels
consecutively. HF3 also initiates at the GB but propagates in the
approximate direction of sh. As the fracture tip moves away from
the wellbore, the propagation directions of HF1 and HF2 gradually
return to that of sH. In the case of Ds ¼ 6 MPa (Kh ¼ 0.2), multiple
fractures initiate at the wellbore. Differently, HF1 tends to grow in
the direction of sH, and the deviation angle of HF2 from sH in the
near-wellbore region decreases to 19�, whereas the length of HF3
reduces significantly. When Ds increases to 9 MPa (Kh ¼ 0.3), the
deviation angle of HF2 from sH in the near-wellbore region further
decreases to 12�, and the propagation of HF3 is suppressed, causing
HF3 to be arrested within the gravel. However, under high Ds of
12 MPa (Kh ¼ 0.4), a two-wing HF initiates and extends in the di-
rection of sH.

It is likely that the HF propagation falls into the gravel-
dominated regime under lower Ds of 3e6 MPa (Kh ¼ 0.1e0.2).
Hence, the complex stress distribution induced by gravels near the
wellbore can lead to the initiation of multiple HFs and induce the
HF to propagate at a large deviation angle from sH. As Ds increases,
sH gradually dominates the fracture propagation, and the barrier
359
effect from the gravel is relatively undermined, promoting the HF to
propagate in the direction of sH. The fracture propagation is in the
stress-dominated regime under higher Ds of 9e12 MPa
(Kh ¼ 0.3e0.4).

Fig. 16(a) shows that the total number of HFs reduces from 615
to 459 as Ds increases from 3 to 12 MPa. It indicates that the
fracture tortuosity caused by gravels gradually decreases with the
increase of Ds. Fig. 16(b) indicates that tensile failure is the main
mode for HF propagation in glutenite. Interestingly, among intra-
gravel HFs (IG-HFs), the proportion of intra-gravel shear HFs (IGS-
HFs) tends to increase as Ds increases, suggesting that the gravel is
more susceptible to failure in shearing when the HF penetrates
gravels under high Ds. However, the variation of Ds has a minor
impact on the shearing failure of gravel-bypassing HFs (GB-HFs).
3.2.2. Minimum horizontal stress
The effects of minimumhorizontal stress (sh) on HF propagation

geometries in glutenite are illustrated in Fig. 17. Kh is set to 0.3 in all
cases. Results show that the growth of HF3 is gradually suppressed
as sh increases, while the propagation geometries of HF1 and HF2
are similar under different minimum horizontal stresses. Fig. 18(a)
suggests that the total number of HFs tends to decrease as sh in-
creases from 10 to 40 MPa, indicating that the increase in sh
somewhat reduces the local tortuosity of HFs. The tortuosity of the
propagation trajectory arises from the deviation of the fracture
propagation direction from sH. Under high sh of 30e40 MPa, a
considerable amount of energy will be consumed to overcome the
compression from sh if the HF propagates at a deviation angle from
sH. Thus, the HF tends to extend straightly under high sh (Fig. 17(c)
and (d)).

It is noteworthy in Fig. 18(b) that as sh increases, the proportions
of IGS-HFs and GBS-HFs increase from 1.6% to 17.6% and from 4.5%
to 27.8%, respectively. This phenomenon suggests that the interior
and boundary of the gravel are easier to fail in shearing under high
sh. This observation can be explained by the stress analysis in
Fig. 12. Given the random arrangement of particles and the het-
erogeneity of contact stiffness, several local concentration zones of



Fig. 15. The propagation geometries of HFs in glutenite under different horizontal stress differences. (a) Ds ¼ 3 MPa, Kh ¼ 0.1; (b) Ds ¼ 6 MPa, Kh ¼ 0.2; (c) Ds ¼ 9 MPa, Kh ¼ 0.3; (d)
Ds ¼ 12 MPa, Kh ¼ 0.4.

Fig. 16. The numbers and proportions of different types of HFs under varying horizontal stress differences. (a) Numbers of IG-HFs and GB-HFs; (b) Proportions of IGT-HFs, IGS-HFs,
GBT-HFs, and GBS-HFs.
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Fig. 17. The propagation geometries of HFs in glutenite under different minimum horizontal stresses. (a) sh ¼ 10 MPa; (b) sh ¼ 20 MPa; (c) sh ¼ 30 MPa; (d) sh ¼ 40 MPa.

Fig. 18. The numbers and proportions of different types of HFs under varying minimum horizontal stresses. (a) Numbers of IG-HFs and GB-HFs; (b) Proportions of IGT-HFs, IGS-HFs,
GBT-HFs, and GBS-HFs.
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shear stress may be formed within the gravel or near the GB. Under
high sh, shear stresses of certain contacts in those regions approach
the shear failure strength, while normal stresses of most contacts
are still under compression. Consequently, the generation of shear
HFs is induced more easily than tensile HFs inside gravels and at
GBs.
3.3. Effects of gravel properties on hydraulic fracture propagation in
glutenite

3.3.1. Gravel content
Figs. 19 and 20 illustrate the effects of gravel contents (Vg) on the

HF propagation geometries and numbers and proportions of
different types of HFs, respectively. It is found that under high Vg,
the HFs can extend approximately along the direction of sH
(Fig. 19(d)), and the number of IG-HFs is significantly more than
that of GB-HFs (Fig. 20(a)). This suggests that densely-distributed
gravels seem not to have a strong hindering effect on HF
Fig. 19. The propagation geometries of HFs in glutenite under varying gra
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propagation. Actually, stress still predominates in HF propagation
in glutenite with high Vg, making penetrating gravels the primary
interaction behavior. According to Fig. 20(a), the total numbers of
HFs are 466 and 473 when gravel contents are 50% and 60%,
respectively. However, the total numbers increase to 586 and 503
when gravel contents reach 70% and 80%, respectively. This in-
dicates that the fracture tortuosity is enhanced with the increase of
Vg due to complex interaction behavior between HFs and gravels.
Furthermore, as the HF crosses the GB, several meso-scale complex
fracture geometries, such as stepping growth (i.e., deflection to-
ward the GB), bifurcation, and fracture clusters, may be formed, as
shown in Fig. 19. The higher the gravel content is, the more
frequently the fracture tip interacts with GBs, consequently
resulting in more complex fracture geometries locally and
increasing the fracture tortuosity.

The number of GB-HFs tends to rise with the increasing Vg. GB-
HFs are comprised of fractures propagating continuously along the
interface between gravels or between the gravel and matrix as well
vel contents. (a) Vg ¼ 50%; (b) Vg ¼ 60%; (c) Vg ¼ 70%; (d) Vg ¼ 80%.



Fig. 20. The numbers and proportions of different types of HFs under varying gravel contents. (a) Numbers of IG-HFs and GB-HFs; (b) Proportions of IGT-HFs, IGS-HFs, GBT-HFs, and
GBS-HFs.
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as those deflecting toward GBs while penetrating gravels. A lower
gravel content (e.g., Vg ¼ 50%e60%) results in a reduction in the
interaction frequency between the fracture tip and gravels, thus
few GB-HFs are created. Conversely, a higher gravel content (e.g.,
Vg ¼ 70%e80%) leads to more frequent HF-gravel interactions, with
the number of GB-HFs increasing. In addition, the proportions of
IGS-HFs and GBS-HFs tend to rise as Vg increases (Fig. 20(b)). The
high gravel content enhances the compression within gravels and
slippage at GBs, leading to an increase in the number of shear stress
concentration zones. Therefore, a greater number of shear HFs may
Fig. 21. The propagation geometries of HFs in glutenite under different gra

363
be generated during fracturing the glutenite with higher gravel
contents.
3.3.2. Gravel size
HF propagation geometries under varying gravel sizes (dg) are

presented in Fig. 21. It is observed that the barrier effect of gravels
on HF growth is enhanced with the increase of dg, correspondingly
enlarging the deviation angle of HF propagation from sH. In fine-
grained glutenite (dg ¼ 4e6 mm), gravels densely distribute
around the wellbore, forming a complex stress field in the near-
vel sizes. (a) dg ¼ 4e6 mm; (b) dg ¼ 10e12 mm; (c) dg ¼ 16e18 mm.
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wellbore region during fracturing, thereby initiating multiple HFs.
However, the barrier effect of small gravels is weaker than
medium-sized and large gravels. Although the HFs in fine-grained
glutenite bypass gravels frequently (the number of GB-HFs rea-
ches 62), HF2 and HF3 can still extend approximately along the
direction of sH, with HF1 deviating at a small angle of 14�, as shown
in Fig. 21(a). In coarse-grained glutenite (dg ¼ 14e16 mm), large
gravels of high stiffness and strength tend to create a strong barrier
effect on HF propagation. The large gravels near the wellbore make
it difficult for the HF to initiate, thereby leading to the generation of
damage fracture clusters at GBs during pressure accumulation.
Ultimately, multiple HFs initiate from the wellbore (Fig. 21(c)).
Additionally, the number of GB-HFs in coarse-grained glutenite is
less than that in fine-grained glutenite (Fig. 22(a)). This suggests
that the HFs in coarse-grained glutenite tend to penetrate gravels.
Nevertheless, the fracture propagation direction within large
gravels may deflect from sH significantly. It can be seen that HF1
and HF3 extend inside gravels at deviation angles of about 26� and
39�, respectively.

Further analysis in combination with Fig. 22(b) shows that the
proportion of IGS-HFs in fine-grained glutenite are less than that in
glutenite with medium-sized and large gravels. The reason behind
this finding is that the HF propagates within large gravels at a large
deviation angle from sH, which makes it easier to induce shear
failure. Moreover, the proportion of IGS-HFs in fine-grained glu-
tenite are higher than that in coarse-grained glutenite. In general, it
is easy for the stress to transmit across small gravels. Thus, the
shear stress is prone to concentrate near GBs in fine-grained glu-
tenite under stress superposition, leading to the wide distribution
of GBS-HFs. On the contrary, the stress transmission in coarse-
grained glutenite is significantly hindered by large gravels,
causing most of the GBS-HFs to gather in the near-wellbore region.
3.3.3. Stiffness ratio of the gravel to matrix
Fig. 23 exhibits the HF propagation geometries in glutenite with

varying stiffness ratios of the gravel to matrix (Rs). Usually, the
stiffness ratio of the argillaceous glutenite is larger than that of the
sandy glutenite. It is observed that the offset along the GB
lengthens while penetrating gravels, as Rs increases from 2 to 4.
This leads to an increase in the number of GB-HFs from 17 to 28
(Fig. 24(a)). In the case of Rs ¼ 4 (sandy glutenite), the significant
difference in stiffness between the gravel and matrix makes it
challenging for the stress near the fracture tip to transmit across the
GB into the gravel. Compared to sandy glutenitewith small Rs, more
energy accumulates at GBs before the HF penetrates gravels in
argillaceous glutenite with large Rs, hence leading to larger defor-
mation at GBs and the creation of more GB-HFs.
Fig. 22. The numbers and proportions of different types of HFs under varying gravel sizes.
GBS-HFs.
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As Rs increases, the deviation angle of fracture propagation
within gravels and fracture tortuosity tend to increase. For instance,
given Rs ¼ 2, the propagation direction of HF1 is inclined to sH, and
the deviation angle of HF2 is about 12�. With Rs growing to 3, HF1
propagates at a deviation angle of 10� in the near-wellbore region,
and HF2 penetrates gravels successively at a deviation angle of 28�,
with the total HF number increasing to 359. When Rs reaches 4, the
deviation angle of HF1 near the wellbore increases to 16�, and the
deviation angle of HF2 is close to 29�, with the total HF number
further increasing to 409. This phenomenon suggests that the stress
transmission varies under different stiffness ratios, thus forming
different stress distributions within gravels. Fig. 24(b) further in-
dicates that the proportion of IGS-HFs tends to increase slightly as
Rs increases, but that of GBS-HFs increases significantly, with some
GBT-HFs transforming to GBS-HFs. This is because the high Rs
creates a huge difference in deformation between the gravel and
matrix, which enhances the tendency to slip along GBs.

4. Discussion

This paper focuses on the interaction behavior between HFs and
gravels in glutenite. This study utilized Voronoi tessellation to
generate gravels distributing randomly, successfully representing
the inherent contact characteristics between gravels. Additionally, a
grain-based hydro-mechanical coupling model for hydraulic frac-
turing in glutenite was established using the pore network. The key
findings are that the primary interaction behavior between HFs and
gravels in glutenite is penetrating the gravel; with the increase of
Ds, sh, Vg, dg, and Rs, more IGS-HFs are formed during fracturing the
glutenite.

4.1. Dominant HF-gravel interaction behavior

Some experts have carried out fracturing experiments in glu-
tenite (Liu et al., 2016; Yu et al., 2021; Ma et al., 2017) and believed
that HFs tend to bypass gravels when encountering them due to the
higher strength of the gravel compared to thematrix, which creates
a barrier effect on HF propagation. However, other experts argued
that HFs can penetrate gravels if the stress predominance on HF
propagation is enhanced (i.e., Ds increases) or the barrier effect of
gravels is undermined (i.e., dg reduces) (Zou et al., 2021; Shi et al.,
2023; Liu et al., 2019). Simulation results in this study show that
the HF can penetrate gravels under low Ds or in coarse-grained
glutenites, and the proportion of IG-HFs exceeds 80%, while the
proportion of GB-HFs ranges from 4.3% to 18.4%.

The discrepancy between experimental and numerical results in
this study may be attributed to the damaged GBs generated during
(a) Numbers of IG-HFs and GB-HFs; (b) Proportions of IGT-HFs, IGS-HFs, GBT-HFs, and



Fig. 23. The propagation geometries of HFs in glutenite under varying stiffness ratios. (a) Rs ¼ 2; (b) Rs ¼ 3; (c) Rs ¼ 4.

Fig. 24. The numbers and proportions of different types of HFs under varying stiffness ratios. (a) Numbers of IG-HFs and GB-HFs; (b) Proportions of IGT-HFs, IGS-HFs, GBT-HFs, and
GBS-HFs.
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fracturing experiments. The glutenite cores used in some experi-
ments may have strong water sensitivity, and cementation of
gravels is poor. This can induce the generation of damage fractures
at GBs, even leading to the detachment of gravels, if clean water is
utilized to process the cores (Zhang et al., 2022). When the HF
meets the damaged GBs, the pre-existing interface fractures will
induce the HF to propagate along the GBs. Additionally, inconsis-
tency in the loading rates of tri-axial stresses may also lead to the
generation of damage fractures at GBs because of the shear stress
concentration within specimens. Basically, the magnitude of stress
applied in laboratories is lower than that in reservoirs, making it
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hard to compact those damage fractures well. For numerical sim-
ulations, there is no such issues as damaged GBs to be considered.

This study suggests that GB-HFs can be formed when orienta-
tions of GBs that HFs intersect with are inclined to sH. Besides, a
short GB-HF deflecting along the GB may be created while pene-
trating gravels, forming the stepping propagation geometry. Ma
et al. (2017) observed the similar HF growth geometries in exper-
iments and believed that the HF prefers a trajectory of the least
propagation resistance. In other words, the magnitude of the
propagation resistance determines the interaction behavior be-
tween HFs and gravels. For instance, if an HF bypasses the gravel at
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a large deviation angle from sH, it must overcome the compression
from sH, making the propagation resistance in bypassing the gravel
larger than that in penetrating the gravel. In this case, the HF tends
to penetrate the gravel.

This paper demonstrates that penetrating the gravel is the
dominant interaction behavior between HFs and gravels. Pene-
trating the gravel follows the sequential and staggered initiation
mode. In fact, some scholars have verified the possibility of HFs
penetrating gravels. Shi et al. (2023) pointed out in their experi-
ments that HFs tend to penetrate gravels in the near-wellbore re-
gion. The numerical simulations by Huang et al. (2023) and Yu et al.
(2023) also indicated that there are a large number of gravel-
penetration fractures generated during fracturing glutenite.
4.2. Shear failure of gravels and interfaces

This paper presents the proportions of shear fractures under
different horizontal stress differences, minimum horizontal
stresses, gravel contents, gravel sizes, and stiffness ratios of the
gravel to matrix. It is indicated that IGS-HFs tend to be generated in
coarse-grained glutenite under high Ds, whereas GBS-HFs tend to
be created in argillaceous glutenite with large Rs. Moreover, the
proportions of IGS-HFs and GBS-HFs increase as sh and Vg increase.

Relevant studies of the types of HFs in glutenite were rarely
reported. Some experts applied the acoustic emission monitoring
technology to preliminarily determine the HF types in glutenite in
laboratories. The localization results of acoustic events by Liu et al.
(2019) show that the proportion of shear fractures ranges from
33.3% to 61.8%, and this proportion increases with the increasing
gravel size. The proportion of shear fractures in this study is less
than 20%.

The discrepancy in the proportion of shear fractures can be
attributed to twomain reasons. Firstly, thewaymicroscopic contact
parameters are calibrated in DEM models plays a significant role.
Previous studies usually calibrated those parameters based on
experimental stressestrain curves (Potyondy and Cundall, 2004;
Hsieh et al., 2008; Hofmann et al., 2015; Peng et al., 2018; Zhou
et al., 2019). By adjusting the values of contact parameters, the
stressestrain curve in DEM simulations can match that in me-
chanical tests, hence approximating the macroscopic mechanical
behavior of rocks. Since there are multiple suitable combinations of
microscopic parameter values, using the stressestrain curve as the
main calibration criterion may not necessarily match the experi-
mental results in terms of proportions of tensile and shear frac-
tures. To address this, it is important to conduct acoustic emission
monitoring during mechanical tests and take interpretation results
of the number and location of tensile and shear fractures as the
calibration criterion.

Secondly, the difference in identification mechanisms of shear
fractures between experimental monitoring and DEM model may
lead to this discrepancy. The acoustic emission monitoring in ex-
periments identifies tensile and shear fractures based on relative
displacements of fracture surfaces calculated by moment tensor
inversion. Typically, a shear fracture is identified when the normal
strain of fracture surfaces is less than the shear strain. However,
DEM differentiates tensile and shear fractures by the strength en-
velope. A shear fracture is identified when the shear stress on the
contact meets the shear strength, and the tensile stress is less than
the tensile strength. To align with the proportion of shear fractures
in experiments, Kong et al. (2022) combined these two identifica-
tion mechanisms and proposed a novel calibration criterion based
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on the critical internal friction angle.
It is noted that there has historically been a mismatch regarding

the amount of shearing between the DEM simulation and labora-
tory observation in hydraulic fracturing, and the results of numer-
ical simulations are not necessarily incorrect despite this
discrepancy. Although the proportion of shear fractures in this
paper is lower than that in laboratory observations, the variation
laws of the proportion of shear fractures under different influ-
encing factors remain affected. For example, it has been observed
that the proportion of shear fractures increases with increasing dg,
which is consistent with previous experimental results (Zou et al.,
2021; Ma et al., 2017).

In glutenite, the uneven distribution of mechanical properties
will disturb the propagation directions of HFs within gravels,
causing the orientations of IG-HFs to deviate from sH and forming
shear fractures. The level of disturbance to the propagation direc-
tion of IG-HFs varies under different stress states, gravel properties,
and stiffness ratios, creating different deviation angles for the ori-
entations of IG-HFs and, thus, affecting the proportion of shear
fractures formed during fracturing. Wu et al. (2022a, 2022b) state
that shear fractures tend be generated during the HFs interact with
discontinuities such as bedding planes, natural fractures, and gravel
interfaces. This is because the stress distribution is complex near
these discontinuities. This study suggests that the number of shear
stress concentration zones within gravels or at interfaces tends to
increase as sh and Vg increase, which facilitates the generation of
shear fractures.

Therefore, it can be inferred that the number of shear fractures
formed during fracturing is likely to be considerable in real glu-
tenite reservoirs. Particularly, a large number of shear fracturesmay
be created while penetrating gravels. This speculation can be
confirmed through underground coring tests.
4.3. Field implication

Take the glutenite oil reservoirs in Mahu Sag of Junggar Basin as
an example. sh and sH in Mahu glutenite oil reservoirs are
40.9e78.6 MPa and 53.1e116.8 MPa, respectively, with Ds ranging
from 12.2 to 18.2 MPa and Kh ranging from 0.21 to 0.35 (Li et al.,
2020). Vg in this reservoir is 54%e78%, and dg spans widely, vary-
ing from 2 to 64 mm (Zang et al., 2022). Lithofacies vary frequently,
mainly including sandy glutenite with small Rs and argillaceous
glutenite with large Rs.

A novel propagation pattern for HFs in Mahu glutenite oil res-
ervoirs is proposed by combining the numerical results in this pa-
per with the reservoir conditions (Fig. 25). Overall, stress dominates
the direction of fracture propagation due to the high Ds or Kh, and
penetrating the gravel is the primary interaction behavior between
HFs and gravels. In addition, an offset will be formed along the GB
while penetrating the gravel, indicating a stepping propagation
geometry; the larger Rs is, the longer the offset is. The HF tends to
deviate from sH within the gravel, and bifurcation may occur in
coarse-grained glutenite. Furthermore, the proportion of shear
fractures increases with the increase of Vg and dg.

This study mainly investigated how geological properties affect
the HF-gravel interaction behavior. Other key factors may dominate
the HF propagation geometries in glutenite formations, e.g.,
perforation arrangement strategies. However, due to several limi-
tations, this study is unable to thoroughly investigate the influences
of these factors. Firstly, the model used in this study is a 2D one.
However, HFs interact with gravels in the 3D space, resulting in



Fig. 25. The novel HF propagation pattern of glutenite oil reservoirs in Mahu Sag of Junggar Basin. The double-arrow symbol represents the shear failure of gravels and interfaces.
The more symbols there are, the larger the proportion of shear fractures are.
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complex fracture geometries (e.g., twisted HFs) and strong het-
erogeneity of fracture width in the direction of fracture height.
Thus, it is necessary to develop a 3D hydraulic fracture propagation
model in glutenite. Secondly, the gravel is represented as a 2D
polygon. Although this allows for the rapid generation of many
random gravels with different gravel sizes and contents and the
characterization of area-contacting behavior between gravels,
there is still a gap in geometry and distribution characteristics be-
tween the 2D numerical and real gravels. Hence, a 3D gravel gen-
eration algorithm is supposed to be developed by combining the
digital core and image processing methods (Ghazvinian et al.,
2014). Thirdly, the computational efficiency of this model needs
improvement. The current model relies on an explicit iterative al-
gorithm for the hydro-mechanical coupling, which, to a large
extent, depends on the high-performance hardware. The limited
computational capacity prevents the establishment of large-scale
models at the order of magnitude of millions of particles. In the
future, a fracture propagation DEM model based on GPU compu-
tation (Lisjak et al., 2018) should be developed to enhance the
simulation efficiency and increase the model scale.

5. Conclusions

A grain-based HF propagation model for glutenite was estab-
lished based on the particle discrete element method in this paper.
Using this model, this study investigated the dynamic evolution
characteristics of HFs in glutenite and analyzed the effects of
various geological factors such as horizontal stress difference,
minimumhorizontal stress, gravel content, gravel size, and stiffness
ratio of gravel to matrix on HF propagation geometries in glutenite.
The main conclusions are as follows.

(1) HFs in glutenite tend to initiate asynchronously. Penetrating
the gravel is the primary HF-gravel interaction behavior.
When the orientation of the GB deviates from sH at a large
angle, the HF is prone to penetrate the gravel after interact-
ing with that GB. An offset is usually formed along the GB
while penetrating gravels, indicating a stepping propagation
geometry. Penetration from the matrix into gravel follows
the sequential initiation mode, while growth from the gravel
into matrix obeys the staggered initiation mode. Bypassing
the gravel is the secondary HF-gravel interaction behavior.
When the orientation of the GB is inclined to sH, the HF tends
to bypass the gravel after meeting that GB, with the gravel-
bypassing behavior following the sequential initiation mode.

(2) The fracture width decreases with fluctuation from the
fracture entrance to the tip, and the widths of IG-HFs fluc-
tuate more violently than GB-HFs. The offset along the GB
will lead to a decrease rate of 37.8%e84.4% in fracture width.
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Moreover, the widths of shear fractures can be 78.8% less
than those of tensile fractures.

(3) Stress dominates the direction of fracture propagation.
Nevertheless, the HFs may deviate from sH within gravels.
The deviation angle inside gravels decreases with the in-
crease of Ds and increases with the increase of dg and Rs. In
coarse-grained glutenite with Vg ¼ 70%e80%, the deviation
angle can exceed 20�, with branches formed. In argillaceous
glutenite with Vg ¼ 70%e80%, the deviation angle can reach
30�, and the offset may increase.

(4) IGS-HFs tend to be generated in coarse-grained glutenite
under high Ds. More GBS-HFs tend to be created in argilla-
ceous glutenite with higher Rs than in sandy glutenite with
lower Rs. Additionally, the proportions of IGS-HFs and GBS-
HFs will increase as sh and Vg increase.
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