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Previous studies on hydraulic fracturing mainly focus on the effects of the in-situ stress state, permeability, fracturing fluids,
and approach angle in homogeneous rocks, but the impacts of joint mechanical properties in laminated shale reservoirs on
the propagation and formation of the fracture network are still unclear. In this study, a coupled fluid-mechanical model
was developed to investigate the impacts of joint mechanical properties on hydraulic fracture propagation. Then, this
model was validated with Blanton’s criterion and some experimental observations on fracture morphology. Finally, a series
of numerical simulations were conducted to comparatively analyze the impacts of joint mechanical properties on the total
crack number, the percentage and distribution of each fracture type, the process of crack propagation, and the final
fracture morphology. Numerical results show that the cracking behaviors induced by joint mechanical properties vary with
the approach angle. Joint strength has a significant influence on the generation of matrix tensile cracks. The tensile-to-
shear strength ratio plays an even more important role in the shear slips of bedding planes and is conducive to the
formation of complex fracture morphology.

1. Introduction

The huge demand for unconventional natural gas has stimu-
lated the exploration and exploitation of shale gas reservoirs.
Because shale gas reservoirs have extremely low permeability
and porosity, the gas production from a shale reservoir is
usually enhanced by a horizontal well plus staged hydraulic
fracturing [1–5]. After long-history environmental and geo-
logical impacts, shale gas reservoirs are laminated with many
natural flaws such as fissures, faults, and bedding planes.
These laminated structures of shale reservoirs make hydrau-
lic fracturing behaviors even more complex [6, 7]. Among
these natural fractures or flaws, bedding planes are widely
considered as the biggest influence on the process of crack
initiation, propagation, and coalescence [8]. In particular,
layer orientation and joint mechanical properties are the

sources of shale anisotropy and heavily affect the hydraulic
fracturing performance in a shale reservoir. Therefore, the
effects of joint mechanical properties in a shale reservoir on
the formation of the fracture network during hydraulic frac-
turing should be carefully investigated.

Considerable investigations have been conducted on
the interaction between induced and natural fractures
based on field and laboratory observations. Field data from
the Barnett shale showed that the propagation path of the
hydraulic fracture presented multiple segments in different
directions because of preexisting fractures. Hydraulic frac-
tures can propagate about thousands of feet along the
expected direction and hundreds of feet in the orthogonal
direction during a staged hydraulic fracturing treatment in
Barnett shale [9]. Laboratory observations [10, 11] indicated
that hydraulic fractures propagated in both horizontal and
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vertical directions and the failure pattern was complex
rather than a simple bi-wing fracture in the shale speci-
men. Norman and Jessen [12] reported that the cementing
strength of weak planes played an important role in the
orientation of crack propagation. Zhou et al. [13] investi-
gated the influence of shear strength of natural fractures
on crack propagation behaviors. They concluded that frac-
ture morphology was mainly controlled by in-situ stress
and natural fractures. Based on a series of large true triax-
ial hydraulic fracturing experiments, Tan et al. [14] stud-
ied the effects of the injection rate and fracturing fluid
viscosity on the initiation and propagation of hydraulic
fractures. Their results showed that fracturing fluid viscos-
ity and injection rate also decided the complexity of the
fracture network. Based on experimental observations,
Liu et al. [15] concluded that an induced-fluid fracture
propagated along with the least resistance or the shortest
propagation path. Acoustic emission technology and gas-
eous tracer have also been applied in laboratory experi-
ments to investigate fracturing behaviors [16, 17]. The
aforementioned experiments mainly explored the hydraulic
fracturing mechanism from external loading conditions
and hydraulic fracturing treatments. However, the interac-
tion between induced and natural fractures of shale is
extremely complex; hydraulic fracturing mechanism in
laminated shale gas reservoirs is still not clear.

Various criteria for the prediction of failure morphol-
ogy have been proposed based on field and laboratory
experimental results. Blanton [18] proved that an induced
hydraulic fracture preferred to cross a natural fracture
under high approach angles and deviatoric stresses. War-
pinski and Teufel [19] proposed a relationship between
deviatoric stress and approach angle by considering the
effect of shear strength of natural fractures as well as pore
pressure distribution. Based on laboratory experiments,
Renshaw and Pollard [20] proposed a criterion for the
propagation path of the hydraulic fracture when it perpen-
dicularly penetrated a natural fracture. This Renshaw and
Pollard’s criterion was extended to consider the interaction
at nonorthogonal approach angles [21] and a more general
case of the nonorthogonal cohesive natural interface [22].
Though these criteria did not consider the rock anisot-
ropy, they are still effective tools to validate the feasibility
of hydraulic fracturing models.

Various numerical methods have been developed for
hydraulic fracturing modeling [23, 24]. For example, the
Extended Finite Element Method (X-FEM) can highly
refine mesh around the crack tip through the enrichment
of freedom degrees in discontinuous behaviors [25, 26].
Meshless methods do not need mesh during the process
of crack propagation and can obtain smooth stress around
the crack tip [27]. A Boundary Element Method (BEM)
approach was developed to solve the brittle anisotropic
problems [28]. The Rock Failure Process Analysis (RFPA)
was used to account for the interaction between hydraulic
fractures and preexisting fractures [29]. Compared to these
aforementioned continuum-based methods, the Particle
Flow Code (PFC) proposed by Potyondy and Cundall
[30] has also been developed to investigate the fracturing

behaviors in a naturally fractured reservoir. Contact
models are the essence of PFC. The PFC has great advan-
tages in simulating the materials with particle-like behaviors
just like rock and soil. After continuous improvements by
Itasca Consulting Group [31, 32], the PFC is now efficient
in investigating the interaction between fluid-induced frac-
tures and preexisting fractures. Based on PFC2D, Shimizu
et al. [33] investigated the influence of rock brittleness on
the complexity of fracture morphology. Their simulation
results observed a positive correlation between rock brittle-
ness and the complexity of fracture morphology. Yoon
et al. [34] studied the effect of stress shadowing in a low per-
meability reservoir by using PFC2D and proposed a method
to optimize the hydraulic fracture network. Their optimi-
zation method has been successfully applied to a geother-
mal reservoir. Zhou et al. [35] studied the feasibility of the
smooth joint model to mimic the preexisting fractures.
Chong et al. [36] investigated the influence of natural frac-
ture density on the complex fracture network based on the
smooth joint model. Zhang et al. [37] studied the influ-
ence of deviatoric stress, the strength of the preexisting
interface, permeability, fluid injection rate, and the viscos-
ity of fracturing fluid on the interaction between induced
and natural fractures. Their numerical model was used to
optimize the design of hydraulic fracturing. However, most
of the previous investigations only considered one or two
main preexisting fractures in their model, while the shale
gas reservoir as a sedimentary formation has massive lay-
ered structures. In this sense, a particle-based numerical
method is a good choice when the interaction between
induced and natural fractures is to be captured under var-
ious geological and environmental conditions.

In this study, a coupled fluid-mechanical model was
established based on PFC2D and validated by Blanton’s cri-
terion. This model was then used to comparatively study
the influence of the joint strength and tensile-to-shear
strength ratio on the crack propagation as well as hydrau-
lic fracture morphology under different approach angles.
This paper is organized as follows. Section 2 presents the
numerical model for discrete element analysis. Section 3
validates this numerical model through three scenarios of
interaction between induced and preexisting fractures and
Blanton’s criterion. Section 4 numerically investigates the
impacts of the joint strength and tensile-to-shear strength
ratio on fracture propagation and fracture network mor-
phology. Their relative roles are explored, too. The conclu-
sions are drawn in Section 5.

2. Model of Discrete Element Analysis

2.1. Fundamental Algorithm of the Bonded Particle Model.
PFC is based on one of discontinuummethods, whose consti-
tutive models are described by different bonds between parti-
cles or blocks. In two-dimensional problems, shale can be
simulated by bonded circular discs. This study uses the paral-
lel bond model to represent the shale matrix and uses the
smooth joint model to mimic the mechanical properties of
bedding planes. The fundamental algorithm for these contact
models is briefed below.
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2.1.1. Parallel Bond Model. The contact algorithm of the par-
allel bond model is firstly proposed by Potyondy and Cundall
[30]. This parallel bond model updates bond force and
moment with the following algorithms:

�Fpb = �Fpb
n + �Fpb

s ,
�Fpb
n = �Fpb

n + �k
pb
n AΔδn,

�Fpb
s = �Fpb

s − �k
pb
s AΔδs,

�Mpb = �kbθb,

ð1Þ

where the parallel bond force �Fpb is divided into normal force
�Fpb
n and shear force �Fpb

s ,A represents the contact area, �k
pb
n and

�k
pb
s represent the normal and shear stiffness in per unit area,
respectively, Δδn and Δδs represent the increments of normal

and shear displacements, respectively, and �Mpb represents the
bending moment at the contact which is the product of bend-
ing stiffness �kb and the increments of bending rotation θb.

Further, the tensile stress �σ and shear stress �τ in the par-
allel bond model are obtained as follows:

�σ =
�Fn

pb

A
+ β

�Mpb�R
I

,

�τ =
�Fs

pb

A
:

ð2Þ

The moment-contribution factor β is used to reflect the
influence of bending moment on the normal stress at the
parallel-bond periphery [38]. It ranges from 0.0 to 1.0. This
paper takes the value of β as 0.2, which is also the recom-
mended value in PFC2D user’s manual (version 5.0) [32]. �R
is the bond radius, and I is the inertia moment of the bond.
The crack type and number are counted as follows: if the

tensile stress ð�σ > 0Þ exceeds the bond tensile strength �σpb
c , a

tensile crack will be formed. If the shear stress �τ exceeds the

bond shear strength �τpbc , a shear crack will be generated at
the contact surface. The shear stress on the contact surface
is calculated according to the Mohr-Coulomb strength cri-
terion when the contact surface slips. Under this failure
criterion, micro cracks will be generated in the shale
matrix.

2.1.2. Smooth Joint Model. The smooth joint model was
originally proposed by Pierce et al. [39] and used to sim-
ulate the shear behavior of rock materials. Recently, it
was used to model hydraulic fracturing [34]. Its ability in
modeling the interaction between the induced and single
preexisting fractures was validated by Zhou et al. [35]. A
smooth joint model assumes that the joint orientation is
perpendicular to the slide surface rather than aligned with
the contact normal direction:

�Fc = �Fsj
n ⋅ nj + �Fsj

s , ð3Þ

where the smooth joint force �Fc is resolved into normal
force �Fsj

n and shear force �Fsj
s . The normal force �Fsj

n is ori-

ented to the joint normal direction, and the shear force �Fsj
s

is along the shear direction. The updating algorithm of the
smooth joint model is

�Fsj
n = �Fsj

n + �k
sj
nAΔδ

e
n,

�Fsj
s = �Fsj

s − �k
sj
s AΔδ

e
s ,

ð4Þ

where �k
sj
n and �k

sj
s represent normal and shear stiffness in

per unit area, respectively, and Δδen and Δδes represent the
elastic deformation of the normal and shear displacement
increments, respectively.

Simultaneously, the shear force is computed by

�Fμ
s = −μf

�Fsj
n : ð5Þ

In our numerical simulations, the bedding planes are
bonded before breakage. The normal and shear stresses act-
ing on the smooth joint are calculated by

�σ =
�Fn

sj

A
,

�τ =
�Fs

sj

A
:

ð6Þ

If the tensile stress ð�σ > 0Þ exceeds the tensile strength
�σsj
c , the bond will be broken by tension. After tensile break-

age, the normal and shear forces of the smooth joint drop
to zero. If the shear stress �τ exceeds the shear strength �τsjc ,
the bond will be broken in shear, but the contact force will
change to trial shear force. If the sliding occurs, the forces
are updated as

�Fsj
s = �Fμ

s ,

�Fsj
n = �Fsj

n +
�Fsj
s − �Fμ

s

�k
sj
s

 !
⋅ �ksjn ⋅ tan φ:

ð7Þ

Here, φ is the dilation angle on the bedding plane.
Under this failure criterion, the cracks of bedding planes
will be judged and counted.

2.2. Coupled Fluid-Mechanical Algorithm in PFC2D. Incom-
pressible fluid flow in the laminated reservoir is simulated
according to the following fluid-mechanical algorithm. Al-
Busaidi et al. [40] documented the development history of
this fluid-mechanical algorithm and indicated that this
algorithm was modified and introduced into a discrete ele-
ment method by Cundall. This algorithm has two con-
cepts: flow channel and reservoir. The fluid-mechanical
algorithm assumes that contacts in the assembled particles
are regarded as the “flow channels” and the pores enclosed
by the adjacent particles are the “reservoirs” as shown in
Figure 1. The formed reservoirs have been connected by
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the adjacent flow channels. The volume of each reservoir
is calculated by surrounding short lines which are con-
necting the center of surrounded particles. All the reser-
voirs in the numerical model are connected by flow
channels. Reservoirs and flow channels are combined to
form the whole flow network. Fluid is stored in these res-
ervoirs, and the differential pressure between adjacent
domains is the driving force of fluid flow.

Each flow channel in the PFC model is assumed to be
formed by a pair of parallel plates with a certain channel
aperture. Thus, the fluid can infiltrate into the rock mate-
rials before the rock materials are broken. By injecting
fluid into the borehole, the fluid-mechanical coupling
occurs between the fluid and particles. The injection fluid
exerts extra pressure on the surrounding particles and
leads to the movement of subsequent particles. The move-
ment of particles further alters the fluid flow by affecting
the related channel apertures. The simulation procedure
is shown in Figure 2. An empirical formula is proposed
to describe the relationship between normal stress and
related channel aperture [34, 37]:

w =winf + w0 −winfð Þ exp −0:15σnð Þ, ð8Þ

where w0 is the initial channel aperture and winf is the
minimum channel aperture. Only when the normal stress
σn reaches to infinity will the channel aperture decrease
to a minimum.

In this coupled fluid-mechanical model, the volumetric
laminar flow rate qi between the parallel plates obeys the Poi-
seuille equation:

qi =
w3

12μ
Δpi
li

, ð9Þ

where Δpi is the differential pressure along the flow chan-
nel, μ is the coefficient of kinetic viscosity, and li is the
length of the flow channel. Because this numerical model
is built in PFC2D, the parallel plates are assumed to be
unit thickness.

The macroscopic flow rate of the model can be calculated
by summing the volumetric flow rate of all flow channels.
The total rate of volumetric laminar flow can be given by

Q = 1
V

〠
pipes

qivi, ð10Þ

Equation of motion

Updating
contact forces 

Force-displacement
relationship 

Updating
displacements 

Fluid pressure calculation

Updating
flow pressure 

Fluid flow calculation

Updating
flow rate

Modifying the contact force

Modifying the channel aperture

Figure 2: Calculation procedure of the coupled fluid-mechanical model (modified from Zhou et al. [43]).

(a) (b)

Figure 1: Coupled fluid-mechanical model in PFC2D. (a) Particles and domains: gray discs are solid particles and black polygons represent
domain boundaries. (b) Fluid channels: green line segments represent flow channels; dotted red lines connected by flow channels represent
fluid network; and red dots represent the centroid of domain (modified from PFC manual, version 4.0 [31]).
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where V is the volume of entire computational domain, qi is
the laminar flow rate of each flow channel, and vi is the vol-
ume of the flow channel.

The macropermeability can be calculated by the Darcy
volumetric flow rate in the coupled fluid-mechanical algo-
rithm in PFC2D. In this study, the initial macropermeabil-
ity of the shale matrix is assumed to be equal to that of
the bedding planes. Here, the following Darcy volumetric
flow rate is also used to describe the total rate of volumet-
ric laminar flow:

Q = kA1
μ

Δp
L
, ð11Þ

where k is the permeability of rock material, A1 is the
cross-section area of the sample, and L is the length of
the seepage path.

During the injection process, each channel aperture
varies with contact force and eventually affects the perme-
ability of the numerical model. The scalar macroperme-
ability of the rock specimen can be defined in term of
the channel aperture [40]:

k = 1
12V 〠

pipes
liw

3
i : ð12Þ

During the hydraulic fracturing process, injection fluid
gradually increases the pressure on the particles. At the
same time, the change of the channel aperture makes a
difference in the fluid flow. In each step of the coupling
process, the differential pressure ΔPp between the two
adjacent reservoir domains can be calculated as follows:

ΔPp =
24qiμ�R
Nw3 : ð13Þ

The above formula is derived from equation (9); N
represents the number of flow channels connected to the
domain, and �R represents the mean radius of the particles
surrounding the domain.

The variation of fluid pressure in each reservoir ΔPf

results from flow-in and flow-out and is calculated as
follows:

ΔPf =
Kf

Vd
〠qiΔt − ΔVd
� �

, ð14Þ

where K f is the fluid bulk modulus, Vd is the volume of
reservoir domain, Δt is the time interval in the fluid flow
calculation. Due to the large stiffness of rock materials,
the deformation of rock materials is very small, thus
the change of domain volume ΔVd caused by mechanical
force is negligible. In order to simplify the complexity of
fluid-mechanical coupling and reduce the demand for
computing power, the term ΔVd is not considered in this
study [40, 41].

In order to maintain the stability and convergence of
calculation during hydraulic fracturing, the setting of time

interval Δt in the calculation should be so chosen that
the variation of fluid pressure in each reservoir ΔPf can-
not be larger than the differential pressure ΔPp between
the two adjacent reservoir domains [36]. When the failure
of the bond occurs, the pressure between these adjacent
reservoirs is assumed to be their average value before
the bond breakage.

3. Model Validation for the Interaction between
Induced and Preexisting Fractures

3.1. Model Description. A numerical model is shown in
Figure 3 for hydraulic fracturing under different confining
pressures. This numerical model is a square of 2.0m. The
shale is represented by approximately 9200 bonded discs.
Their radius ranges from 1.8 cm to 2.7 cm and follows a
normal distribution. The initial porosity of assembled par-
ticles is 5%. A borehole with a diameter of 8.0 cm is drilled
at the center of the model for fluid injection. The macro-
permeability of this model is 1:0 × 10−17 m2, which is com-
parable with the actual macropermeability of the shale
reservoir. Additionally, the initial pore pressure is assumed
to be zero and the flow boundaries of this numerical
model are no flow. Four movable walls are applied to
the boundaries of the model to simulate the confining
pressure under a servomechanism. The confining pressure
in the horizontal direction is set as maximum principal
stress (σ1), and the confining pressure in the vertical direc-
tion is set as minimum principal stress (σ3). The approach
angle is the angle between the direction of maximum prin-
cipal stress and preexisting weak plane. The in-situ stress
state varies with tectonic stress and burial depth. Based
on the in-situ stress data measured by Li [42], the ratio
of maximum principal stress to minimum principal stress
ranges from 1.0 to 5.0 in practical reservoir conditions.

2 m

2 
m

Hydraulic fracture

Preexisting fracture

Approach angle

𝜎3

𝜎1𝜎1

𝜎3

𝜃

Figure 3: Sketch of induced fractures which intersect a preexisting
fracture.
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Therefore, this in-situ stress ratio (σ1/σ3) is fixed at 2.0 in
this paper and the minimum principal stress is set as
5MPa, 7.5MPa, and 10MPa, respectively.

The input parameters of shale are listed in Table 1. These
parameters are taken after referring to those used by Zhou
et al. [43] who have calibrated these micro parameters of
the shale outcrops from Longmaxi Formation with the uni-
axial compressive test and Brazilian test. The fluid injec-
tion rate is taken based on the geometric parameters of
a borehole in the field, particle radius, and the tensile
strength of rock in the PFC model. On this sense, the
injection rate in a numerical model cannot be simply
equal to the actual injection rate in experiments or fields
[41]. A fluid injection rate of 3:0 × 10−4 m3/s and the
dynamic viscosity of 1:0 × 10−3 Pa ⋅ s are used in our simu-
lations. These values are acceptable [43]. Other related
parameters for hydraulic fracturing treatments are listed
in Table 2.

3.2. Validation Using Blanton’s Criterion. Blanton [18]
proposed a criterion to predict the interaction when the
hydraulic fracture reaches a weak plane. This criterion
considered the influence of approach angle and in-situ
deviatoric stress. If the fracture pressure for reinitiation
on the other side of the weak plane is smaller than the
opening pressure, the induced hydraulic fracture will pass
right through the weak plane. Blanton’s criterion for this
crossing can be expressed as follows:

σ1 − σ3
T

> −1
cos 2θ − b sin 2θ , ð15Þ

where T is the rock tensile strength and is fixed at
4.4MPa after referring to the experimental results [37], θ

is the approach angle, and b is a function of the natural
fracture friction coefficient which is [22]

b = 1
2π ln

1 + 1 + eπ/2μ f

� �0:5
1 − 1 + eπ/2μ f

� �0:5
2
64

3
75
2

: ð16Þ

In this model, the friction coefficient of the weak plane
is set to 0.7, so the results of equation (16) is approxi-
mately 0.16.

The simulation results on the interaction between the
induced and preexisting fractures with different approach
angles (30°, 45°, 60°, 75°, and 90°) and deviatoric stresses
(5, 7.5, and 10MPa) are presented in Figures 4(a)–4(c).
In the upper right corner of each picture, those two
numbers represent approach angle and deviatoric stress,
respectively. The failure patterns between the induced
and preexisting fractures can be roughly divided into
three scenarios: fluid-driven fractures directly cross the

Table 1: Microparameters of rock material used in the PFC2D model.

Microscopic input parameters Symbol Value

Particle density (kg/m3) ρ 2330.0

Young’s modulus of the particle (GPa) Ec 32.0

Young’s modulus of the parallel bond (GPa) �Ec 32.0

Ratio of normal to shear stiffness of the particle kn/ks 1.6

Ratio of normal to shear stiffness of the parallel bond �k
pb
n /�kpbs 1.6

Particle friction coefficient μf′ 0.7

Parallel bond tensile strength (MPa) �σpbc 24.0

Parallel bond shear strength (MPa) �τpbc 30.0

Normal stiffness of smooth joint (GPa/m) �k
sj
n 300.0

Shear stiffness of smooth joint (GPa/m) �k
sj
s 300.0

Tensile strength of smooth joint (MPa) �σsjc 6.0

Shear strength of smooth joint (MPa) �τsjc 8.0

Frictional coefficient of bedding planes μf 0.7

Dilation angle (degree) φ 30.0

Table 2: Microparameters of injection fluid used in the PFC2D

model.

Microscopic input parameters Symbol Value

Initial channel aperture (m) w0 1:25 × 10−6

Infinite channel aperture (m) winf 1:25 × 10−7

Bulk modulus of injection fluid (GPa) Kf 2:0
Initial permeability (m2) k 1:0 × 10−17

Fluid injection rate (m3/s) Qin 3:0 × 10−4

Coefficient of kinetic viscosity (Pa·s) μ 1:0 × 10−3
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natural fracture, fluid-driven fractures cross with an offset, and
fluid-driven fractures are arrested by the natural fracture
[35, 36]. As shown in Figure 5, a good agreement is

30-5 45-5 60-5 75-5 90-5

(a)

30-7.5 45-7.5 60-7.5 75-7.5 90-7.5

(b)

30-10 45-10 60-10 75-10 90-10

(c)

Figure 4: Interactions between the induced fracture and the preexisting fracture under the variation of pressure difference and approach
angle. (In the upper right corner of each picture, those two numbers represent approach angle and the deviatoric stress. Red color
represents the hydraulic fracture while black line represents the preexisting fracture. For the interpretation of the references to color in
this figure, the reader needs to refer to the web version of this article).

30 45 60 75 90

2.5
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 d
iff
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 (M

Pa
)

Approach angle (degree)

Arrested by natural fracture
Crossing

Crossing with offset
Blanton’s criterion

Figure 5: Comparison between simulation results and Blanton’s
criterion.

Table 3: Number of each fracture type with different joint strengths.

Joint strength (strength
ratio to the base)

Approach
angle

Sjs Sjt Pbs Pbt Sum

�σsjc = 8:0MPa
�τsjc = 10:64MPa
(0.8 : 1)

30° 263 48 158 266 735

45° 308 22 180 237 747

60° 361 9 154 186 710

75° 237 1 114 145 497

90° 172 6 93 134 405

�σsjc = 10:0MPa
�τsjc = 13:3MPa
(set as a base)

30° 147 13 134 286 580

45° 256 11 185 308 760

60° 292 12 126 235 665

75° 178 4 114 150 446

90° 42 0 85 137 264

�σsjc = 12:0MPa
�τsjc = 15:96MPa
(1.2 : 1)

30° 77 17 125 242 461

45° 57 7 113 266 443

60° 126 1 102 211 440

75° 107 2 93 160 362

90° 8 0 85 140 233

Notes. Sjs represents shear failure of bedding planes. Sjt represents tensile
failure of bedding planes. Pbs represents shear failure of the shale matrix.
Pbt represents tensile failure of the shale matrix.
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obtained for a wide range of approach angles and confining
pressures. The higher the approach angle and deviatoric
stress, the easier the crossing occurs [21]. Therefore, the
current numerical model can describe the fracture crossing
under different approach angles and deviatoric stresses.

4. Impacts of Joint Mechanical Properties on
Fracture Propagation and Fracture
Network in Laminated Shale Reservoirs

The influences of joint mechanical properties on the inter-
action between induced fractures and weak planes are
investigated to further understand the hydraulic fracture

propagation process in a shale reservoir. Based on SEM
images, Chong et al. [8] observed that the spacing of bed-
ding planes is normally distributed from 0.2mm to
0.8mm. However, the spacing of bedding planes cannot
be set to such tiny in numerical models [35, 44]. This
study adopts the smooth joint model to mimic bedding
planes and considers the size effect of the model when
the spacing of bedding planes is taken. In order to avoid
the interlocking problem [45], the perpendicular distance
of the bedding plane is set as 30 cm which is more than
10 times of the particle radius. The distance between the
injection point and bedding planes is fixed as a constant
[14]; the weak contact was removed within a 20 cm radius
of the injection hole. Additionally, the confining pressure in
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Figure 6: Effects of joint strength on the total crack number (Sjs represents shear failure of bedding planes. Sjt represents tensile failure of
bedding planes. Pbs represents shear failure of the shale matrix. Pbt represents tensile failure of the shale matrix).
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this numerical model remains unchanged. The maximum
principal stress is set to 20MPa, and the minimum principal
stress is set to 10MPa. All simulations follow the same calcu-
lation steps with the same boundary conditions.

4.1. Effect of Joint Strength. The effects of joint strength on the
crack propagation and hydraulic fracture morphology of
shale are firstly investigated. Fifteen numerical simulations
were conducted by simultaneously changing tensile (�σsjc )
and shear strength (�τsjc ). The parameters of the smooth joint
model are listed in Table 3, and their strength ratio to the
base is taken as 0.8, 1.0, and 1.2, respectively. All other micro-
scopic parameters in the numerical model are kept constant.

4.1.1. Influence of Joint Strength on Crack Propagation. The
effects of joint strength on crack propagation are studied
here. The numbers of each fracture type (Sjs, Sjt, Pbs, and
Pbt) are listed in Table 3 under different conditions. The var-
iations of the total number of cracks with approach angle are
presented in Figure 6 under different strength ratios. As
shown in the first three figures of Figure 6, color and pattern
of these bar charts are used to distinguish the crack location
(in the shale matrix or the bedding plane) and failure mode
(tensile or shear failure), respectively. Blue represents the
crack located in bedding planes while red represents the
crack located in the shale matrix. Additionally, striped blocks
represent shear failure while the solid color represents tensile
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Figure 7: Effects of joint strength on the percentage of each fracture type. (Sjs represents shear failure of bedding planes. Sjt represents tensile
failure of bedding planes. Pbs represents shear failure of the shale matrix. Pbt represents tensile failure of the shale matrix).

9Geofluids



failure. Figure 6(a) indicates that the total number of cracks
varies with approach angle as the strength ratio to the base
is 0.8. In this case, the difference between crack numbers is
relatively small before the approach angle reaches a large
value. Once the approach angle is large enough, the total
number of cracks decreases significantly. For example, when
the approach angle is 30°, the total number of cracks is 735,
while this number drops to 405 as the approach angle
increases to 90°.

By simultaneously increasing the tensile (�σsjc ) and shear

strengths (�τsjc ) of bedding planes, the total number of cracks
fluctuates obviously with different approach angles. If the
approach angle is 30°, the total number of cracks drops 21%
as the strength ratio increases from 0.8 to 1.0 (see
Figure 6(b)). If the approach angle is 45°, though the total
number of cracks changes slightly, more cracks appear in
the shale matrix rather than along bedding planes. The
overall trend is clear that crack propagation is further
restrained if the joint strength becomes stronger. If the
strength ratio to the base increases to 1.2, the total num-
ber of cracks drops intensely to a much lower level (see
Figure 6(c)). This reduction of crack numbers occurs not
only in the shale matrix but also in the bedding planes.
Moreover, the difference between the total numbers of
cracks induced by different approach angles is not obvious
under large joint strength.

Figure 6(d) summarizes the fluctuation of crack numbers
with the increase of approach angle under different joint
strengths. Under constant joint strength, the total number
of cracks decreases nonlinearly with the increase of the
approach angle, which implies that the approach angle makes
a difference in crack propagation. Additionally, the total
number of cracks decreases with the increase of joint
strength, which indicates that crack propagation is also sensi-
tive to the joint strength of bedding planes. When the joint
strength is large enough, the fluctuation of the crack number
with the approach angle becomes relatively small. This
implies that the shale anisotropy induced by the approach
angle can be weakened if the joint strength of the bedding
plane is high.

Figure 7 further investigates the influence of joint
strength on the percentage of each fracture type. The
detailed statistical data are presented in Table 4. When
the strength ratio to the base is 0.8, the difference between
the percentages of different fracture types is shown in
Figure 7(a). Comprehensive analysis for Figures 6(a) and
7(a) observes that whether the total number of cracks is
significantly different or not, the percentage of matrix
cracks varies little with the approach angle. The propor-
tion of matrix cracks approximately ranges from 48% to
58% under different approach angles. Besides, the propor-
tion of matrix tensile cracks is larger than matrix shear
cracks. The average ratio of the number of tensile cracks
to shear cracks in the shale matrix is approximately
1.384. By contrast, shear cracks are dominant in the failure
of bedding planes.

When the strength ratio to the base increases from 0.8 to
1.0, the average ratio of the number of tensile cracks to shear

cracks in the shale matrix rises from 1.384 to 1.717 and
the percentage of matrix cracks becomes higher. The per-
centage of matrix cracks varies obviously with the
approach angle. For example, the percentage of matrix
cracks in Figure 7(b) increases from 54% to 84% as the
approach angle increases from 60° to 90°. The proportion
of matrix cracks increases to a higher level and fluctuates
more remarkably with the approach angle as shown in
Figure 7(c). As the strength ratio increases from 1.0 to
1.2, the average ratio of the number of tensile cracks to
shear cracks in the shale matrix also rises from 1.717 to
1.945. This indicates that the large strength of bedding
planes improves not only the percentage of matrix cracks
but also the proportion of matrix tensile cracks. The com-
parison between the percentages of matrix cracks under
different joint strengths is presented in Figure 7(d). The
proportion of matrix cracks increases with the increase
of joint strength. The larger the joint strength is, the
higher the proportion of matrix cracks will be. The influ-
ence of the approach angle on the proportion of matrix
cracks becomes salient with the increase of joint strength.

4.1.2. Influence of Joint Strength on Hydraulic Fracture
Morphology. The influence of joint strength on the distri-
bution of the fracture type is investigated in this section.
Figure 8 presents the distribution of the fracture type
under different joint strengths. In the upper right corner
of each picture, those two numbers represent the approach
angles (30°, 60°, and 90°) and the strength ratios (0.8, 1.0,
and 1.2), respectively. The gray lines represent bedding
planes; other line segments in four colors represent differ-
ent fracture types. As shown in Figure 8(a), when the
strength ratio to the base is 0.8, the main hydraulic frac-
ture is parallel to the bedding planes rather than along
the direction of maximum principal stress. Most of the

Table 4: Percentage of each fracture type with different joint
strengths.

Joint strength (strength
ratio to the base)

Approach
angle

Sjs Sjt Pbs Pbt

�σsjc = 8:0MPa
�τsjc = 10:64MPa
(0.8 : 1)

30° 0.358 0.065 0.215 0.362

45° 0.412 0.029 0.241 0.317

60° 0.508 0.013 0.217 0.262

75° 0.477 0.002 0.229 0.292

90° 0.425 0.015 0.230 0.331

�σsjc = 10:0MPa
�τsjc = 13:3MPa
(set as a base)

30° 0.253 0.022 0.231 0.493

45° 0.337 0.014 0.243 0.405

60° 0.439 0.018 0.189 0.353

75° 0.399 0.009 0.256 0.336

90° 0.159 0.000 0.322 0.519

�σsjc = 12:0MPa
�τsjc = 15:96MPa
(1.2 : 1)

30° 0.167 0.037 0.271 0.525

45° 0.129 0.016 0.255 0.600

60° 0.286 0.002 0.232 0.480

75° 0.296 0.006 0.257 0.442

90° 0.034 0.000 0.365 0.601
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tensile cracks (green) and shear cracks (red) in the matrix
distribute around the borehole. However, shear slips
(orange) of the near borehole bedding planes can spread

far away. Only when the approach angle is 90°, matrix
tensile cracks can propagate a long distance in the hori-
zontal direction, which is induced by maximum principal

30-0.8

Sjs (orange) Sjt (blue)
Pbs (red) Pbt (green)

60-0.8 90-0.8

(a)

Sjs (orange) Sjt (blue)
Pbs (red) Pbt (green)

30-1.0 60-1.0 90-1.0

(b)

Sjs (orange) Sjt (blue)
Pbs (red) Pbt (green)

30-1.2 60-1.2 90-1.2

(c)

Figure 8: Distributions of the fracture type under different joint strengths. (In the upper right corner of each picture, those two numbers
represent approach angle and the strength ratio. Red color is matrix shear cracks (Pbs). Green color is matrix tensile cracks (Pbt). Orange
color is shear cracks which occur in bedding planes (Sjs). Blue color is tensile cracks in bedding planes (Sjt). For the interpretation of the
references to color in this figure, the reader needs to refer to the web version of this article).
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stress. When the strength ratio increases to 1.0, the exten-
sion of shear slips in weak planes is restrained. As shown
in Figure 8(b), some matrix tensile cracks start to deviate
from the bedding planes and orient to the horizontal
direction. The propagation area of matrix tensile cracks
can be expanded from the injection hole. The distribution
of different fracture types changes apparently when the
strength ratio to the base is 1.2 (see in Figure 8(c)). Matrix
tensile cracks do not only propagate further from the
borehole but also form main hydraulic fractures. The
above simulation results reveal that the joint strength has
significant effects on the distribution of different fracture
types. Large joint strength contributes greatly to the prop-
agation of matrix tensile cracks. Simultaneously, the prop-

agation path of shear failures in weak planes is further
constrained when the joint strength is relatively high.

The process of crack propagation under different joint
strengths is presented in Figure 9. Those two numbers in
the upper left corner of each picture represent the approach
angle and strength ratio, which is consistent with the previ-
ous explanation in Figure 8. The cracks are numbered in
sequence and presented by the order of the rainbow color
in legends. The crack initiates from the borehole and propa-
gates along the horizontal direction. If the strength ratio to
the base is 0.8, the initial crack will deflect to the adjacent
bedding planes and then extend to its end as shown in
Figure 9(a). If the strength ratio increases to 1.0, after a cer-
tain distance of shear slip, the hydraulic fractures break
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Figure 9: Crack propagation under different joint strengths. (In the upper left corner of each picture, those two numbers represent approach
angle and the strength ratio. Each crack is numbered in sequence and presented by the order of the rainbow color in the captions. For the
interpretation of the references to color in this figure, the reader needs to refer to the web version of this article).
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through a weak surface on bedding planes and then the
main hydraulic fracture deviates from the bedding plane
as shown in Figure 9(b). When the strength ratio to the
base is 1.2, the hydraulic fracture mainly propagates along
the direction of maximum principal stress regardless of the
approach angle. The hydraulic fracture directly crosses the
bedding planes under different approach angles as shown
in Figure 9(c). After the generation of main fractures,
some activated matrix cracks begin to present a cluster
distribution around the borehole. Among these activated
matrix cracks, shear failures do not only have a limited
extension but also occur later than tensile failures.

The impacts of joint strength on the crack propagation
area are summarized in Figure 10. The blue dashed lines
and the red solid lines represent the crack propagation
path in bedding planes and shale matrix, respectively. In
this figure, the orientation of crack propagation deviates
from the bedding planes to the direction of maximum
principal stress with the increase of joint strength. The
secondary hydraulic fractures and the activated microfrac-
tures near borehole are also reduced when the joint
strength is relatively high. This figure further reveals the
effects of joint strength on the distribution of different
fracture types and fracture morphology.

4.2. Effect of the Tensile-to-Shear Strength Ratio. Under
the same boundary conditions and treatment parameters
of hydraulic fracturing, the effect of the tensile-to-shear
strength ratio on the crack propagation and hydraulic
fracture morphology of shale is simulated in this section.
Another fifteen numerical simulations were conducted by
changing the shear strength (�τsjc = 13:3, 10:0, 8:0MPa) of
bedding planes while keeping the tensile strength constant
(�σsjc = 10:0MPa). Five approach angles are considered in
the simulations, and the tensile-to-shear strength ratio is
taken as 0.75, 1.0, and 1.25, respectively. All other micro-
scopic parameters in the numerical model are kept
constant.

4.2.1. Influence of the Tensile-to-Shear Strength Ratio on
Crack Propagation. The effects of the tensile-to-shear
strength ratio of bedding planes on crack propagation
are investigated here. The numbers of each fracture type
(Sjs, Sjt, Pbs, and Pbt) are listed in Table 5 under different
conditions. The total number of cracks affected by differ-
ent tensile-to-shear strength ratios is shown in Figure 11.
The definitions of color and pattern here are the same as
the previous section. Figure 11(a) shows the variation of
the total number of cracks with the approach angle when
the tensile-to-shear strength ratio is 0.75. Under this cir-
cumstance, more cracks will be induced if the approach
angle is small. For instance, the crack number increases
from 264 to 760 as the approach angle decreases from
90° to 45°. Their difference in crack number is 496. This

Failure of bedding plane
(blue dashed lines)

Fracturing area

Failure of matrix
(red solid lines)

Injection hole
(black circle)

From left to right, the smooth joint strength is increasing. 

𝜎1 𝜎1𝜎1 𝜎2

𝜎3𝜎3

(orange ellipse)

Figure 10: Evolution of the fracturing area with the increase of joint strength.

Table 5: Number of each fracture type with different tensile-to-
shear strength ratios.

Joint strength (tensile-to-
shear strength ratio)

Approach
angle

Sjs Sjt Pbs Pbt Sum

�σsjc = 10:0MPa
�τsjc = 13:3MPa
(0.75 : 1)

30° 147 13 134 286 580

45° 256 11 185 308 760

60° 292 12 126 235 665

75° 178 4 114 150 446

90° 42 0 85 137 264

�σsjc = 10:0MPa
�τsjc = 10:0MPa
(1 : 1)

30° 286 15 218 302 821

45° 490 24 272 370 1156

60° 328 8 123 167 626

75° 285 0 111 140 536

90° 207 4 94 132 437

�σsjc = 10:0MPa
�τsjc = 8:0MPa
(1.25 : 1)

30° 625 16 264 411 1316

45° 698 21 244 380 1343

60° 517 7 164 198 886

75° 297 0 107 139 543

90° 333 4 107 134 578
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difference is close to twice the minimum, which further
indicates that the crack propagation is also significantly
affected by the approach angle.

By keeping the tensile strength (�σsj
c ) constant but decreas-

ing shear strength (�τsjc ) of bedding planes, significant differ-
ences can be observed in Figure 11(b). For instance, the
upward trend of the crack number becomes extremely obvi-
ous when the approach angle is 45°. Under this case, the crack
number increases from 760 to 1156 as the tensile-to-shear
strength ratio increases from 0.75 to 1.0. Lots of shear cracks
are generated because of the decrease of shear strength of
bedding planes. When the tensile-to-shear strength ratio
increases to 1.25, the crack number soars to a higher level
as shown in Figure 11(c). Under this circumstance, if the

approach angle is 30°, the number of cracks has more than
doubled since the tensile-to-shear strength ratio increases
from 0.75 to 1.2. The lower the shear strength of bedding
planes is, the more shear cracks are generated. Additionally,
the number of cracks generated in bedding planes gradually
exceeds matrix cracks with the increase of the tensile-to-
shear strength ratio. The shear cracks are dominant in
hydraulic fractures.

The comparisonof the total numberof cracksunderdiffer-
ent tensile-to-shear strength ratios is shown in Figure 11(d).
The crack number increases with the increase of the tensile-
to-shear strength ratio. This illustrates that the crack propaga-
tion is sensitive to the shear strength of the bedding plane.
Besides, under the constant tensile-to-shear strength ratio,
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Figure 11: Effects of the tensile-to-shear strength ratio on total crack number. (Sjs represents shear failure of bedding planes. Sjt represents
tensile failure of bedding planes. Pbs represents shear failure of the shale matrix. Pbt represents tensile failure of the shale matrix).
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the total number of cracks varies dramatically with the
approach angle, which indicates that the shale anisotropy
induced by the approach angle can be intensified if the
tensile-to-shear strength ratio is relatively large.

Figure 12 further shows the influence of the tensile-to-
shear strength ratio on the percentage of each fracture
type. The detailed statistical data are presented in
Table 6. When the tensile-to-shear strength ratio is 0.75,
the percentage of matrix cracks is significantly larger than
those failures of bedding planes as shown in Figure 12(a).
In addition, the average ratio of the number of tensile
cracks to shear cracks in the shale matrix is approximately
1.717. However, the percentage of matrix cracks decreases

with the increase of the tensile-to-shear strength ratio of
bedding planes. As shown in Figure 12(b), when the
tensile-to-shear strength ratio increases from 0.75 to 1.0,
the percentage of matrix cracks ranges from 46% to 63%.
The average ratio of the number of tensile cracks to shear
cracks in the shale matrix decreases from 1.717 to 1.353.
When the tensile-to-shear strength ratio is 1.25, the
proportion ofmatrix cracks drops to a lower level and changes
little under different approach angles (see Figure 12(c)). As
the tensile-to-shear strength ratio increases from 1.0 to
1.25, the average ratio of the number of tensile cracks
to shear cracks in shale matrix ranges from 1.354 to
1.375.
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Figure 12: Effects of the tensile-to-shear strength ratio on the percentage of each fracture type. (Sjs represents shear failure of bedding
planes. Sjt represents tensile failure of bedding planes. Pbs represents shear failure of the shale matrix. Pbt represents tensile failure of
the shale matrix).
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The percentages of matrix cracks under different tensile-
to-shear strength ratios are compared in Figure 12(d). The
proportion of matrix cracks is much more easily affected by
the approach angle if the tensile-to-shear strength ratio is
0.75. When the tensile-to-shear strength ratio exceeds 1.0,
more shear cracks are induced by hydraulic fracturing.
Though the total number of matrix cracks increases, its
proportion decreases. Furthermore, the average ratio of
the number of tensile cracks to shear cracks in the shale
matrix changes slightly, which implies that the influence
of the tensile-to-shear strength ratio on the shale matrix
becomes smaller if the tensile-to-shear strength ratio
exceeds 1.0.

4.2.2. Influence of the Tensile-to-Shear Strength Ratio on
Hydraulic Fracture Morphology. The effect of the tensile-
to-shear strength ratio on the distribution of the fracture
type is studied in this section. Those two numbers in the
upper right corner of each picture represent the approach
angles (30°, 60°, and 90°) and tensile-to-shear strength
ratios (0.75, 1.0, and 1.25), respectively. The description
of crack colors in Figure 13 is the same as the previous
section. Figure 13(a) shows the distribution of each frac-
ture type when the tensile-to-shear strength ratio is 0.75.
Under this circumstance, matrix tensile cracks have a large
propagation path especially when the approach angle is
small. Shear slips mainly appear in the weak planes near
the borehole. When the tensile-to-shear strength ratio is
1.0, the propagation of matrix cracks is restrained as
shown in Figure 13(b). Its propagation direction is no lon-
ger the horizontal direction except the approach angle of
90°. Conversely, more shear slips extend outward from
the near borehole zone. When the tensile-to-shear strength
ratio is 1.25, the fracture tip of bedding planes extends
extremely apparently as shown in Figure 13(c). The frac-
ture morphology becomes more and more complex. In

this case, both the tensile and shear cracks of the matrix
extend outward from the borehole in two orthogonal
directions. One is parallel to the bedding planes, and the
other is perpendicular. However, their propagation area
is limited.

Figure 14 further investigated the tensile-to-shear
strength ratio on the process of fracture propagation. Those
two numbers in the upper left corner of each picture repre-
sent the approach angle and the tensile-to-shear strength
ratio. This is consistent with the previous description in
Figure 13. The cracks are numbered in sequence and pre-
sented by the order of the rainbow color in legends. As shown
in Figure 14, the cracks initiate from the borehole and firstly
deflect to the nearby bedding planes. If the tensile-to-shear
strength ratio is 0.75, after a certain distance of shear slip,
the secondary hydraulic fractures will deviate from bedding
planes. The near borehole matrix cracks are activated at the
same time as shown in Figure 14(a). If the tensile-to-shear
strength ratio is 1.0, some bedding planes with relatively
low shear strength tend to break before the penetrating
cracks are generated in the nearby matrix. Such a propaga-
tion process becomes apparent if the tensile-to-shear
strength ratio is 1.25; lots of bedding planes break firstly,
and then, the activated matrix cracks start to radially distrib-
ute nearby the injection borehole. The impacts of the tensile-
to-shear strength ratio on the crack propagation area are fur-
ther summarized in Figure 15, where the increase of the
tensile-to-shear strength ratio does not only enlarge the
propagation area but also make the fracture morphology
even more complex.

4.3. Relative Roles of the Joint Strength and Tensile-to-Shear
Strength Ratio during Hydraulic Fracturing. The aforemen-
tioned simulation results are compared with previous physi-
cal experiments in fracture morphology. As shown in
Figure 16, when the direction of maximum principal stress
is perpendicular to the bedding planes, our simulation has
similar fracture morphology to the ultimate fracture geome-
tries observed in experiment results [14, 41, 46]. This further
validates the reliability of our numerical model. In order to
better investigate the influences of the joint strength and
tensile-to-shear strength ratio on hydraulic fracture propaga-
tion, we study the relationship between the fracture type and
crack aperture. The crack aperture reflects the physical dis-
tance between two unbounded particles, rather than the
channel aperture. If the crack aperture is larger than zero,
the channel aperture is increased by injection fluid. Con-
versely, if the crack aperture is smaller than zero, the channel
aperture is compacted. However, the channel aperture is
always greater than its minimum.

The approach angle of 30° is taken as an example.
Figure 17 shows the relationship between the fracture type
and crack aperture when the tensile strength (�σsjc ) and shear
strength (�τsjc ) are 8MPa and 10.64MPa, respectively. As
shown in Figure 17(a), the aperture of matrix tensile cracks
is about 2:0 × 10−5 m, which indicates that the tensile cracks
are extended by injection fluid. By contrast, though the shear
cracks have a large propagation area, their crack aperture is

Table 6: Percentage of each fracture type with different tensile-to-
shear strength ratios.

Joint strength (tensile-to-
shear strength ratio)

Approach
angle

Sjs Sjt Pbs Pbt

�σsjc = 10:0MPa
�τsjc = 13:3MPa
(0.75 : 1)

30° 0.253 0.022 0.231 0.493

45° 0.337 0.014 0.243 0.405

60° 0.439 0.018 0.189 0.353

75° 0.399 0.009 0.256 0.336

90° 0.159 0.000 0.322 0.519

�σsjc = 10:0MPa
�τsjc = 10:0MPa
(1 : 1)

30° 0.348 0.018 0.266 0.368

45° 0.424 0.021 0.235 0.320

60° 0.524 0.013 0.196 0.267

75° 0.532 0.000 0.207 0.261

90° 0.474 0.009 0.215 0.302

�σsjc = 10:0MPa
�τsjc = 8:0MPa
(1.25 : 1)

30° 0.475 0.012 0.201 0.312

45° 0.520 0.016 0.182 0.283

60° 0.584 0.008 0.185 0.223

75° 0.547 0.000 0.197 0.256

90° 0.576 0.007 0.185 0.233
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30-0.75

Sjs (orange) Sjt (blue)
Pbs (red) Pbt (green)

60-0.75 90-0.75

(a)

Sjs (orange) Sjt (blue)
Pbs (red) Pbt (green)

30-1.0 60-1.0 90-1.0

(b)

Sjt (blue)Sjs (orange)
Pbs (red) Pbt (green)

30-1.25 60-1.25 90-1.25

(c)

Figure 13: Distributions of the fracture type under different tensile-to-shear strength ratios. (In the upper right corner of each picture, those
two numbers represent approach angle and the tensile-to-shear strength ratio. Red color is matrix shear cracks (Pbs). Green color is matrix
tensile cracks (Pbt). Orange color is shear cracks which occur in bedding planes (Sjs). Blue color is tensile cracks in bedding planes (Sjt). For
the interpretation of the references to color in this figure, the reader needs to refer to the web version of this article).
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approximately −1:0 × 10−5 m, which implies that the flow
channels on these failure surfaces are compacted by rock
deformation. A large crack aperture contributes greatly to
the transport of shale gas. Compared with shear cracks, ten-
sile cracks is more favorable for improving the efficiency of
gas production.

Both the joint strength and tensile-to-shear strength ratio
make a difference in the crack number and fracture type.
Which one is more important to the crack propagation, espe-
cially the generation of matrix tensile cracks? Their influence
on the total crack number is compared in Figure 18. The
black line is set as a base (�σsj

c = 12:0MPa; �τsjc = 15:96MPa);
the other two curves represent different influence factors.

The red one denotes simultaneously reducing the tensile
and shear strength of bedding planes (�σsjc = 8:0MPa; �τsjc =
10:64MPa); the blue one denotes only reducing the shear
strength of bedding planes but keeping constant tensile
strength (�σsjc = 12:0MPa; �τsjc = 10:64MPa). No matter the
tensile and shear strengths of bedding planes are simulta-
neously reducing or not, the total number of cracks increases
obviously as the approach angle decreases. The variation of
crack numbers is relatively gentle as the approach angle
decreases if the tensile and shear strengths of bedding planes
are simultaneously reducing. Comparatively, the tensile-to-
shear strength ratio plays more important roles in the total
number of cracks with the decrease of the approach angle.
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Figure 14: Crack propagation under different tensile-to-shear strength ratios. (In the upper left corner of each picture, those two numbers
represent approach angle and the tensile-to-shear strength ratio. Each crack is numbered in sequence and presented by the order of the
rainbow color in the captions. For the interpretation of the references to color in this figure, the reader needs to refer to the web version of
this article).
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For example, the blue curve shows an apparent upward trend
especially when the approach angle is 45°. Their influence on
the number of matrix tensile crack is further studied in
Figure 19. Compared with Figure 18, these two factors only
have a small impact on the number of matrix tensile cracks.
In most instances, the weaker the joint strength of bedding
planes is, the less the matrix tensile cracks are generated.
The reason is that the bond with relatively low strength is
more likely to break first, which makes a difference in the dis-
tribution of the fracture type and propagation area. If the
joint strength of bedding planes decreases to a certain value,
the propagation area of the shale matrix will be restrained. As
shown in Figure 19, only when the approach angle is
approaching to 30°, more matrix tensile cracks will be
induced by a large tensile-to-shear strength ratio. This also
indicates that the influence of the approach angle on crack
propagation is significant. The reduction of tensile or shear
strength of weak planes mainly causes the shear slips and
contributes greatly to the total number of cracks especially
the shear failure of bedding planes. This reduction has a lim-
ited effect on the crack propagation of the shale matrix. Con-
versely, the main hydraulic fracture in the shale matrix is
more likely to be generated under the large joint strength of
bedding planes.

5. Conclusions

This paper developed a coupled fluid-mechanical model to
investigate the hydraulic fracture propagation behaviors in
a laminated reservoir. The bedding planes are simulated by
the smooth joint model in this numerical model. This model
was validated by Blanton’s criterion. The fracture morphol-
ogy in our simulations was compared with the ultimate frac-
ture geometries observed in laboratory experiments. The
effects of the joint strength and tensile-to-shear strength ratio
on the crack propagation and hydraulic fracture morphology
have been analyzed through a series of numerical simula-

tions. Based on these simulation results, the following con-
clusions can be drawn.

First, this coupled fluid-mechanical model is feasible to
simulate the crack initiation, propagation, and coalescence
of laminated reservoirs under hydraulic fracturing. It can be
used to study the fracturing mechanism on crack numbers
and distributions of different fracture types.

Second, the enhancement of joint strength can signifi-
cantly reduce the total number of cracks. Those reduced
cracks mainly belong to the shear failure of bedding planes,
and the proportion of matrix tensile cracks becomes higher
due to higher joint strength. The amount of matrix tensile
cracks to matrix shear cracks increases from 1.384 to
1.945 as the strength ratio increases from 0.8 to 1.2. The
matrix tensile cracks are more likely induced in the lami-
nated reservoirs with large joint strength. Conversely, the
increase of the tensile-to-shear strength ratio may produce
more crack numbers and shear cracks are dominant in
these hydraulic fractures. If the tensile-to-shear strength
ratio is greater than 1.0, the approach angle gradually
becomes the main factor influencing the number of total
cracks.

Third, the joint strength plays an important role in the
development of the main hydraulic fracture. Under a high
joint strength, the propagation path is more likely parallel
to the direction of maximum principal stress. The main
hydraulic fracture is favorably generated in the shale matrix,
and the fracture morphology under this circumstance is rela-
tively simple. However, the increase of the tensile-to-shear
strength ratio may induce more complex fracture morphol-
ogy and a larger propagation area. Under a high tensile-to-
shear strength ratio, the shear failure of bedding planes
becomes dominant in hydraulic fractures and most of the
broken weak planes are connected by matrix cracks in the
later crack propagation.

Last, both the joint strength and tensile-to-shear strength
ratio have vital impacts on the crack number and distribution
of different fracture types. Their contributions vary with the
fracturing stage. Larger joint strength has a greater impact

  Fracturing area 
(orange ellipse) 

Failure of bedding plane 
(blue dashed lines) Failure of matrix 

(red solid lines) 

Injection hole 
(black circle) 

From left to right, the tension-to-shear strength ratio is increasing.  

𝜎1 𝜎1𝜎1 𝜎2

𝜎3𝜎3

Figure 15: Evolution of the fracturing area with the increase of the tensile-to-shear strength ratio.
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on the generation of matrix tensile cracks, which will
enlarge the flow channel and contribute greatly to the
transport of shale gas. A larger tensile-to-shear strength ratio
plays a more important role in the total number of cracks,
which will be conducive to the formation of complex fracture
morphology.

It is noted that the present study only used the numerical
model based on PFC2D to investigate the fracture mechanism
of laminated reservoirs. The rock particles and interfaces may
be three-dimensional; thus, a coupled three-dimensional
fluid-mechanical model is necessary to understand the
essence of the fracture mechanism and to optimize the design
of hydraulic fracturing in a laminated reservoir.
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