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Hydraulic fracturing is an essential technique for reservoir stimulation in the
process of deep energy exploitation. Granite is composed of different rock-
forming minerals and exhibits obvious heterogeneity at the mesoscale, which
affects the strength and deformation characteristics of rocks and controls the
damage and failure processes. Therefore, in this paper, based on the discrete
element fluid-solid coupling algorithm and multiple parallel bond-grain based
model (Multi Pb-GBM), a numerical model of a granite hydraulic fracturing test is
established to study the evolution of hydraulic fractures in crystalline granite under
different ground stress conditions. The main conclusions are as follows. The crack
propagation of hydraulic fractures in granite is determined by the in situ stress
state, crystal size, and mineral distribution, and the ground stress is the main
controlling factor. The final fracture mode affects the maximum principal stress
and shear stress, and the generation of cracks changes the distribution of the
stress field. The hydraulic fracturing initiation pressure decreases with decreasing
crystal size. The influence of the crystal size on the crack inclination angle is mainly
reflected in local areas, and the general trend of the fissure dip angle distribution is
along the direction of the maximum in situ stress. This study not only has
important theoretical significance for clarifying the propagation mechanism of
hydraulic fractures but also provides a theoretical basis for deep reservoir
reconstruction and energy extraction.

KEYWORDS
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1 Introduction

With the increasing depletion of traditional fossil energy, efficient utilization of the
abundant, widespread, safe, reliable, clean, and renewable hot dry rock (HDR) geothermal
resources is one of the fundamental trends in future energy development (Tester, et al., 2007;
Wangetal,, 2021; Zhu, et al., 2021). Granite-dominated, tight, waterless HDR reservoirs have
extremely low permeability and need to be artificially stimulated to improve the effective
fluid conductivity (Hooijkaas et al., 2006; Zhai et al., 2016; Yin, et al., 2021). Reservoir
reconstruction is the key technology to determine the efficiency of thermal mining, and the
main means is hydraulic fracturing (Zhao et al., 2013; Frash et al., 2015; Kamali-Asl et al.,
2018). In enhanced geothermal systems, hydraulic fracturing shoulders the dual task of
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increasing the reservoir permeability and the heat exchange area,
which requires the induction of complex dense fracture networks
with high permeability in the reservoir (Frash et al., 2015; Wang
et al., 2020).

The mesoscale mechanical properties of deep granite are the
basis of reservoir development and utilization and guide the
selection of important physical and mechanical parameters in
the process of geological drilling, hydraulic fracturing, and
thermal mining (Martin and Chandler, 1994; Eberhardt et al,,
1999; Cowie and Walton, 2018). Existing studies have shown
that the internal mineral crystal structure (e.g., the mineral
composition, shape, spatial distribution, and particle size) of
granite controls its overall strength and deformation
characteristics and influences the initiation, propagation, and
interaction of microcracks (Kranz, 1983; Lindqvist et al., 2007;
Lan et al.,, 2010; Huang et al., 2021). However, there are some
limitations: (1) The heterogeneity of the granite makes it difficult
to control a single variable during tests. (2) Most rock mechanics
tests are destructive tests, so repeated tests cannot be carried out
on the same sample. (3) The evolution of the macroscopic
fracture behavior of granite cannot be captured by the
experimental process (Papanastasiou, 1997; Taron
Elsworth, 2009; Liu et al., 2016; Zhang et al., 2017).

At present, there are many numerical simulation methods of

and

simulating rock mechanical behavior, e.g., the finite element
method based on continuous damage mechanics and the discrete
element method based on fracture mechanics criterion (Kolditz
et al,, 2012; Liu et al,, 2018; Wang and Cai, 2018; Zhang and
Wong, 2018; Zhang and Wong, 2018; Zhou et al., 2018; Nagel
et al.,, 2016; Pirnia et al., 2019; Qi et al., 2020). Among these
methods, the discrete particle flow code (PFC) proposed by
Cundall has clear advantages in the efficient simulation of
complex fracture networks and can truly depict rock failure
processes such as micro-crack initiation, propagation, and
polymerization (Lambert and Coll, 2014; Zhou et al., 2016;
Feng et al.,, 2017; Han et al,, 2018). In view of the mechanical
properties and the brittle failure behavior of rock, a series of
practical models have been developed using the PFC program,
and a great deal of excellent results have been obtained (Cho
et al., 2007; Potyondy, 2010; Wu and Xu, 2016; Bahrani and
Kaiser, 2017; Peng et al., 2017; Li et al., 2018; Xu et al., 2018).
However, granite is often simplified into a simple homogeneous
model, and the effect of its mineral crystal structure is ignored.
Moreover, in the study of a mineral crystal model, the linear
parallel contact model is used to characterize the contact
between particles inside the crystal, and the smooth joint
model is used to simulate the crystal boundary. The smooth
joint model has discernible defects, i.e., it ignores the initial
boundary cohesion and the rolling between particles, so the
actual performance of the boundary node is low.

Therefore, in this paper, considering the crystal structure of
granite, based on the discrete element fluid-solid coupling algorithm
and multiple parallel bond-grain based model (Multi Pb-GBM), a
numerical model of a granite hydraulic fracturing test is established
to study the hydraulic fracture evolution in crystalline granite under
different in situ stress conditions. The results of this study are of
great significance for the safety and sustainable development of deep
reservoir reconstruction and resource exploitation.
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FIGURE 1
Model of pipes and domains for fluid-solid coupling.

2 Methodology
2.1 Fluid-solid coupling algorithm

Based on the PFC fluid algorithm model, it is assumed that
the object studied is a solid medium with a low porosity, and
there is no real fluid substance in the model. The fluid domain
space and fluid pipeline are constructed to simulate the seepage
process (Figure 1). The closed areas formed by the connections
between the center points of adjacent particles (black line
segments) are called fluid domains, which are equivalent to
reservoirs. The pore water pressure is stored in the center of
the domain space (green dots), and the contacts between
adjacent particles are regarded as potential fluid pipelines for
seepage (red line segments) (Liu and Cai, 2020).

Laminar flow occurs in the parallel plate channel and the volume
velocity follows the cubic law:

q=ka'. 22221 (1)
L
where k is the conductivity coefficient; a is the average pipe aperture;
P,-P; is the fluid pressure difference between two adjacent domains;
and L is the length of the seepage channel.
In a time step At, the fluid pressure increment Ap is as follows
(Han et al., 2018):

Ap = \lj—fd (D qat—Avy) )

where At is the unit time step; k¢ is the volume modulus of the fluid;
Vg4 is the apparent volume of the fluid domain; and AVy is the
change in the apparent volume of the fluid domain caused by
external forces.

In the original algorithm, the length of the seepage channel
after the fracture is generated is calculated as the sum of the
radii of two adjacent particles or the harmonic average of the
radii of two adjacent particles, but neither of them is connected
with the initial opening of the pipeline. Based on the existing
discrete element fluid-solid coupling algorithm, the Fish
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FIGURE 2

Fluid pipe and fluid-particle interaction mechanism. (A) length and position of fluid pipe; and (B) fluid-particle interaction mechanism.

function is used to improve the original method and to update
the fluid channel length and the interaction mode between the
water pressure and particle element (Liu et al., 2020).

The method for determining the length and location of the
penetration channels is shown in Figure 2A. Point O is located at
the center of the distance between two adjacent particles (red
line segment), and the length satisfies the following formula:

=2 ><< Ry, + 1/2dis

Ry, — R R 3
Rb1+Rb2+disx( b2 b1) + bl) (3)

where Ry, is the radius of particle 1; Ry, is the radius of particle 2;
and dis is the distance between the two particles (red line in
Figure 2).

As shown in Figure 2B, after completing a time step, a new fluid
pressure F,, acts on the particle surface:

B
F,= Zj pcosfRdf=p-s (4)
0

where { is half the boundary angle of the fluid domain; and s is the
acting width of the fluid pressure.

2.2 Multi Pb-GBM

There are differences between different mineral boundaries
and the internal crystal boundaries of the same mineral, and the
bond strength of the crystal boundaries is affected by the types of
crystals on both sides. However, this property difference is not
taken into account in the parallel bond (Pb) model. The GBM
model has a strong ability to simulate fracture behavior in
crystalline rocks and is suitable for granite simulations. Each
crystal consists of several bonded particles, and the crystal is
allowed to deform and break. The GBM model in PFC2D can not
only simulate the initiation of microcracks and the interaction
with the crystal boundary but can also capture the crack behavior
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inside the crystal’s structure (Liu et al., 2018; Zhang and Wong,
2019).

The traditional GBM method uses polygons to simulate the
crystals in granite samples, which are bonded by the parallel
bond model, and the smooth joint (SJ) model is used to simulate
the grain boundaries. However, the SJ model has obvious
shortcomings. (1) The crystal boundaries are treated as cracks
with a bond strength and do not produce local geometric
expansion effects, resulting in a loss of the ability to force the
particles to roll against each other. (2) The contact ignores the
initial cohesion around the boundary, and the rotational
resistance of the particles is not considered. (3) Under a large
strain, the SJ model only works when the surface clearance is
negative (Potyondy and Cundall, 2004; Li et al., 2022).

To overcome the shortcomings of the S] model, a Multi-Pb-
GBM model is proposed. The parallel contact model is used to
describe the crystal boundary instead of the traditional S] model.
Taking granite as an example, considering that the granite
contains four basic minerals, after the construction of the
internal filling particles of the polygon, the filling particles
are grouped into crystals using the geom.set.name geometric
polygon pointer function. The parallel contacts in the model can
be divided into three types: intra-crystal contacts, intra-crystal
boundary contacts between the same mineral, and boundary
contacts between different mineral species (Figure 3) (Li et al,,
2022).

In light of the above, the uniaxial compression test and Brazil
splitting test were used to correct the microscopic parameters of the
model. Several numerical experiments were carried out to study the
dynamic damage to and fracture evolution process in brittle granite
samples under the influence of the crystal size distribution
coefficient, proving the accuracy and feasibility of the method.
Each type of contact can be endowed with different strength
parameter values using the contact property command, which
can describe the boundary mechanical properties of crystalline
rocks more precisely. The model provides a new means to
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FIGURE 4
The numerical model.

understand the fracture damage to crystalline rocks at the mesoscale.
The detailed modeling principles and optimization process have
been described by Li et al. (2022).
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2.3 Numerical model and experimental
scheme

Figure 4 shows the model and boundary conditions of the
numerical experiment. The model is composed of
11,706 particles with lengths and widths of 20 cm. The
particle radius ranges from 0.09 to 0.13 cm, and the water
injection hole in the center of the rock mass model is 0.6 cm
in diameter. To make the circular hole wall as smooth as
possible, the particles around the hole were dense, and the
radius was reduced to 0.07-0.10 cm. In addition, the fluid
pressure boundary was set as a circle to avoid stress
concentration. Four walls were controlled by the servo system
to simulate the ground stress, and four measuring circles were
set around the central water injection hole.

Based on laboratory tests, the granite used in this study was
composed of K-feldspar, plagioclase, quartz, and biotite, with
volume contents of 40, 20, 30, and 10%, respectively. These four
minerals were randomly distributed to generate three models with
the same grain sizes of each mineral. The average grain size
distribution coefficient was defined to reflect the change in the
crystal size:

1= iNl 'Ri/Ni

i=1

(5)

where R; is the particle size; N; is the number of the particles with
size Rj; and I is the average crystal size distribution coefficient.

04 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1289662

Liu et al.

TABLE 1 Experimental schemes.
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Cry-Dis-3

Hydraulic fracture mode of Group A. (A) oy:0y = 5:11; (B) oy:0y = 5:5; and (C) op:0V = 11:5.

Considering the research purpose and computational
efficiency, two sets of experiments were designed (Table 1).
Group A studied the influence of the different mineral
distribution forms on the hydraulic fracturing failure modes
under the same crystal size, and three randomly arranged
mineral combinations were developed through the Set
random command in PFC, which were recorded as Cry-Dis-1,
Cry-Dis-2, and Cry-Dis-3. Group B studied the evolution of the
hydraulic fractures in the granite under different mineral crystal
sizes, and the mineral distribution mode Cry-Dis-3 was adopted.
Based on defining I, three series of models were generated, which
were recorded as Size-dis-1 (I} = 1.41), Size-dis-2 (I, = 1.88), and
Size-dis-3 (I; = 2.44).

Frontiers in Earth Science

3 Results
3.1 Hydraulic fracture mode

3.1.1 Effects of mineral distributions

The granite hydraulic fracturing test results for Group A
considering the mineral distribution are shown in Figure 5.
Among them, the vertical stress is the principal ground stress in
Figure 5A. Due to the different mineral distributions, the
propagation modes of the hydraulic fractures were different. A
principal fracture was produced in the model, extending along
the vertical direction, which was the direction of the maximum
principal stress. The fracture was caused primarily by crystal
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FIGURE 6

Hydraulic fracture mode of Group B. (A) oy:0y = 5:11; (B) oy:0y = 5:5; and (C) oy oy = 11:5.

boundary failure, and a small number of secondary cracks were
generated on both sides of the main crack.

Figure 5B shows the situations under uniform ground stress,
which was visibly different from the differential stress condition.
When the mineral distribution was Cry-Dis-1, the angle between the
hydraulic crack and the horizontal direction was about 30° because
there was no directional effect of the maximum ground stress. In the
water injection experiment with a constant flow rate, it was
concluded that the crack propagation was completely controlled
by the mechanical properties of the contacts. When the mineral
distributions were Cry-Dis-2 and Cry-Dis-3, the hydraulic fractures
were radially distributed, and the end of the main fracture was
bifurcated into secondary fractures. The morphology of the entire
fracture exhibited a mesh distribution, and the main fractures had
no obvious direction.

Figure 5C shows the result of the hydraulic fracturing when the
horizontal stress was greater than the vertical stress. When the
mineral distributions were Cry-Dis-1 and Cry-Dis-3, the secondary
fractures were still scattered far from the main fracture because these
fractures were located at the boundaries of the minerals. When the
main crack met quartz or other minerals in its expansion path, its
propagation was blocked. According to the calculation, the fluid

Frontiers in Earth Science

gathered around the crack tip and increased the osmotic pressure,
causing the adjacent intergranular contact to reach its tensile
strength first and leading to failure.

3.1.2 Effects of grain scale

The granite hydraulic fracturing test results for Group B are
shown in Figure 6. Overall, the grain scale of the mineral had a
significant effect on the crack propagation during the hydraulic
splitting test. When the average grain size distribution coefficient
decreased from 2.44 to 1.41, the crystal size decreased, the number
increased, and the expansion direction of the hydraulic fracture also
changed. The larger the coefficient was, the fewer crystal particles
were generated. Transgranular failure easily occurred in the process
of hydraulic crack propagation, and the main cracks were tensile.
With decreasing crystal size, the transgranular failure was reduced,
the crystal boundary became smoother, and the hydraulic cracks
were more inclined to extend along the crystal boundary. Due to the
different microscopic parameters assigned by the Pb model at the
second- and third-stage crystal boundaries, the hydraulic cracks
generated in the process did not expand in a straight line, and they
tended to expand towards the weaker boundary (potassium
feldspar-plagioclase). However, the crack propagation was also
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Maximum principal stress curve for the four measurement points: (A) oy:0y = 5:11; (B) oy:0y = 5:5; and (C) o0y = 11:5

affected by the in situ stress. When the maximum principal stress
was horizontal, the principal crack was horizontal. At the
macroscopic level, the effect of the ground stress on the crack
growth was greater than that of the mineral grain size.

3.2 Stress distribution characteristics

The stresses were monitored at typical points during the
experiment through measurement circles, and the maximum
principal stress and shear stress were calculated. The previous
part, which did not cause a significant change in the principal
stress at the monitoring point, was omitted, and the change in
the maximum stress during the process of crack initiation and
expansion was emphasized.

3.2.1 Maximum principal stress

Figure 7 shows the monitoring results for the measurement
circles. Under the vertical maximum principal stress, M1 and
M3 did not change significantly because they were far away from
the water injection holes and hydraulic fractures, while M2 increased
and M4 decreased (Figure 7A). This can be explained by the fact that
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the hydraulic fracture expanded upward and the water pressure
accumulated at the crack tip, resulting in the release of the strain
energy in the vertical direction of the new crack. The generation of
the crack caused displacement in the horizontal direction, then the
confining pressure increased, and the maximum principal stress in
the horizontal direction increased accordingly.

The stress at the monitoring point mainly depended on the
propagation mode of the hydraulic crack if the horizontal stress was
equal to the vertical stress (Figure 7B). When the average grain size
distribution coefficient I was 1.41, the maximum principal stress of
M1 was relatively stable, and the compression-tension transition
occurred at M2. When the average grain size distribution coefficient
I was 1.88, M1, M2, and M4 underwent compression-tension
transition and the change in the maximum principal stress was
the most severe at M4. In addition, the changes at M3 were most
active between 74000 time steps and 75000 time steps, which was a
rapid fracture development period.

Under the horizontal maximum principal stress, the cracks
mainly spread along the horizontal direction. As shown in
Figure 7C, the monitoring values at M1 and M3 were basically
unchanged. When I was 1.41 and 1.88, the maximum principal stress
at M2 decreased; while when I was 2.44, the crystal size decreased
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and the principal compressive stress increased. This was because
when the particle size was large, the longitudinal distribution range
of the crack was thick, but the single main crack extended laterally
for a long distance (I = 2.44). In the three tests with different particle
sizes, the stress distribution characteristics at M4 were consistent,
and the maximum principal stress increased.

3.2.2 Maximum shear stress

Figure 8A shows the monitoring results of the maximum shear
stress of the measured circles under different crystal particle sizes
and a stress ratio of 5:11. In the three groups of experiments, M1 and
M3 were far away from the water injection hole and the hydraulic
fracture, the changed little.
M4 experienced the process of approaching, trapping, and

so maximum shear stress
crossing the fracture, and the maximum shear stress increased
generally. The stress at M2 initially decreased and then increased.

The stress at the monitoring point mainly depended on the
propagation mode of the hydraulic crack if the horizontal stress was
equal to the vertical stress (Figure 8B). When the average grain size
distribution coefficient I was 1.41, the maximum shear stress at
M1 was relatively stable, the stress at M2, M3, and M4 increased to

different degrees, and the stress at M4 (near the water hole)
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increased the most. When the average grain size distribution
coefficient I was 1.88, the maximum shear stress at M3 was
basically not affected. The cracks developed rapidly from
74,000 time steps to 75,000 time steps, and the stress changes
were the most active. The shear stress values at M1, M2, and
M4 increased to 1.50, 6.45, and 3.51 MPa, respectively. As the
crystal size decreased further, the maximum shear stress at
M1 increased slightly, and that at M2 (near the water hole)
increased greatly, reaching 10.20 MPa.

Figure 8C shows the experimental results for the tests in which
the direction of the principal stress was horizontal. The shear stress
at M1, located in the direction of the main crack growth, exhibited
no obvious response; while at M3, located in the vertical direction of
the crack growth, the maximum shear stress decreased slightly.
When I = 1.41, the maximum shear stress at M2 fluctuated greatly
between 72.75 thousand time steps and 73.5 thousand time steps,
and that at M4 decreased from 3.50 MPa to 1.85 MPa. When I =
1.88, the maximum shear stress at M2 fluctuated during crack
propagation, and that at M4 decreased. When I = 1.88, the
maximum shear stress at M2 increased rapidly to 3.72 MPa at
98.85 thousand time steps, and that at M4 initially decreased and
then increased.
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Relationship between the hydraulic fracturing initiation pressure
and the grain size.

4 Discussion
4.1 Hydraulic fracturing initiation pressure

As shown in Figure 9, when I = 141, the crack initiation pressures
corresponding to the three stress ratios were 3.59, 2.87, and 2.77 MPa. As

10.3389/feart.2023.1289662

the ground stress ratio increased, the pressure decreased gradually. When
I = 1.88, the values of the initiation pressure corresponding to the three
stress ratios were 2.20, 2.75, and 2.42 MPa, and the pressure initially
increased and then gradually decreased. When the crystal size decreased
further, the cracking pressures corresponding to the three stress ratios
were 1.55,2.35, and 2.69 MPa, and the pressure gradually increased as the
original rock stress ratio increased. The fracture initiation values in the
hydraulic fracturing tests under three different particle sizes did not
exhibit obvious regular changes with the in situ stress ratio because the
theoretical formula only considers the influence of the ground stress, and
the materials in the theoretical model are uniform and impermeable
(Fairhurst, 2003). However, the seepage problem, the crystal size, and the
heterogeneity were all considered in the numerical simulation. Through a
comprehensive comparison of the experimental results, it was found that
under the same ground stress condition, the crack initiation pressure
decreased with decreasing crystal size. This was because when the crystal
size of the mineral was very small, the number of crystals arranged
around the water injection hole was greater, and the proportion of the
contact between the secondary and tertiary crystals was greater. The water
injection pressure more easily reached the local tensile strength of the
sample, and then, the initiation of a hydraulic crack was triggered.

4.2 Statistics and analysis of the fractures

According to the statistical analysis of the above test results,
most of the hydraulic fractures were tensile fractures, and only a
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few shear fractures occurred between the particles. During the
Group B tests, the generation process of the hydraulic fractures
was recorded, the number of and morphology information about
the cracks in the final fracture state was output t, and rose maps of
the crack inclination were drawn (Figure 10). When the
horizontal and vertical stress ratio was 5:11, the change in the
crack dip angle distribution as the crystal particle size
distribution coefficient decreased was not obvious. The dip
angles were concentrated within 55°-75° and 110°-130°, and
the hydraulic fractures basically developed along the direction
of the maximum principal stress. When the horizontal stress and
vertical stress were equal, the expansion of the hydraulic fracture
was not affected by the directivity of the in situ stress. The
hydraulic fracture radially expanded from the water injection
hole and the distribution range of the hydraulic fracture was
wide. When the maximum principal stress was horizontal, the
fracture dip angles were concentrated in the ranges of 10°-30° and
150°-170° and the hydraulic fractures were basically arranged
along the horizontal direction. Compared with Size-Dis-3 and
Size-Dis-1, it was found that the directional distribution of the
fracture was relatively more uniform when the crystal size was
smaller. Through comprehensive comparison, it was found that
the influence of the principal stress direction on the crack
distribution during hydraulic fracturing was greater than that
of the crystal size distribution coefficient. The influence of the
crystal size on the crack inclination angle was mainly reflected in
local areas. As the crystal size decreased, the proportion of
secondary and tertiary contacts increased, and more hydraulic
cracks appeared around the crystal. The cracks tended to extend
to the contact boundary of the different mineral crystals, but the
general trend was still along the direction of the maximum in situ
stress.

5 Conclusion
In this study, the following findings were revealed.

1. The introduction of the Multi Pb-GBM model increased the
heterogeneity of the rock, which made it possible to describe
hydraulic fracture propagation at the crystal scale. In the
hydraulic fracturing tests on granite, the crack propagation in
granite during hydraulic fracturing was determined by the in situ
stress state, crystal size, and mineral distribution; ground stress
was the main controlling factor. The changes in the maximum
principal stress and maximum shear stress were not only affected
by the ground stress and water injection pressure but also by the
final fracture mode of the sample.

. The hydraulic fracturing initiation pressure did not change
regularly with the ground stress ratio. Under the same ground
stress condition, the crack initiation pressure decreased with the
decreasing crystal size. This was because when the crystal size of
the mineral was very small, the number of crystals arranged
around the water injection hole was greater, and the proportion
of the contacts between the secondary and tertiary crystals was
greater. The water injection pressure more easily reached the
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local tensile strength of the sample, and then, the initiation of a
hydraulic crack was triggered.

. The influence of the principal stress direction on the crack
distribution during hydraulic fracturing was greater than that
of the crystal size distribution coefficient. The influence of the
crystal size on the crack inclination angle was reflected primarily
in local areas. As the crystal size decreased, the proportion of
secondary and tertiary contacts increased, and more hydraulic
cracks appeared around the crystal. The cracks tended to extend
to the contact boundary of the different mineral crystals, but the
general trend was still along the direction of the maximum in situ
stress.
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