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a b s t r a c t

Hydraulic fracturing is a useful tool for enhancing permeability for shale gas development, enhanced
geothermal systems, and geological carbon sequestration using high-pressure injection of a fracturing
fluid into tight reservoir rocks. Mechanisms of fluid injection-induced fracture initiation and propagation
should be well understood to take full advantage of hydraulic fracturing. In this paper, hydraulic frac-
turing modeling work was developed using discrete particle modeling based on two-dimensional par-
ticle flow code (PFC2D). Firstly, the developed model is validated against the analytical solutions of the
breakdown pressure for the hydraulic fracturing process under varied in-situ stress conditions. Secondly,
the model is tested using the microscopic parameters optimized from laboratory Uniaxial Compressive
Test for laminated reservoir rock. Lastly, a series of hydraulic fracturing simulation work was performed
to study the influence of weak layers, in-situ stress ratio, fluid injection rate and fluid viscosity on the
borehole pressure history, the geometry of hydraulic fractures and the pore-pressure field. It is found that
the hydraulic fracture propagation in laminated reservoir is controlled by both in situ stress state and
strength anisotropy of the reservoir rock. With fluid injection rate increasing, higher breakdown pressure
is required for fracture propagation and complex fracture geometry will develop. Furthermore, low
viscosity fluid can more easily penetrate from the borehole into the surrounding rock, causing a
reduction of the effective stress and leading to a lower breakdown pressure. Moreover, the geometry of
the fractures is found to be sensitive to the fluid viscosity, and the major fractures propagate more easily
along the maximum principle stress direction.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, shale gas is widely explored and developed to
meet the energy demand in the North America and other places in
the world. Stimulation of the unconventional shale reservoirs by
hydraulic fracturing is performed in horizontal wells, which is
recognized as a significant method for enhancing production ca-
pacity. As a general concept, hydraulic fracturing is a process by
which a fracture initiates and propagates due to fluid pressure in-
side the void or fracture. To enhancing production of oil and gas,
reservoirs fracturing reconstruction using viscous hydraulic fluids
is the most common used stimulation technique (Adachi et al.,
2007; Vermylen and Zoback, 2011). Also, hydraulic fracturing are
Zhang).
applied in fields of the disposal of radioactive waste in the under-
ground (De Laguna et al., 1968), heat production from hot dry rock
geothermal reservoirs (Zimmermann et al., 2009, 2010), as well as
the measurement of in-situ stresses (Fairhurst, 2003; Haimson and
Cornet, 2003; Yokoyama et al., 2014).

As the reservoir rock is opaque, it is impossible to directly
observe the subsurface hydraulic fracture initiation and propaga-
tion. So properly laboratory experimental research and numerical
simulations based on realistic assumptions are essential to help
understand fracture initiation, propagation, intersection, and frac-
ture geometries in reservoir rocks. The physical process of hydraulic
fracture complexity can also be investigated in laboratory, with the
advantage that boundary-conditions are controllable and fracture
geometries can be acquired easily. However, the main disadvantage
of laboratory experiments is the issue of proper scaling to ensure
the applicability of results to field operations.

Numerical simulations are another important method for
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Fig. 1. The parallel bond model in PFC2D (modified from Cho et al., 2007).
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analyzing the propagation behavior of hydraulic fractures in natu-
rally reservoirs. A great number of hydraulic fracturingmodels have
been developed for simulating induced complex fracture networks
in subsurface reservoirs. However, realistically mimic hydraulic
fracture initiation and propagation is still a challenge because of the
complexity of the stress field conditioned by the reservoir me-
chanical properties, changing boundary conditions and complex
coupling mechanisms between fluid and solid material. Due to the
complexity of the problem researches usually consider the rock
mass as a continuum, homogeneous, isotropic, linear elastic and the
fracture geometry as planar, such as in the Khristianovic-Geertsma-
de Klerk model and Perkins-Kern-Nordgren model.

In recent years, researchers have begun to investigate hydraulic
fracture growth in naturally fractured reservoirs using the discrete
element method (DEM), which is originated in the 1970s with two
landmark publications by Cundall, (1971) and Cundall and Strack,
(1979). According to Cundall, the theoretical foundation of DEM is
that using explicit or implicit formation to calculate motion of rigid
or deformable bodies. In DEM the model is an assemblage of rigid
or deformable blocks/particles/bodies, which are contact and con-
nected by a kinds of bond to represent continuum (Cundall, 1971).
During the entire calculation process the contact patterns between
blocks/particles continuously update and change with the defor-
mation process, which is basic character different from continuous
model. So DEM is a more natural way for modeling fracture initi-
ation, propagation and intersection under complex stress
conditions.

Itasca's three dimensional Distinct Element Code (3DEC) and
Universal Distinct Element Code (UDEC) are two representative
explicit DEMmethods for modeling and assessing complex fracture
growth driven by fluids. By using UDEC Choi, (2012) have studied
the shut-in pressure during hydraulic fracturing in rockmasses, and
the results shew that the ambiguous shut-in pressure is mainly
related to hydraulic fracture geometries and remote stress.
Zangeneh et al., (2013) applied UDEC to study fault slip considering
seismic energy release during hydraulic fracturing process.
Zangeneh et al., (2015) studied the influence of the in-situ stress
field and the inclination of the fracture network on hydraulic
fracture propagation. In studies of Hamidi and Mortazavi, (2012,
2014) 3DEC was used to study the influence of in-situ stress regime,
rock mass mechanical properties on hydraulic fracture propagation
with different fluid viscosity and injection rates.

A bonded particle model based on Particle Flow Code (PFC),
another discrete element method developed by Itasca Consulting
Group (2008), was also used to model hydraulic fracturing by
Hazzard et al., (2002) and Al-Busaidi et al., (2005), whose results
showed that the model can reproduce the true physical process of
fluid injection into low permeability formations. Zhao and Young,
(2011) also validated the PFC2D can able to simulate hydraulic
fracturing through comparing results of the geometry of hydraulic
fractures from laboratory experiments with field observations.
Shimizu et al., (2011) conducted several hydraulic fracturing sim-
ulations by their developed fluid-mechanically coupled PFC2D code,
and investigated the relationship between hydraulic fracture types
and particle size distribution and fluid viscosity. Their results show
that most of cracks are tensile cracks generated in hydraulic frac-
turing process, while the energy from shear type acoustic emission
is larger than tensile type's. After fracture creation the velocity of
fluid infiltrating into the fracture highly depends on the viscosity of
the fluid. Eshiet et al., (2013) employed PFC2D to mimic the fluid
pressure changing and the subsequent fracturing and/or cavity
propagation of bulk rock and sand, assuming incompressible fluid
flow based on the Navier-Stokes equation. Yoon et al., (2014, 2015a,
2015b, 2016) have investigated the seismic activity during devel-
oping an Enhanced Geothermal System by fluid injection into deep
group granite reservoir using discrete element method PFC2D.
In the coupled fluid-mechanical process, on the one hand, the

fracture conductivity is related to fracture deformation; on the
other hand, pore pressure in fracture can affect fracture aperture.
According above summary, the coupled fluid-mechanical process
can be implemented successfully in both UDEC and PFC. However,
in UDEC fluid flow is restricted to in fractures, PFC considers more
realistic situation that not only fluid flow in fractures, but also fluid
leak-off into the rock matrix.

Although it has been validated that the PFC model can simulate
fluid flow in rocks, but when it comes to hydraulic fracturing
simulation, the fluid-mechanical couple mechanism in PFC still
needs to be modified. Our study focuses on investigating hydraulic
fracture initiation and propagation by the PFC with modified fluid-
mechanical couple mechanism. In this work, the fluid-mechanical
algorithm of the modeling method is introduced and modified.
After that a comparison between the analytical solution of the
breakdownpressure and numerical simulation results is carried out
to validate the applicability of the developed simulation method.
Finally, based on our laminated reservoir rock model, the influence
of fluid viscosity, fluid injection rate and stress ratio on hydraulic
fracturing are analyzed using the developed simulation method.
2. Modeling methodology

2.1. Introduction of particle flow code

PFC simulates the progressive movement and interaction of
solid materials represented as bonded circular particles. In this
study, PFC2D was employed by modifying the code written by
Hazzard (Hazzard et al., 2002) in order to study fluid-driven frac-
turing. Since form the software manuals (Itasca Consulting Group,
2008) the details of fundamental algorithm of DEM can be ac-
quired, only a summary of the bonded particle model in PFC2D code
is given here.

Although the PFC2D code is a discontinuum method, it can also
be used to simulate the deformation characteristics of the contin-
uum by adding different bonds between circular particles (see
Fig. 1). An assembly of small circular particles is used to model the
intact rock. By normal and shear springs these particles are bonded
to their neighbors at the contact and interact with each other. The
parallel bond model is commonly used in recent research. In this
model, the normal force increments DFi

n, the tangential force in-
crements DFi

s and the moment increments DM are calculated
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according the relative motion of bonded particles, and are given by
(Itasca Consulting Group, 2008)

DFni ¼ ð�knADUnÞni (1)

DFsi ¼ �ksADUs
i (2)

DM ¼ �knIDq with Dq ¼
�
u½B� � u½A�

�
Dt (3)

where kn is normal stiffness and ks is shear stiffness; DUn and DUi
s

represent the increments of normal displacement and shear
displacement in a time step, respectively; u[A] and u[B] represent
the rotation velocities of two bonded particles [A] and [B],
respectively; ni is the normal vector of each contact (i¼ 1 or 2);Dt is
the time step; A and I represent cross-sectional area and inertia
moment of the bond respectively. At the start of each time step the
new force and moment are calculated by summing the old value
existing with the increments, which are given by (Itasca Consulting
Group, 2008)

Fni ðt þ DtÞ ¼ FnðtÞni þ DFni with Fn ¼ Fnj nj (4)

Fsi ðt þ DtÞ ¼ Fsi ðtÞ þ DFsi (5)

Mðt þ DtÞ ¼ MðtÞ þ DM (6)

According to Equation (7) and Equation (8), the normal stress s
and shear stress t at the bond between two particles are calculated,
in which the stress is positive when the contact is in compression

s ¼ �Fn

A
þ b

jMj
I

R (7)
Fig. 2. PFC model used in the fluid-mechanical simulation. (a) Fluid network (Yellow circles
flow pipes (red lines) composing the fluid network); (b) Mechanical coupling. Red arrows re
surrounding the domain. (For interpretation of the references to colour in this figure legen
t ¼
��Fsi

��
A

(8)

where b is the moment-contribution factor, in this study b is set to
0.25; R is the bond radius, R ¼ lminðR½A�;R½B�Þ, l is a kind of
coefficient.

If normal stress s exceeds the bond normal strength ss, or shear
stress t exceeds the bond shear strength ts, the bonds connecting
the nearby particles will break. The criterions of bond break are
summarized as jsj�ss and s<0 (tensile failure) and jtj�ts (shear
failure), respectively. If a bond breaks, a micro-crack is created at
the contact point, and the length of micro-crack is usually assumed
to be the same as the bond radius R, and the orientation of it is
parallel to the tangential direction at the contact. In DEM the crack
is generated automatically under a certain failure criterion with no
need for re-meshing.

2.2. Fluid-mechanical coupling in PFC2D

The viscous fluid flow in the PFCmodel is simulated according to
the algorithm by Cundall (Hazzard et al., 2002), who proposed the
original concept of a fluid flow algorithm based on the network
flow model used by Thallak et al., (1991). Cundall's fluid flow al-
gorithm is based on two assumptions that fluid domains are con-
nected fluid flow channels, which are the contacts in the bonded
assemblies. The contacts enclose a series of fluid domains (Fig. 2,
blue polygons), whose centers are stored as a series of reservoirs.
Each reservoir domain has a certain volume which is calculated by
surrounding short lines connecting particle centers at contacts. The
reservoir domains are connected by pipes (Fig. 2, red lines), the
length of which is assumed to the sum of radius of two particle at
the contact.

Flow of viscous fluid in the channel (Fig. 2a, red lines) is driven
by the differential pressure between the two domains (Fig. 2a, blue
polygons), and it is modeled using the Poiseuille equation, which is
based on the assumption that the fluid flow past two parallel plates
are solid particles; domains (blue polygons), the centers of domains (blue circles) and
present resultant forces induced by fluid pressure Pf, which are applied to the particles
d, the reader is referred to the web version of this article.)
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is laminar flow. So, the volumetric flow rate q can be described as
the following equation

q ¼ e3

12m
DP
L

(9)

where DP is the fluid pressure difference between the two neigh-
boring reservoir domains, e represents hydraulic aperture, m is the
fluid dynamic viscosity, L represents the length of the flow channel.
The thickness of the numerical model is assumed to be of unit
length.

During the process of fluid flow calculation, fluid pressure
increment (DP) in a reservoir is calculated from fluid bulk modulus
(Kf), domain volume (Vd), the sum of the flow volume for one time
step (Dt) and the domain volume change (DVd) caused by me-
chanical force. To simplify the complexity of fluid-mechanical
couple several researchers didn't take the change of domain vol-
ume into account in their studies (Al-Busaidi et al., 2005; Hazzard
et al., 2002). However, DVd is considered in this study. So the
equation used is given by

DP ¼ Kf

Vd

�X
qDt � DVd

�
(10)

Fluid pressure in the domains can cause reservoir deformations,
which is represented by force f exerting on the surrounding parti-
cles (see Fig. 2b). This force f is calculated by the product of the fluid
pressure Pf, the length l and unit thickness t (1.0 m). The length l is
the distance between two nearby contact points exposed to fluid in
a domain. The resultant force is then added to the particles in
outward direction normal to the boundary (Fig. 2b, red polygon).

Fig. 3 shows the modeling procedures for a fluid-mechanically
coupled system in PFC2D. In this figure, the simulation of me-
chanical deformation is shown on the left side, while the simula-
tion of fluid migration is shown on the right size. The deformation
of the reservoir causes the increase or decrease of the volume of a
domain, also the hydraulic aperture of each flow channel needs to
be modified according to the contact force. After the fluid calcula-
tion step, a kind of additional force is exerted on the particles
calculated by fluid pressure in the domain according to Fig. 2b.

In the present model, the hydraulic aperture of each flow
channel between two particles changes as a function of normal
Fig. 3. Modeling procedures for
forces. When the effective normal stress is 0, the particles just
touching each other, e0 is assumed to describe the residual aperture
of flow channel. Under this assumption fluid can infiltrate into a
rock model even without fractures, which can reflects the leak-off
naturally. In some researches (Yoon et al., 2014, 2015a, 2015b,
2016) an empirical formula is used to describe the pipe aperture
related to the normal force at a contact, which can be given as

e ¼ einf þ
�
e0 � einf

�
expð�0:15snÞ (11)

where sn is the effective normal stress at the contact (in MPa).
When sn tends to infinity, the aperture decreases asymptotically to
einf. Because flow rate q in Equation (9) is the microscopic flow rate,
to directly calculate the permeability of rock model is impossible.
Therefore, the value of e0 and einf are determined according to
equation (12) after Al-Busaidi (2004), based on the permeability k
of real rock, or by modeling the permeability test corresponding to
the characteristics of a natural specimen.

k ¼ 1
12V

X
pipes

Le3 (12)

where L represents the length of the channel, and V represents the
total volume of the reservoir rock.

Specimen used in laboratory experiments or field tests some-
time are fully or partly saturated. In numerical simulation, the fluid
flow algorithm presented in Al-Busaidi et al., (2005) employs the
assumption that the numerical model is fully filled with fluid. As we
know, conditions of variable saturation might have an influence on
hydraulic fracturing, due to different fluid pressure, different dis-
tribution of microcracks, and different throughout pressure.
Therefore, taking into account the saturation conditions, a satura-
tion factor is introduced in our fluid flow algorithm, which is given
as

St ¼
Vf

Vr � 4
(13)

where Vr is the volume of each reservoir domain. Vf represents fluid
volume in the domain, and 4 is the model porosity. It is not easy to
directly take the porosity of an actual rock into account accurately
a fluid-mechanical coupling.
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for the reason that the PFC2D model is an assembly of circular
particles. Usually, the pore volume is considered to the product of
the total volume of reservoir domain and assumed porosity, 4. If
saturation factor St < 1.0 the domain is partially filled by fluid, while
St¼ 1.0 the reservoir domain is completely saturated. Fluid pressure
increases from 0MPa only after the domain is fully filled by fluid. In
this study more attention are paid to saturated reservoir, so the
initial saturation factor St is set to 1.0.

When the stresses caused by mechanical force and fluid pres-
sure in each bond exceed the tensile strength or shear strength, a
microcrack develops at the contact of neighboring particles. At that
time, the hydraulic aperture of the flow pipe related to the bond
becomes infinity, which may cause instability in the following
calculation. How to simulate the fluid flow in these two domains
connected by failed bond plays an important role in hydraulic
fracturing in PFC. Al-Busaidi et al. (2005), Hazzard et al. (2002) and
Zhao and Young (2011) suggested that when the bond between two
domains fails, the fluid flow is instantaneous, and that the fluid
pressure in these domains is assumed to be their average value P

0
f

before the bond failure. The calculation of the new fluid pressure is
given as

P
0
f ¼

Pf1 þ Pf2
2

(14)

where Pf1 and Pf2 are fluid pressure related to domain 1 and domain
2, respectively, before the bond failure. However, Equation (14) is
not suitable for the conditionwith a well in the rock model because
the volumes of some fluid domains are not approximately equal to
each other. So, in this study, when the microcrack develops, the
fluid pressure of two domains jointed by the failure bond is
calculated by the following equation

P
0
f ¼

2
4
�
Vf1 þ Vf2

�

ðVr1 þ Vr2Þ4
� 1

3
5Kf (15)

where Vf1 and Vf2 are the volume of fluid existing in domain 1 and
domain 2 in Fig. 4, respectively, under 0 MPa fluid pressure, Vr1 and
Vr2 are the volume of domain 1 and domain 2, respectively.

3. Modeling validation

3.1. Hydraulic fracturing certification in homogeneous rock

3.1.1. Model description and parameters
Fig. 5a shows the numerical model and confining pressure

conditions for hydraulic fracturing. This model is assembled by
about 11 700 bonded circular particles with particle radii ranging
Fig. 4. Bond breakage and fluid pressure balancing ac
from 4 mm to 6 mm following a normal distribution. The width of
rock specimen is 1000 mm and its height is 1000 mm. At the center
of the rock model a borehole for viscous fluid injection with a
diameter of 60 mm is created. Constant confining pressure is sup-
plied by four movable walls surrounding the rock model,sH in
horizontal direction, and sv in vertical direction. Fig. 5b shows the
fluid flow exit domains as a red square. The border of the rock
model between the red and black squares is not covered by fluid
flow domains and it can be regarded as impermeable rubber
housing. In order to create a smoothed surface within the borehole,
the particles surrounding the borehole are substituted by smaller
particles with half the mean radius (Fig. 5c). Intact disc model in
PFC2D is used to simulate the mechanical behaviors of rock-like
materials, in which a set of microscopic parameters are needed.
The microscopic and macroscopic mechanical parameters used in
this study are shown in Table 1.

3.1.2. Validation of hydraulic fracture breakdown pressure
The possibility of using the PFC to simulate fluid flow in solid

materials has been identified by some researches (Al-Busaidi et al.,
2005; Hazzard et al., 2002; Shimizu et al., 2011; Zhao and Young,
2011; Eshiet et al., 2013; Yoon et al., 2014, 2015a, 2015b, 2016;
Chang and Huang, 2016). However, for modeling hydraulic frac-
turing not only the fluid flow, but also crack initiation and crack
propagation have to be taken into account. In the past research
work, the efficiency of the bonded particle method for hydraulic
fracturing simulation has been overlooked. In the work of Wang
et al. (2014), the influence of the tensile strength of a coal seam
and the initial stress parameters on the breakdown pressure under
certain injection conditions are analyzed, and a regression equation
(Equation (10) in Wang et al. (2014)) is obtained by fitting curves of
hydraulic fracturing simulation results. This regression equation for
breakdown pressure when fluid injection in a circular elastic
borehole have been proposed by Hubbert and Willis (1957),
Fairhurst, (2003) and Haimson and Cornet, (2003) as following
expression

Pwf ¼ 3sv � sH � P0 þ st (16)

Fig. 6 shows the idealized borehole fluid pressure history during
hydraulic fracturing. The first linear part reflects the elastic defor-
mation of the surrounding rock and fluid. It is primarily due to
compression of the injection fluid in the borehole. The peak means
the crack initiation, and after this point the fluid pressure drops,
which implies a situation of unstable crack development, and the
fluid entering the void of cracks. Fluid continuously pumped will
eventually result in stable crack development. At that time, the
borehole fluid pressure keeps a constant level.

In order to validate the reliability of hydraulic fracturing
cording to Equation (15) in two related domains.



Fig. 5. Numerical model for hydraulic fracturing and confining stress: (a) numerical model under certain confining pressure, (b) fluid flow domain and impermeable boundary, (c)
particle packing method near borehole.
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simulation by the bonded particle method, also the influence of the
in-situ stress ratio on breakdown pressure is studied under the
assumption that the initial pore-pressure is 0 (P0¼ 0), the dynamic
viscosity of the injection fluid is 0.001 Pa$s, and the injection rate is
fixed at 2.0 � 10�6 m3/s. Confining pressure in horizontal direction
(sH) is set to 20 MPa, and the confining pressure in vertical direction
(sv) changes from 20 MPa to 10 MPa. Fig. 7 shows the borehole
pressure history during hydraulic fracturing simulation when
sH ¼ 20 MPa and sv ¼ 13 MPa. Compared to the idealized borehole
pressure history (Fig. 6), the fluid pressure curve in Fig. 7 is not linear
before arriving at the breakdown pressure. This is because in PFC
modeling leakage is taken into account in the algorithm design.
When fluid is pumped into the borehole, it can enter the neighbor
domains instantaneously through the fluid pipes according to the
cubic law. Comparing the curves in Fig. 7, the conclusion can bemade
that leakage is increasing with increasing fluid pressure. During
unstable growth of hydraulic cracks the fluid pressure also drops.

The breakdown pressure values obtained from modeling and
the theoretical values calculated according to Equation (15) under
different in-situ stress ratios are shown in Fig. 8. When the ratio of
sH/sv is between 1.0 and 1.7 the error between the modeled value
and the idealized analytical value is less than 20%, where the tensile
strength of the rock model is 4.4 MPa. This indicates that hydraulic
fracturing simulation by PFC2D is able to reproduce the realistic
processes to an acceptable degree.
3.2. Validation using laboratory UCS test

It is generally considered that the microscopic parameters in
PFC2D model should be calibrated by comparing the results from
the numerical simulation and the experimental results of intact
rock specimen under Uniaxial Compressive Test (UCT) or Brazilian
Test. In this study, the rock specimens used for microscopic pa-
rameters calibration were from the outcrops of the Longmaxi For-
mation in Xiliao, Shizhu County, which is the natural extension of
the formations in Pengshui shale gas block. These shale specimens
are typical laminated rock with different inclination angle. After
UCT, the axial and radial deformation and uniaxial strength are
shown in Fig. 9. The Uniaxial Compressive Strength of the speci-
mens with inclination angle of 0�, 30�, 45�, 60� and 90� are
159.8 MPa, 120.2 MPa, 143.1 MPa, 162.8 MPa and 168.6 MPa
respectively. Their elastic modules are between 24.6 GPa and
30.0 GPa, with the Poisson's ratio between 0.16 and 0.24.

A series of transversely isotropic rock model were constructed
by embedding weak layer in rock matrix using the bonded particle
method. The thickness of each layer of matrix and weak layer are
approximately equal. The microscopic parameters for these trans-
versely isotropic rock model were optimized and listed in Table 2,
which will be used in following study. Uniaxial compressive
modeling results show that the UCS is consistent with the experi-
mental results, and the average error is less than 5% (Fig. 10). Also,



Table 1
Rock model properties and microscopic input parameters.

Rock properties

UCS of rock model (MPa) sc 46.1
Tensile strength (MPa) st 4.4
Young's modulus (GPa) E 44.2
Poisson's ratio n 0.20
Porosity (%) 4 10
Permeability (m2) k 1 � 10�17

Microscopic input -parameters

Particle parameters
Upper bound/lower bound of particle radius Rmin/Rmax 1.5
Lower bound of particle radius (mm) Rmin 4.0
Particle density (kg/m3) r 3095
Young's modulus of the particle (GPa) Ec 32.0
Ratio of normal to shear stiffness of the particle kn/ks 1.6
Friction coefficient of particle m 0.30
Parallel bond parameters
Young's modulus of the parallel bond (GPa) EC 32.0
Normal/shear stiffness of the parallel bond kn=ks 1.6

Tensile strength of the parallel bond (MPa) st 12.0
Cohesion of the parallel bond (MPa) c 30.0
Friction angle of the parallel bond (�) f 45.0
Radius multiplier l 1.0

Moment contribution factor b 0.2
Initial saturation factor St 1.0
Initial hydraulic aperture (m)a e0 2.2 � 10�6

Infinite hydraulic aperture (m)a einf 2.2 � 10�7

Bulk modulus of the fracturing fluid (GPa) Kf 2.0

a Calculated according to Equation (12).

Fig. 6. Idealized borehole fluid pressure history during hydraulic fracturing.

Fig. 7. Borehole pressure history during hydraulic fracturing simulation when
sH ¼ 20 MPa and sv ¼ 13 MPa.

Fig. 8. Breakdown pressures obtained frommodeling and theoretical calculation based
on Equation (15).

Fig. 9. The strain-stress curves of specimens with different inclination (a) under UCT.
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the failure patterns of rock models from numerical modeling are
consistent with failure patterns of rock specimens at different
inclination angle respectively (Fig. 11). For low inclination angle
specimens (a ¼ 0�, 30�) under uniaxial compression, major cracks
are created parallel to the direction of loading, and it is unlikely to
happen that cracks develop along the bedding plane. For medium
inclination angle specimens (a ¼ 45�, 60�, 75�), a sudden failure
occurred along the weak layer when the shear stress approaches its
shear strength. When a ¼ 90�, due to no lateral confinement under
uniaxial loading, a delamination failure occurred.



Table 2
Microscopic parameters for transversely isotropic rock models.

Microscopic parameters Matrix layer Weak layer

Rmin(mm) 4.0 4.0
Rmax/Rmin 1.5 1.5
r (kg/m3) 3095 3095
Ec (GPa) 24.1 21.7
kn/ks 1.6 2.88
m 0.7 0.30
Ec (GPa) 24.1 21.7

kn=ks 1.6 2.88

st (MPa) 70.0 35.0
t (MPa) 173.0 51.9

l 0.2 0.2

Fig. 10. The comparison of UCS from laboratory tests and numerical modeling.
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4. Modeling results and discussion

The performance of hydraulic fracturing is not only related to
the mechanical properties of the reservoirs, but also influenced by
the injection flow rate, the fluid viscosity, and the in-situ stress
ratio, among others. After the suitability of hydraulic fracturing
simulation by bonded particle method was verified in Section 3.1, a
comprehensive modeling series of fluid injection into shale were
performed to investigate the efficiency of hydraulic fracturing at
different conditions. Shale is well recognized as transversely
isotropic material. The influence of weak layer in shale on hydraulic
fracture initiation and propagation will be studied under hydro-
static confining in following section firstly. In order to evaluate the
effects of confining stresses, the confining boundary conditions are
applied to the rock models corresponding to in-situ stress ratios of
40:20, 30:20 and 25:20. Previous studies have shown that the fluid
injection rate is an important factor to consider, and according to
King's summary (2010) to produce a complex crack network a high
injection rates is necessary. In this work the injection rates of
5.0 � 10�5 m3/s, 1.0 � 10�4 m3/s and 5.0 � 10�4 m3/s are applied in
PFC2D models, respectively. At last, a dynamic viscosity of the fluid
of 1.0 � 10�3Pa$s and 1.0 � 10�4Pa$s is also used in simulation.
4.1. Hydraulic fractures propagation in laminated rock

In this section, the fractures initiation and propagation in
laminated reservoir driven by fluid injection in a horizontal bore-
hole were simulated considering the effective hydrostatic pressure
is 20 MPa. The microscopic parameter is the same as in Table 2. The
permeability of models is assumed to be 1� 10�17 m2 at 0 confining
pressure, and with confining pressure increasing it will reduce to
1 � 10�19 m2 at infinite. The influence of the weak layer in lami-
nated reservoir on the development of fractures is analyzed for dip
angle ranging from 0� to 90�, as shown in Fig. 12 (a)-(g). In Fig. 12,
the green layers represent weaker layer, the yellow layers are the
matrix and the micro fractures are shown by short red lines (tensile
fracture) and blue lines (shear fracture). Comparing fractures dis-
tribution in each model, a basic conclusion can be drawn is that
fractures first develop in weak layer around the borehole. The
breakdown pressures for models with dip angle of 0�, 15�, 30�, 45�,
60�, 75� and 90� are 73.5 MPa, 66.1 MPa, 66.6 MPa, 77.1 MPa,
61.1 MPa, 64.6 MPa and 59.0 MPa, respectively. It also show that
most of fractures propagated along the weak layer, while some
cases show that initial fractures propagated crossing different
layers. The fractures patterns in Fig. 8 can be summarized into three
categories: both wings of macro-fracture propagation along
bedding plane direction, such as Fig. 8 (e) and (g); onewing extends
along bedding plane direction, and other penetrates bedding
planes, such as Fig. 8 (b), (c) and (f); both wings penetrate bedding
planes, such as Fig. 8 (a) and (d).

As mentioned above, the fractures pattern in each model is
related to the position and direction of initiated micro-fracture and
the fracture propagated path. When hydraulic fracturing, micro-
fracture can initiate in any direction around injection borehole in
naturally formation. Under continuous pressure driving, fractures
propagate along the preferred direction or tend to be aligned with
the preferred direction. In laminated rock, the weaker layers
exposed to fracturing fluid around borehole are fracture initial
points, and it is favorable for fracture extension along weaker layer
direction under hydrostatic state. In Fig. 8 (e) and (g), the direction
of initiated fracture accommodate to bedding plane direction, so
the breakdown pressures are about 13% lower than other cases.
Nevertheless, the direction of initiated fracture in Fig. 8 (e) and (g)
diverge from bedding plane direction, which causes higher break-
down pressures. In PFC2D model, the borehole model is not an
absolute circle (Fig. 5 (c)), some defects in the borehole model also
have some but limited influence on the fracture initiation when
hydraulic fracturing.

4.2. Effects of the in-situ stress ratios on fracture propagation

To investigate the influence of the in-situ stress ratios on the
hydraulic fracture initiation and propagation in laminated reser-
voir, a series of numerical studies are performed in the reverse fault
stress regime sH>sv. The fracture distribution and fluid pressure
distribution surrounding the borehole are investigated in a general
situation, where the viscosity of the fluid is 1.0 � 10�3 Pa$s, while
the microscopic parameters and initial permeability in the rock
models remain the same as the cases in the previous section. The
stress in vertical direction (sv) is always 20 MPa, while the stress in
horizontal direction (sH) is varied between 25 MPa, 30 MPa and
40 MPa, respectively. Under the assumption that the hydraulic
apertures of fluid flow pipes conform to Equation (12), the average
initial apertures in these models are 4.62 � 10�7 m, 4.23 � 10�7 m
and 4.03 � 10�7 m under above mentioned confining situation
respectively. With increasing fluid pressure in the domains, the
aperture can reach to 1.03 � 10�6 m when the bonding stress
condition between particles is tensile.

Fig. 13 shows fracture distributions in laminated reservoir
models with different inclination after the hydraulic fracture
stimulation at three different in-situ stress ratios under the injec-
tion rate of 5.0 � 10�5 m3/s. During the stimulating process the
positions of fractures initiation and their propagation paths are
under the control of inclination of bedding plane and in situ stress



Fig. 11. Failure patterns of different inclination specimens (a) Laboratory results, (b) Numerical simulation results (red and blue lines representing tensile and shear cracks
respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. The fractures distribution in laminated reservoir with different dip angle under 20 MPa hydrostatic confining pressure, and the values in brackets are breakdown pressures
for each model.
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state. Generally, the start points of major fracture in laminated
models are in the weak layer surrounding the injection boreholes,
except the vertical bedding plane model in Fig. 13c where the left
wing started in matrix. Fig.13a shows when sH/sv ¼ 25:20 fractures



Fig. 13. Fracture distributions in laminated models with different inclination dip under an injection rate of 2.0 � 10�5 m3/s at different in situ stress ratios, (a) sH/sv ¼ 25:20; (b) sH/
sv ¼ 30:30; (c) sH/sv ¼ 40:20.
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propagated mainly in the initial fracturing direction. In low incli-
nation models they extended along the bedding plane, while
crossing layer propagation took place in the model with vertical
layer. By comparison Fig. 13b and (c) clearly show hydraulic frac-
tures propagated deviating from their initial extending direction.
With increasing the in-situ stress ratio sH/sv from 25:20 to 40:20,
the direction of hydraulic fractures propagation changes from the
initial fracturing direction to horizontal direction, which is the di-
rection of maximum principle stress.

It is generally true that the hydraulic fracture propagation along
the direction ofmaximumprinciple stress in deep buried reservoirs.
Also as described by Hubbert and Willis (1957), the fracture prop-
agation direction is controlled by the in-situ stress ratio. However,
from the above mentioned modeling results, a conclusion can be
drawn that in laminated reservoir the fracture propagation is
controlled by both in-situ stress state and strength anisotropy of
reservoir. The fracture initiation at the borehole is related to the
stress state and strength of reservoir, and it will happen only when
the maximum tensile stress exceed its tensile strength or shear
stress exceed its shear strength. By continuous injection of hydraulic
fracturing fluid, some failure happens and the near borehole stress
state in laminated reservoir become more complex. Moreover, the
fracture only propagates along the preferred path, which results
from a combination of in-situ stress ratio and strength anisotropy of
the reservoir. So if the strength anisotropy ratio, which is usually
defined by the ratio of maximum of UCS of a ¼ 0� or 90� model to
UCS of a¼ 30� model, is different from themodels’ in this paper, the
fracture patterns different to Fig. 13 will be obtained.
Fig. 14 shows the pore pressure field corresponding with the
model in Fig. 13. By comparison the two figures, the area covered by
higher pore pressure field is approximately the same as the fracture
distribution area. The pore pressure in fractures nearby borehole is
almost equal to borehole pressure and it decreases with the hy-
draulic fracture extending. The fluid pressure in the borehole and
the available space can drive fracture growth; at the same time, the
pore-pressure changes due to cracks development and the defor-
mation of the reservoir.

4.3. Effects of the rate of fluid injection on fracture propagation

From the previous studies, fluid injection rate plays an impor-
tant role in hydraulic fracturing (King, 2010). To investigate the
influence of injection rate on hydraulic fracturing characteristics,
three injection rates are applied in modeling, which are
5.0 � 10�5 m3/s, 1.0 � 10�4 m3/s and 5.0 � 10�4 m3/s respectively.
The viscosity of fluid is 1.0� 10�3Pa$s, and the confining pressure in
horizontal direction and vertical direction are 30 MPa and 20 MPa
respectively.

The modeling results of fracture distribution and pore pressure
field are shown in Fig. 15 and Fig. 16, respectively. At the injection
rate of 5.0 � 10�5 m3/s two major fracture developed, while there
were three or four major fractures in laminated models when the
injection rate is 5.0 � 10�4 m3/s. Fig. 15 directly shows two phe-
nomena in laminated reservoir model that the number of major
fractures is increasing with increasing fluid injection rate and the
major fractures are crooked under low injection rate, while they are



Fig. 14. Pore-pressure field in corresponding models in Fig. 13 at different in situ stress ratios, (a) sH/sv ¼ 25:20; (b) sH/sv ¼ 30:20; (c) sH/sv ¼ 40:20.
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almost straight. The breakdown pressure is also change with
increasing injection rate. Taking themodel with inclination angle of
30� as an example, the breakdown pressures are 64.6 MPa,
79.4 MPa and 94.5 MPa, respectively, at the above given three in-
jection rates. Moreover, the average increment of breakdown
pressure is about 38% with injection rate increase from 5.0 � 10�5

to 5.0 � 10�4 m3/s. In Fig. 16, the pore pressure field in the models
shows that the pore pressure increase caused by reservoir skeleton
deformation is more pronounced as the injection rate increases,
which can be attributed to the larger deformation of surrounding
borehole reservoir.

High injection rates to accomplish complex fracture network
can be related to several reasons. Firstly, when the injection rate is
high, the stress in the solid skeleton caused by the borehole pres-
sure has not adjusted, which leads to a higher breakdown pressure.
At higher borehole pressure, fracture initiation can take place at
more points in surrounding reservoir. Secondly, continuous fluid
injection at high rate can maintain fluid pressure for more major
fracture propagation. Thus, more major fractures could generate
under higher injection rates, which is consistent with observations
made in previous researches (King, 2010).
4.4. Effects of fluid viscosity on fracture propagation

In this section the effect of the viscosity of the fracturing fluid on
fracture initiation and propagation in laminated reservoir rock is
discussed. The simulations are under conditions with an injection
rate of 5.0 � 10�5 m3/s, and a confining pressure of 30 MPa in
horizontal direction and 20 MPa in vertical direction. Fig. 17 shows
the fracture distribution and pore pressure field in four models
with different inclination for the fluid viscosities of 1.0 � 10�4 Pa$s.
It is easily found that the fracture propagated along a direction in
each modes, and the direction is mainly horizontal direction.
Comparing the fracture distribution in high inclination models
(a ¼ 60�, 90�) in Fig. 17 with those in Fig. 15a, which is under the
same modeling situation but different fluid viscosity, the finding is
that the fracture more easily propagates along the maximum
principle stress direction with low viscosity fluid. The breakdown
pressure in the four models shown in Fig. 17 are 57.1 MPa, 66.8 MPa,
60.8 MPa and 67.1 MPa respectively (Fig. 18), and the average is
about 11% lower than the models’ in Fig. 15a. Because of lower
viscosity fluid more easily infiltrating into rock matrix, Fig. 18 il-
lustrates that it need more time to run up to breakdown pressure.



Fig. 15. Fracture distributions in laminated models with different inclination dip after hydraulic fracturing with a fluid viscosity of 1.0 � 10�3 Pa$s under different injection rates, (a)
5.0 � 10�5 m3/s; (b) 1.0 � 10�4 m3/s; (c) 5.0 � 10�4 m3/s.
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Fig. 19 also shows that the volume filled by fluid with the low
viscosity with pore pressure Pf > 2.0 MPa is larger comparing with
that in Fig. 16a.

In laboratory experiment, using different viscosity fluid Ishida
et al. (2004) studied the hydraulic fracturing process and their
study shows that the viscosity of the fracturing fluid has an influ-
ence on the mechanism of fracture generation, fracture initial
pressure and breakdown pressure. Chen et al. (2015) also investi-
gated how fracturing fluid viscosity affects fracture propagation
using three different viscosities (viscous oil, water, and supercritical
CO2), and the results show that hydraulic fracturing with low vis-
cosity fluids forms amore complex fracture network in rocks. At the
lowest fluid viscosity, the fracture initiation and propagation
pressure was lower than at higher fluid viscosities due to fluid
infiltration around the borehole. As the borehole pressure in-
creases, fracturing fluid infiltrate into pores in rock matrix from the
borehole wall, which results in an increased fluid pressure and
reduction of the effective stress in surrounding rock, which facili-
tates the generation of fractures. After fractures evolved, the frac-
turing fluid penetrates into the void instantaneously, which causes
the borehole pressure to drop. The borehole pressure can be lower
than the pore pressure in the surrounding rock (see Fig. 19).
Therefore, if the borehole pressure drops sharply due to the fracture
extending, it can easily cause the failure of the rock surrounding the
borehole.
5. Conclusions

A large number of numerical modeling for hydraulic fracturing
in laminated reservoir were performed using a modified fluid-
mechanically coupled model in PFC2D to investigate the influence
of the stress states, the fracturing fluid injection rate and the fluid
viscosity on the geometries of hydraulic fractures and pore-
pressure field, respectively. Main conclusions are summarized as
following:

(1) In laminated reservoir, the hydraulic fracture pattern is
related to the position and direction of initiated micro-
fracture and the fracture propagated path. The weaker
layers exposed to fracturing fluid around borehole are frac-
ture initial points, and it is favorable for fracture extension
along weaker layer direction under hydrostatic state. In this
study, when the direction of initiated fracture accommodate
to bedding plane direction, the breakdown pressures are 13%
lower than other cases.

(2) Different from under hydrostatic stress state hydraulic frac-
tures propagate perpendicular to the direction of minimum
compressive principle stress in isotropic reservoir, in lami-
nated reservoir, the fracture propagation is controlled by
both in-situ stress state and strength anisotropy of the
reservoir.

(3) Different injection rates in hydraulic fracturing represent
different loading scenarios. Similar as in rock dynamic
testing, high injection rates correspond to a larger strain rate
loading way. So the breakdown pressure increases as the
injection rate increases, and the average increment is about
38% in this study. When the injection rate is high, the stress
in the solid skeleton caused by the borehole pressure cannot
adjust instantaneously and local stress concentrations pre-
vail, which leads to a higher breakdown pressure. In this



Fig. 16. Pore-pressure field in corresponding models in Fig. 15 under different injection rates, (a) 1.0 � 10�5 m3/s; (b) 1.0 � 10�4 m3/s; (c) 5.0 � 10�4 m3/s.

Fig. 17. Fracture distribution in four models after hydraulic fracturing with fluid viscosity of 1.0 � 10�4 Pa$s by the injection rate of 5.0 � 10�5 m3/s.
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case, complex geometry of fractures can be formed with
predomination of micro-fractures.

(4) Breakdownpressure decrease 11% when low viscosity fluid is
employed to replace high viscosity fluid in hydraulic fracture
process in our study. Low viscosity fracturing fluid penetrate
more easily through the interconnected domains into the
rock matrix, which causes pore pressure increases around
the borehole. It results in the effective stress reduction, and
also the breakdown pressure reduction. In this study we also
found that the geometry of the fractures is found to be
sensitive to the fluid viscosity, and the fractures propagate
more easily along the maximum principle stress direction
driven by low viscosity fluid.

In this study, PFC2D was successfully applied to study the hy-
draulic fracturing process in laminated reservoir. This demonstrates
that the bonded particle method is a useful and strong tool for
understanding the fracturing behavior of reservoir rocks and more
hydraulic fracturing simulation work on the naturally fractured
reservoirs can be performed using PFC2D in the future.



Fig. 18. Borehole pressure histories in four models under the same conditions except the fluid viscosity.

Fig. 19. Pore pressure field in four models in Fig. 17.
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