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Abstract: A modified fluid-mechanically coupled algorithm in PFC2D was adopted in this article to
study the influence of grain size heterogeneity and in-situ stress on hydraulic fracturing behavior.
Simulated results showed that the in-situ stress and grain size heterogeneity significantly affect the
initiation, growth, and spatial distribution of the hydraulic fractures: (1) the initiation and breakdown
pressure are gradually reduced with the increase of the grain size heterogeneity; (2) with increased
in-situ stress, the initiation and breakdown pressure increase, and the reduction effect of grain size
heterogeneity on the breakdown pressure becomes more obvious; (3) in grain size homogeneous rock,
the initiation pressure decreases with increasing in-situ stress ratio, however, the initiation pressure
of grain size heterogeneous rock is almost unaffected by the in-situ stress ratio; (4) The in-situ stress
ratio and grain size heterogeneity affect the spatial distribution of hydraulic fractures simultaneously.
When the in-situ stress ratio is larger than 1, the hydraulic fractures propagate substantially along the
direction of the maximum principal stress. When the in-situ stress ratio is 1, the initiation position
and extension direction of hydraulic fractures are random and complex fracture networks can easily
develop in a grain size homogeneous model.

Keywords: hydraulic fracturing; grain size heterogeneity; in-situ stress; particle flow code; modified
fluid-mechanically coupled model

1. Introduction

Hydraulic fracturing is a process by which fractures initiate, propagate, and penetrate due to
fluid injection in rock. It was first adopted in the energy industry for increasing oil production from
tight reservoirs [1]. Since then, this technology has also been applied in different fields: in-situ stress
measurement, shale gas stimulation, and geothermal energy resources extraction, for example [2–4].
For engineers, it is important to estimate the hydraulic fracturing feasibility of the working area and
the fracturing effect before carrying out the hydrofracturing work. Hence, a large amount of research
has been carried out to figure out the mechanism of hydraulic fracturing by means of experiments,
simulations, and theoretical analysis. Various studies have shown that the main factors influencing
hydraulic fracturing include external factors [5–8], such as in-situ stress, fluid viscosity and injection
rate, and wellbore geometry, and internal factors [9–13], such as rock strength, natural fracture features,
and rock anisotropy and heterogeneity.

Rock is a naturally heterogeneous material [14]. The initiation, propagation, and spatial distribution
of hydraulic fractures are closely related to rock heterogeneity. The heterogeneity of the rock can be defined
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as the uneven changes of mineral composition and microstructure in the spatial distribution influenced
by diagenesis and tectonics. Compared with the homogeneous rocks, the propagation characteristics
of hydraulic fractures in heterogeneous rock are more complex and the propagation paths are more
tortuous [15]. It is well known that [16] the initiation and growth of microcracks are difficult to predict
in heterogeneous materials by just using basic theories of fracture mechanics. When rock materials are
under fluid pressure, the propagation of microcracks are more complicated. Because it is difficult to
obtain a complete analytical solution for heterogeneous rock under fluid pressure, experiments and
numerical simulations are widely used to study the effect of rock heterogeneity on hydraulic fracturing
behaviors. Vaselli [17] used high resolution X-ray tomography to obtain 3D images of hydraulic fracture
propagation in limestone core samples. The 3D data showed that the initial heterogeneities of limestone
have a strong effect on the extension and final roughness of the hydraulic fractures. Based on PFC2D,
Al-Busaidi et al. [9] found that homogeneous rock sample tend to form 3 tensile fractures with equal
space approximately 120◦ to each other. However, in the heterogeneous rock sample, the fractures are
isolated and distributed until rock failure. Yang et al. [16] investigated the influence of rock heterogeneity
on hydraulic fracturing behaviors by F-RFPA2D and found that the initiation and breakdown pressures
in homogeneous rocks are much higher than those in the heterogeneous rocks. In the above numerical
simulation of Al-Busaidi [9] and Yang [16], rock materials are discretized into numerous elements with
similar size and different mechanical parameters in order to represent the heterogeneity of rock. Actually,
rock is composed of a large number of mineral grains at the grain-scale and the mineral grain size also
significantly influences the hydraulic fracturing behavior. By a series of hydraulic fracturing experiments
of different rocks and acrylic resin, Matsunaga et al. [18] found that the microstructure of rock, such as
the grain size, affects the hydraulic fracturing mechanism. To further analyze the effects of mineral grain
size on the hydraulic fracturing mechanism, Chen and Ishida et al. [19–21] used granite samples with
four different grain sizes to conduct hydraulic fracturing experiments and discovered that decreasing the
grain size increased the breakdown pressure and tensile hydraulic cracks become dominant. In addition,
crack geometry is quite different depending on the grain size; a horizontal crack is created in rock samples
with larger grain, whereas vertical cracks are formed in specimens with very small grain size.

Previous studies have revealed the influences of mineral grain size on hydraulic fracturing to a certain
extent, however, there are few studies on the influence of mineral grain size heterogeneity. As aggregates
of mineral grains, rock is also heterogeneous in its grain size. For example, the grain size of K-feldspar
and plagioclase in granite can reach more than 5 mm, while the grain size of mica is less than 1 mm.
In conglomerate, the grain size of gravel is larger than 2 mm, while the interstitial materials such as
sand and clay have very small grain size. Based on PFC2D, Shimizu et al. [15] investigated the effects of
grain size distribution on hydrofracturing. The results showed that hydraulic cracks propagate along
the direction of maximum in-situ stress. In the particle size heterogeneous rock model, shear cracks
propagate diagonally along the grain boundaries. However, in the particle size homogeneous rock model,
the hydraulic fractures propagate straightly and shear cracks are less developed. This study indicates that
uneven grain size distribution significantly affects the micromorphology and microcracking mechanism of
the hydraulic fractures. Therefore, it is necessary to further study the influence of grain size heterogeneity
on hydraulic fracturing behavior.

Many researchers [22–24] have demonstrated that the in-situ stress ratio controls the direction
of hydraulic fracture propagation, which is generally along the maximum in-situ stress. Meanwhile,
the heterogeneity of rock is the other factor affecting the initiation and propagation of hydraulic
fractures. Hence, the internal factor of grain size heterogeneity and external factor of in-situ stress
were taken into consideration in the present work. Our goal has been to study the hydraulic fracturing
behaviors of rock under the combined influences of heterogeneous grain size and in-situ stress by
using a modified PFC2D model. A series of hydrofracturing simulations of granite were conducted to
discuss the influences of grain size heterogeneity under different in-situ stress and in-situ stress ratios
on the initiation, propagation, micromorphology, and spatial distribution of hydraulic fractures.
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2. Modeling Methodology

2.1. Fluid-Mechanical Coupling in PFC2D

In PFC2D, the material is represented as an aggregate of numerous rigid circular particles [25,26].
To simulate the fluid flow, Cundall’s algorithms [27] were adopted. As illustrated in Figure 1, the centers
of particles are connected by yellow lines which represent the fluid network topology and then a series of
enclosed domains (yellow polygons) are created. The centers of those enclosed domains are regarded as
“reservoirs” (Figure 1, black circles) which can store some fluid pressure. The reservoirs are connected by
pipes (Figure 1, red lines).

Figure 1. The fluid network used for fluid-mechanical simulation in PFC2D model (gray circles: solid
particles, red lines: flow channels, black circles: reservoirs).

Figure 2 shows the basic mechanism of the fluid-mechanical coupling [28]. The left side of Figure 2
shows the deformation mechanism of the solid particles, where the motion of the particles and the
contact force between particles are calculated by the Newton’s second law and the force–displacement
law, respectively. For more details, refer to Potyondy and Cundall [25]. The right side of Figure 2 shows
the simulation of fluid migration. The fluid flow is calculated by the cubic law (Equation (1)) [27].

q =
e3∆P
12µL

(1)

where e is the hydraulic aperture, ∆P is the fluid pressure change between the two adjacent reservoirs,
µ is the fluid viscosity, and L is the channel length. The hydraulic aperture e changes as a function of
normal force σn (Equation (2)) [25,28–30].

e = einf + (e0 − einf) exp(−0.15σn) (2)

where, e0 is the hydraulic aperture at zero normal force, also known as residual aperture, einf is the
hydraulic aperture at infinite normal force. The fluid pressure change ∆P in one time step ∆t is
calculated from the fluid bulk modulus Kf, the flow from the surrounding pipes and the volume of the
reservoir Vd according to Equation (3).

∆P =
K f

Vd

(
∑ q·∆t− ∆Vd

)
(3)

Within each calculation step, the particles around the reservoir will move and deform due to
the fluid pressure. Subsequently, the domain volume and the hydraulic aperture of the flow channel
change, so the flow and fluid pressure need to be updated. A new fluid pressure exerts on the particles
after the fluid calculation step.
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Figure 2. The basic mechanism of fluid-mechanical coupling [28].

2.2. Optimization of Fluid Pressure Calculation after Bond Failure

In this study, the parallel bond model was used to simulate rock material. When external force
acting on each parallel bond exceeds its limit strength, the bond will be damaged and a crack develops
at the corresponding position. As a result, the hydraulic aperture of the flow channel becomes infinite,
then the following calculation will become unstable. Therefore, it is important to properly simulate the
fluid flow after bond breakage in PFC hydraulic fracturing. Al-Busaidi et al. [9], Zhao and Young [31],
and Hazzard et al. [32] assumed that the new fluid pressure is the average value of fluid pressures in
the two domains before bond breakage. The new fluid pressure is calculated by the following equation:

P′f =
Pf 1 + Pf 2

2
(4)

where Pf1 and Pf2 represent fluid pressure of Domain 1 and Domain 2 before bond failure (Figure 3),
respectively. However, Zhou et al. [28] thought that when there is a well in the rock model, Equation (4)
is not suitable, because the volumes of some fluid domains are not approximately equal to each
other. Thus, Zhou’s [28] modified fluid-mechanically coupled algorithm was adopted in this study.
In the modified algorithm, the new fluid pressure of two domains after bond breakage is calculated
by Equation (5):

P′f =


(

Vf 1 + Vf 2

)
(Vr1 + Vr2)ϕ

− 1

K f (5)

where Vf1 and Vf2 are the fluid volumes of Domain 1 and Domain 2 in Figure 3, respectively. Vr1 and
Vr2 are the volumes of Domain 1 and Domain 2 under 0 MPa fluid pressure, respectively. Kf is the fluid
bulk modulus and ϕ is the porosity of the model.

Figure 3. The balance of fluid pressure in two related domains after bond breakage (modified from
Zhou et al. [28]).
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3. Hydraulic Fracturing Modeling and Scenarios

3.1. Model Description and Parameters

In this study, the model used for hydraulic fracturing simulation is 1000 mm in width and
1000 mm in height. As shown in Figure 4, there are four walls around the model which are represented
by green particles. The motion of the walls can be controlled by a servo-adjustment method to apply
a constant confining pressure, SH in the x-direction, and Sh in the y-direction. In the center of the
model, a circular hole with a diameter of 60 mm is set as the fluid injection well. In order to make the
borehole wall smoother to avoid stress concentration, the radius of particles around the borehole wall
is half of the model mean particle radius.

Figure 4. Numerical model for hydraulic fracturing and particle packing method near borehole.

The microparameters used in PFC2D need to be calibrated based on the experimental results
which is mainly a trial-and-error procedure. In this study, the microparameters were calibrated to
match the macroproperties of the UCS test of Alxa granite, including elastic modulus, peak strength,
and Poisson’s ratio. Alxa is located in western Inner Mongolia, China, which is covered by a large area
of granitic rock. After a trial-and-error process, the elastic modulus, peak strength, and Poisson’s ratio
of the calibration model were determined to be 50 GPa, 164 MPa, and 0.21, respectively, which are
consistent with the corresponding experiment results. The mesoscopic physical and mechanical
parameters of the model and the fluid parameters used for hydraulic fracturing are shown in Table 1.

Table 1. Micro physico-mechanical parameters of hydraulic fracturing model.

Microparameters Notations Values

Particle

Density (kg/m3) ρ 2680
Contact modulus (GPa) E 35

Ratio of normal to shear stiffness kn/ks 1.5
Friction coefficient f 0.4

Parallel bond

Tensile strength (MPa) σc 60
Normal to shear stiffness ratio kn/ks 1.5

Shear strength (MPa) τc 110
Modulus (GPa) Ec 35

Radius multiplier λ 1

Fluid

Bulk modulus (GPa) K f 2
Viscosity (Pa·s) µ 1.0 × 10−3

Initial hydraulic aperture (m) e0 1.0 × 10−6

Infinite hydraulic aperture (m) einf 1.0 × 10−8

Permeability (m2) k 1.0 × 10−17
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3.2. Modeling Validation

The possibility of simulating fluid flow based on the bonded particle model has been verified by
many studies [9,28,31]. However, the reliability of hydraulic fracturing simulation using the bonded
particle model has been neglected in previous research. A reasonable hydraulic fracturing model
should not only correctly reflect the fluid flow mechanism, but also take the crack initiation and
breakdown into consideration. However, few studies have compared the breakdown pressure of the
model with the theoretical value. According to the Haimson’s studies [23], the breakdown pressure
Pwf for hydraulic fractures can be determined according to Equation (6).

Pw f = 3Sh − SH − P0 + σt (6)

For validating the reliability of our modified fluid-mechanically coupled model, a sequence of
simulations for hydraulic fracturing were conducted under different in-situ stress ratio using the model
shown in Figure 4. The simulated borehole fluid pressure curves and breakdown pressure were compared
with theoretical values to verify the rationality of the model. In the validation models, the number
of particles is about 15,000, with particle radii ranging from 3.50 mm to 5.25 mm following a normal
distribution. The fluid injection rate was fixed at 2.0 × 10−6 m3/s. The maximum principal stress (SH)
was set to 20 MPa, and the minimum principal stress (Sh) was changed from 20 MPa to 10 MPa.

Figure 5a shows the borehole fluid pressure curve during hydraulic fracturing simulation (taking
the model with in situ stress ratio of 1.0 as example). Figure 5b shows the theoretical curve of borehole
pressure during the hydraulic fracturing process. The curve can be divided into three parts. The first
part is the elastic deformation of the fluid and surrounding rock, which is mainly because the fluid is
in a compressed state. When the fluid pressure reaches the peak value, the cracks initiate then the fluid
pressure drops rapidly which indicates the unstable situation of crack development. By continued
pumping, the constant borehole fluid pressure level is finally maintained. There are two typical critical
pressures in rock hydraulic fracturing: crack initiation pressure and breakdown pressure, which can
be determined according to the borehole pressure curve. In the theoretical curve, the crack initiation
pressure and breakdown pressure are equal, and the peak point corresponds to the breakdown pressure.
Compared with the idealized curve of borehole fluid pressure (Figure 5b), the fluid pressure curve
in Figure 5a is nonlinear before arriving at the breakdown pressure. This is mainly because in the
idealized hydraulic fracturing process, the material is assumed to be impermeable, so the theories
cannot explain the fluid seepage effect during the hydraulic fracturing process [16]. However, in our
modeling, the algorithm design takes the leakage into consideration. When fluid is pumped into the
borehole, it can enter the neighbor domains instantaneously through the fluid pipes according to the
cubic law [28].

Figure 5. Borehole fluid pressure curves: (a) simulated curve and (b) idealized curve [23].
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Figure 6 shows the breakdown pressure values under different in-situ stress ratios respectively
obtained from the simulated values and the theoretical values calculated according to Equation (6).
The tensile strength of the model is 37 MPa which was obtained by the simulation of Brazilian test.
It can be seen from Figure 6 that there is a certain deviation between the simulation values and
theoretical values and the error is less than 15%. This is mainly because the theoretical formula only
considers the influence of the in-situ stress and the rock tensile strength. The material in the theoretical
model is uniform and impermeable in addition. However, the numerical simulation not only considers
the leakage effect, but the breakdown pressure is also affected by many factors such as grain size,
heterogeneity, and fluid velocity and viscosity. Since the error between the simulated values and the
theoretical values is less than 15%, the hydraulic fracturing model used in this study is considered
reasonable. Besides, based on this model, Zhou et al. [12,28] investigated the effects of fluid injection
rate, in-situ stress ratio, and fluid viscosity on the hydraulic fracturing behaviors of homogeneous rock
and laminated rock. The results showed good agreement with previous simulation and experimental
results. These also validate the reliability of this optimized model.

Figure 6. Breakdown pressures obtained from simulated values and the theoretical values calculated
according to Equation (6).

3.3. Modeling Scenarios

As shown in Table 2, two scenarios were set to investigate the influence of the grain size
heterogeneity and in-situ stress on the hydraulic fracturing behaviors. The ratio of the maximum
grain size to the minimum grain size (Rmax/Rmin) was used to describe the grain size heterogeneity
quantitatively. The confining boundary conditions were controlled by changing the in-situ stress and
stress ratio. The fluid injection rate was fixed at 1.0 × 10−4 m3/s and the other parameters were
adopted from Table 1.

Table 2. Scenarios with heterogeneous grain sizes and different in-situ stress conditions.

Parameters Minimum Grain
Size (mm)

Grain Size Ratio
(Rmax/Rmin)

In-Situ Stress (MPa)
and Stress Ratio

Scheme 1 2.5 1.2, 1.5, 2.0, 2.5, 3.0 SH = Sh
SH = 5, 10, 15, 20

Scheme 2 2.5 1.2, 1.5, 2.0, 2.5, 3.0 (SH + Sh)/2 = 10
SH/Sh = 1.0, 2.0, 3.0, 4.0

Scheme 1: This scheme was used to analyze the effects of grain size heterogeneity on hydraulic
fracturing under different in-situ stress. The minimum grain size was kept at 2.5 mm and the influence
of grain size heterogeneity was studied by changing the grain size ratio (Rmax/Rmin) from 1.2 to 3.0
(1.2, 1.5, 2.0, 2.5 and 3.0). The local view of models with five different grain size ratios are shown



Energies 2018, 11, 1413 8 of 14

in Figure 7. Meanwhile, for evaluating the influences of in-situ stress, the maximum and minimum
principal stresses were set equal, respectively 5 MPa, 10 MPa, 15 MPa and 20 MPa.

Scheme 2: This scheme was used to analyze the effects of grain size heterogeneity on hydraulic
fracturing under different in-situ stress ratio. The grain size parameters were consistent with that of
scenarios 1. The average in-situ stress was kept at 10 MPa and the in-situ stress ratios were changed
from 1.0 to 4.0 (1.0, 2.0, 3.0 and 4.0), respectively 10.0:10.0, 13.3:6.7, 15.0:5.0 and 16.0:4.0.

Figure 7. The local view of models with different grain size heterogeneity (a) Rmax/Rmin = 1.2;
(b) Rmax/Rmin = 1.5; (c) Rmax/Rmin = 2.0; (d) Rmax/Rmin = 2.5; (e) Rmax/Rmin = 3.0.

4. Modeling Results and Discussions

Based on the optimized fluid-mechanically coupled model, the hydraulic fracturing processes
of the above two scenarios were simulated. The influence of grain size heterogeneity under different
in-situ stress conditions on the initiation, growth, and spatial distribution of the hydraulic fractures
were analyzed.

4.1. Effects of Grain Size Heterogeneity under Different In-Situ Stress

In Scheme 1, the maximum and minimum principal stresses are equal. When the in-situ stress
changes from 5 MPa to 20 MPa, the results of simulated crack initiation and breakdown pressure under
different grain size heterogeneity are as shown in Figure 8. It can be seen that when the grain size
heterogeneity remains unchanged, the initiation and breakdown pressures increase with increasing
in-situ stress. However, the initiation and breakdown pressures are gradually reduced with the increase
of grain size heterogeneity under the same in-situ stress level and the reduced degree of breakdown
pressure is closely related to the stress level. When the in-situ stress changes from 5 MPa to 20 MPa,
the reductions of breakdown pressure are respectively 12 MPa, 17 MPa, 21 MPa, and 25 MPa with the
grain size heterogeneity increasing from 1.2 to 3.0. This indicates that the reduction effect of grain size
heterogeneity on the breakdown pressure becomes more obvious at higher in-situ stress.

Figure 8. Effect of grain size heterogeneity on (a) initiation and (b) breakdown pressure under different
in-situ stress.
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Figure 9 shows the borehole pressure variation of numerical models with different grain size
heterogeneity (taking the models with in-situ stress of 10 MPa as examples). As can be seen, the crack
initiation and breakdown pressures decrease with increasing grain size heterogeneity. Besides,
the times required to reach the crack initiation and breakdown pressures also decrease with the increase
of the grain size heterogeneity. Many studies [33,34] have proved that local stress concentration caused
by microscale heterogeneity may have significant effects on the growth of the microcracks. According
to Lan et al. [14], the stress concentration of heterogeneous rock is earlier and more obvious under
the same loading condition. Therefore, the initiation and breakdown of hydraulic cracks in the grain
size heterogeneous model are earlier in the present simulations. As can also been seen in Figure 9,
the pressure drops after reaching the breakdown pressure is different in the 5 models. When the
borehole pressure drops to about 90% of the breakdown pressure, the time required for the grain size
homogeneous model (Rmax/Rmin = 1.2) is 0.025 s, however, the time required for the model with grain
size ratio of 3.0 is 0.09 s. Hence, compared with the grain size homogeneous models, the borehole
pressure drops slowly after reaching the breakdown pressure and the borehole pressure–time curve
fluctuates obviously in the models with higher grain size heterogeneity (2.5 and 3.0). During the process
of hydraulic fracturing simulation, most fluid energy is stored in the borehole before crack propagation,
and the energy accumulation at the inner borehole increases with fluid injection. Because the initiation
and propagation of hydraulic fractures are earlier in the grain size heterogeneous model, the energy
accumulation of fluid inner borehole is lower. After reaching the breakdown pressure, the fractures
begin to propagate under the fluid pressure, meaning that the energy of the fluid inner borehole
begins to release, so the borehole pressure begins to drop. Because the grain size homogeneous model
(Rmax/Rmin = 1.2) has more branches of hydraulic fracture (Figure 10b), the fluid energy releases rapidly,
so the borehole pressure drops rapidly. However, there are only two branches of hydraulic fracture in
the grain size heterogeneous models (Figure 10b), hence, the borehole pressure drops slowly in models
with grain size ratios of 2.5 and 3.0.

Figure 9. Borehole pressure curves under different size ratios and the determination of crack initiation
(SH = Sh = 10 MPa) (a) Rmax/Rmin = 1.2; (b) Rmax/Rmin = 1.5; (c) Rmax/Rmin = 2.0; (d) Rmax/Rmin = 2.5;
(e) Rmax/Rmin = 3.0.
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In addition, the simulation results show that the grain size heterogeneity also has a great impact on
the spatial distribution of hydraulic fractures. The distributions of hydraulic fractures under different
grain size heterogeneity and in-situ stress are shown in Figure 10. The cycle step and calculation time of
all cases in Figure 10 are the same, since the fluid injection rate is fixed, so the injection volumes are also
the same. As can be seen, with the increase of grain size heterogeneity, the branch number of hydraulic
fractures decreases, indicating that hydraulic fracturing is easily initiated and tends to propagate in
one direction in grain size heterogeneous models. Besides, the initiation position and the propagation
direction of hydraulic fractures are random in the grain size homogeneous model (Rmax/Rmin = 1.2 and
1.5) due to the equal maximum and minimum principal stresses. However, the spatial distributions
are almost the same in the models with higher grain size heterogeneity under different in-situ stress.
Therefore, the uneven distribution of grain size plays a role in controlling the propagation path of
hydraulic fractures when SH = Sh. It can also be seen from Figure 10 that with the increase of in-situ
stress, the number of microcracks or the length of fractures is decreased in the models with same grain
size heterogeneity. This means the rock is more difficult to fracture when the in-situ stress is higher,
hence, the initiation and breakdown pressure increase with the increase of in-situ stress (Figure 8).

Figure 10. Distributions of hydraulic fractures under different grain size heterogeneity and in-situ
stress (a) SH = Sh = 5 MPa; (b) SH = Sh = 10 MPa; (c) SH = Sh = 15 MPa; (d) SH = Sh = 20 MPa.

Figure 11 illustrates the close-up view of the hydraulic fractures. In the PFC model, hydraulic
fractures propagate along the grain boundary. In the model with homogeneous grain size, due to
the smaller grain size, the micro-cracks can easily spread forward along the grain interface, so the
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micro-cracks in the grain size homogeneous model (Rmax/Rmin = 1.2) tend to be flat (Figure 11a).
With the increase of grain size heterogeneity, the number of large grains increases and it is easy to
deflect when micro-cracks propagate along a large grain boundary, so the micro-cracks in the grain
size heterogeneous model (Rmax/Rmin = 3.0) are more distorted (Figure 11b).

Figure 11. Effect of grain size heterogeneity on microcracks: (a) grain size homogeneous model
(Rmax/Rmin = 1.2) and (b) grain size heterogeneous model (Rmax/Rmin = 3.0).

4.2. Effects of Grian Size Heterogeneity under Different In-Situ Stress Ratios

In Scheme 2, the average of the maximum and minimum principal stresses remains unchanged at
10 MPa and the influences of grain size heterogeneity on hydraulic fracturing behavior under different
in-situ stress ratios are analyzed. Figure 12 illustrates the effects of in-situ stress ratio and grain size
heterogeneity on the crack initiation and breakdown pressures. It can be seen that under the same
in-situ stress ratio conditions, the crack initiation and breakdown pressures decrease with the increase
of grain size heterogeneity. As shown in Figure 12a, when the grain size heterogeneity is 2.0, 2.5 and
3.0, the crack initiation pressure seems to not be affected by the in-situ stress ratio. However, when the
grain size heterogeneity is 1.2 and 1.5, the crack initiation pressure decreases with the increasing in-situ
stress ratio. This indicates that the in-situ stress ratio has little effect on crack initiation pressure in the
grain size heterogeneous model, but it does have a significant effect in the grain size homogeneous
model. As shown in Figure 12b, with the in-situ stress ratio increasing, the crack breakdown pressure
decreases slightly.

Figure 12. Effect of in-situ stress ratio on (a) initiation and (b) breakdown pressure under different
grain size heterogeneity.

The simulation results of Scheme 2 also show that the in-situ stress ratio greatly affects the
extension direction of hydraulic fractures. According to the simulation results of Scheme 1, when the
maximum and minimum principal stresses are equal (SH/Sh = 1), the initiation position and the
propagation direction of hydraulic fractures are random and the number of hydraulic fracture branches
is affected by grain size heterogeneity (Figure 10). However, when the in-situ stress ratio is larger than 1,
as shown in Figure 13, the hydraulic fractures basically expand along the direction of the maximum
principal stress. As previous research illustrated [22], the direction of maximum in-situ stress is the



Energies 2018, 11, 1413 12 of 14

preferred direction for fracture propagation during deep hydraulic fracturing. Therefore, the number
of hydraulic fracture branches is almost unaffected by grain size heterogeneity, however, grain size
heterogeneity does have a significant effect on the initiation positions and the micro morphology of
the fractures. In the grain size homogeneous model (Rmax/Rmin = 1.2), the hydraulic fractures are
symmetrically distributed on both sides of the borehole and the fractures are relatively flat. In the grain
size heterogeneous models, the fractures on both sides of the borehole are asymmetric and distorted.
During the expansion process, the hydraulic fractures will deflect locally but the macroscopic expansion
direction will not change.

Figure 13. Distributions of hydraulic fractures under different grain size heterogeneity and in-situ
stress ratios (a) SH/Sh = 2; (b) SH/Sh = 3; (c) SH/Sh = 4.

5. Conclusions

Based on the modified fluid-mechanically coupled algorithm in PFC2D, the influences of grain size
heterogeneity and in-situ stress on the initiation, growth, and spatial distribution of hydraulic fractures
were discussed in this study. Two schemes totaling 36 cases of hydraulic fracturing simulations
with different grain size heterogeneity and in-situ stress were performed. The main conclusions are
as follows:

(1) Grain size heterogeneity significantly affects the behavior of rock hydraulic fracturing. Under the
same in-situ stress conditions, the initiation and breakdown pressures decrease with increasing
grain size heterogeneity. In the models with higher grain size heterogeneity, the borehole pressure
decreases slowly and fluctuates after reaching the breakdown pressure.

(2) The in-situ stress also has a great effect on the critical pressures of hydraulic fracturing. With increasing
in-situ stress, the initiation and breakdown pressures increase, and the reduction effect of grain size
heterogeneity on the breakdown pressure becomes more obvious.

(3) Under the condition that the average value of the maximum and minimum principal stresses
are constant, the breakdown pressure decreases with the increase of in-situ stress ratio, however,
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the variation of crack initiation pressure with in-situ stress ratio is related to the grain size
heterogeneity. For models with homogeneous grain size, the crack initiation pressure decreases
with increasing in-situ stress ratio, but in grain size heterogeneous models, the crack initiation
pressure is almost unaffected by the in-situ stress ratio.

(4) The in-situ stress and the grain size heterogeneity have a great influence on the spatial distribution
and micromorphology of hydraulic fractures. When the stress ratio is greater than 1, the hydraulic
fractures propagate basically along the direction of maximum principal stress. With the decrease
of grain size heterogeneity, the hydraulic fractures on both sides of the borehole become more
symmetrical and straight. When the stress ratio is 1, the initiation position and extension direction
of hydraulic fractures are random. The grain size homogeneous models have more branches of
hydraulic fractures.
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