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A two-step fracturing method is proposed to investigate the hydraulic fracture evolution behavior and the process of complex
fracture network formation undermultiple wells. Simulations are conducted with Rock Failure Process Analysis code. Heterogeneity
and permeability of the rocks are considered in this study. In Step 1, the influence of an asymmetric pressure gradient on the fracture
evolution is simulated, and an artificial structural plane is formed. *e simulation results reflect the macroscopic fracture evolution
induced by mesoscopic failure; these results agree well with the characteristics of the experiments. Step 2, which is based on the first
step, investigates the influence of preexisting fractures (i.e., artificial structural planes) on the subsequent fracturing behavior. *e
simulation results are supported by mechanics analysis. Results indicated that the fracture evolution is influenced by pressure
magnitude on a local scale around the fracture tip and by the orientation and distribution of pore pressure on a global scale. *e
constant pressure in wellboreH2 can affect fracture propagation by changing the water flow direction, and the hydraulic fractures will
propagate to the direction of higher local pore pressure. Furthermore, the artificial structural planes influence the stress distribution
surrounding the wellbores and the hydraulic fracture evolution by altering the induced stresses around the preexisting fractures.
Finally, fracture network is formed among the artificial structural planes and hydraulic fractures when multiple wells are fractured
successively. *is study provides valuable guidance to unconventional reservoir reconstruction designs.

1. Introduction

In 1947, the first experimental hydraulic fracturing treatment
in the United States occurred in the Hugoton gas field in Grant
County, Kansas [1]. Since then, this technology has been used
worldwide, and it has become an important technical means
for oil and gas exploitation from fractures. However, in recent
years, conventional oil and gas have gradually been exhausted
due to exploitation [2]. Moreover, unconventional oil and gas
resources, which are abundant in widely distributed reserves
with low permeability, have become a global energy focus [3].
Given that unconventional reservoirs (e.g., shale reservoirs) are
characterized by wide distributions, large specific surfaces, low
porosity, low permeability, and poor connectivity, such res-
ervoirs cannot be efficiently and economically developed
through a single fracture. Studies have shown that fracture
development has a substantial influence on the permeability of

reservoirs. As fractures develop in a rock mass, even low-
porosity areas can have high permeability; by contrast, in high-
porosity zones, permeability can be low due to poor con-
nectivity and lack of fractures [4]. *erefore, methods of de-
veloping hydraulic fractures and forming complex fracture
networks to enhance stimulated reservoir volume (SRV) are
among the first considerations in fracture design [5–7].
Reconstructing unconventional reservoirs is necessary to im-
prove their permeability, weaken the adsorption effect of or-
ganic carbon on oil [8], increase the drainage area, and improve
oil and gas production.

*e exploitation of unconventional oil and gas resources
is a current topic of interest. In recent years, many scholars
have studied the hydraulic fracture evolution and the
complex fracture network formation and obtained certain
results that are positive to unconventional reservoir re-
construction. Yan et al. [9] studied the effects of crustal stress
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field, confining pressure, and natural fractures on the
fracture initiation and propagation by laboratory tests. *e
results demonstrated that stress concentration around the
hole would significantly increase the fracture pressure of the
rock, and natural fractures in the borehole wall would
eliminate stress concentration. He et al. [10] investigated the
different hydraulic fracture extension patterns of shale
through hydraulic fracturing experiments, and they believed
that the typical bedding plane well developed in the shale
formation plays an important role in the propagation of
hydraulic fractures. Hou et al. [11] proposed stimulated rock
area (SRA) as an evaluation index for hydraulic fracturing
results, and they found that lower in situ stress difference
and shorter distance between hydraulic fracture and bedding
plane in brittle shale formation lead to a larger SRA and
more complex fracture morphology.

A well is a prerequisite for oil and natural gas exploitation.
*ousands or even tens of thousands of wells are found in one
oil field. Simultaneous fracturing in two or more offset wells
can effectively improve production [12]. Multiwell fracturing
is important for generating complex fracture networks in
unconventional reservoirs. A pore pressure gradient is
formed in a certain range by controlling the water pressure
that is pumped into different wells to control the initiation,
coalescence, and propagation of hydraulic fractures. Fractures
are influenced by the pore pressure value on a local scale
around the crack tip and by the orientation and distribution
of pore pressure gradients on a global scale. *e fractures will
propagate toward the regions of high local pore pressure [13].
*is pore pressure gradient also aids in the formation of a
fracture network in a low permeability reservoir. Yao et al.
[14] investigated the propagation regularity of hydraulic
fractures in the mode of multiwell pads. *ey found that
when multiple wells are simultaneously fractured, adjacent
fractures will propagate toward one another, and multiwell
fracturing can induce larger areas of stress reversal compared
to single-well fracturing. Sesetty andGhassemi [15] developed
a 2D coupled displacement discontinuity numerical model to
simulate fracture propagation in simultaneous and sequential
hydraulic fracture operations for single and multiple parallel
wells. *ey found that fracture path is affected not only by
fracture spacing but also by the boundary conditions on the
previously created fractures.

*e present study aims to numerically investigate how
the pore pressure field can affect fracture propagation and
determine how the fracture network forms when multiple
wells are successively fractured in rock materials using the
Rock Failure Process Analysis (RFPA)2D2.0-Flow code. Two
steps in hydraulic fracturing are modeled as examples to
illustrate the pore pressure distribution that affects fracture
initiation and the propagation and preexisting fractures that
influence the fracture behavior and stress distribution by
altering the induced stresses.

2. Brief Introduction to the Numerical
RFPA-Flow Code

Different from metal and glass materials, rock is a hetero-
geneous natural geological material [16]. *erefore, the

traditional calculation method based on material homoge-
neity and isotropy is not suitable for rocks. Rock failure is an
accumulation process from mesoscale weakening to mac-
roscale damage [17–19], which can be described as nonlinear
but not elastic-plastic.

RFPA-Flow is a code developed for heterogeneous and
permeable geomaterials (e.g., rocks). It can simulate the
fracture propagation and failure accumulation process of
quasi-brittle heterogeneous materials [20–29]. Finite ele-
ment method is used in the RFPA-Flow code. In addition,
the plane four-node isoparametric element is the basic
element.

*e geomaterials (rock) modeled in RFPA-Flow code are
assumed to be composed of many mesoscopic elements,
which are used to represent the heterogeneity of materials
and the random distribution of defects in the geomaterials.
*e mesoscopic elements in the numerical model are as-
sumed to be isotropic and homogeneous, and their me-
chanical properties (e.g., constitutive relation, AE rate, and
loading rate relation) are assumed to linearly vary. *ese
mesoscopic elements are statistically distributed (e.g., nor-
mal, Poisson, and Weibull distributions) to describe the
mechanical properties of the nonlinear macroscopic model
(Figure 1).

*e failure strength in rock can vary remarkably because
of grain-scale heterogeneity. *e material properties of
different mesoscopic elements are randomly distributed
throughout the domain of analysis based on a Weibull
distribution to include the statistical variability of the bulk
failure strength in the RFPA model [30].

f(μ) �
m

μ0

μ
μ0

 

m−1

e
− μ/μ0( )

m

. (1)

Equation (1) represents the statistical distribution f(μ)

of the mechanical parameters of the mesoscopic elements in
the RFPA-Flow code. *e heterogeneity index m [31, 32] is a
parameter that defines the shape of the distribution function
and the degree of material heterogeneity. A large m value
indicates the presence of highly homogeneous materials,
whereas a small m value denotes the existence of highly
inhomogeneous materials. In addition, μ represents the
mechanical parameters (i.e., Young’s modulus, Poisson’s
ratio, tensional strength, and compressive strength) of the
elements, and μ0 denotes the scale parameters related to the
average values of the mechanical parameters. A high ho-
mogeneity index value indicates that the values of most
elements are concentrated closer to μ0. In the simulation, the
mesoscopic elements are defined as damaged when the
strength criterion is met. Numerous elements fail as the
stress increases; and as these elements become connected,
the heterogeneous materials can fail.

In the RFPA model, matrix, air, and contact primitives
are used to describe the deformed accumulation and failure
processes of heterogeneous materials (Figure 2). Primitive is
another expression of the RFPA mesoscopic element.
Primitive phase transition occurs when the mesoelement is
in tension or compression. If the element deformation is in
elastic and residual deformation (I and II in Figure 2), then
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the mesoelement is the matrix primitive. If the element
deformation exceeds the residual deformation (III in Fig-
ure 2), then the matrix primitive changes to air primitive
(apart phase) or contact primitive (contact phase). *e el-
ement mechanical properties change with the occurrence of
the primitive phase transition.

In RFPA-Flow code, the element fails when the matrix
primitive transfers to air or contact primitive (tension or
compression failure). In the simulation, the parameters of
the element are multiplied by an extremely small coefficient
to achieve element failure, and the failure element is
presented as black in the model. *e material properties of
different mesoscopic elements in the RFPA model are
randomly distributed; thus, the elements fail successively
and connect gradually to form fractures as the load in-
creases. *en, the fracture propagation and failure accu-
mulation of quasi-brittle heterogeneous materials are
obtained.

In the RFPA-Flow code, the geological medium (rock) is
assumed to be fully saturated with fluid flow governed by
Darcy’s law. In addition, the coupled process of stress and
seepage in the deforming rock mass is governed by Biot’s
theory of consolidation. In view of the effects of stress and
damage on permeability, the basic formulations used in the
analysis are as follows:

equilibrium equation :
zσij

zxij

+ ρXj � 0(i, j � 1, 2, 3),

strain − diaplacement equation :

εij �
1
2

Ui,j + Uj,i εv � ε11 + ε22 + ε33,

constitutive equation : σij
′ � σij − αpδij � λδijεv + 2Gεij,

fluid flow equation : K∇2p �
1
Q

zp

zt
− α

zεv

zt
,

coupling equation : K(σ, p) � ξK0e
− β σii/3( )− αp( ).

(2)

In the above equations, ρ denotes density; σij
′ is the

effective stress; σij is the total stress; εij is the total strain; εv is
the volume strain; α is the coefficient of the pore pressure; Ui

is the displacement; p is the pore pressure; λ is the Lame
coefficient; δij is the Kronecker delta; G is the modulus of
shear deformation; Q is Biot’s constant;K is the permeability
coefficient; K0 is the initial permeability coefficient; β is the
coupling parameter, which reflects the influence of stress on
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Figure 1: Mechanical properties of RFPA model using a mesoscale linear heterogeneous distribution to describe nonlinearity at the
macroscale.
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Figure 2: Primitive phase transition.
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the coefficient of permeability; and ξ(ξ ≥ 1) is the mutation
coefficient of permeability, which accounts for the increase
in permeability when the element reaches the damage state.
*e values of coefficients ξ, α, and β are determined ex-
perimentally, and they vary with the stress state and damage
evolution of the rock. In the RFPA-Flow code, 0≤ α< 1 and
ξ � 1 are assumed for the mesoscopic element in the elastic
stage (as indicated by D � 0 in equation (7)). Once damage
occurs, the permeability of the mesoscopic element increases
remarkably (equations (9) and (10)). Furthermore, ξ � 5 is
assumed for the damaged element (denoted by 0<D< 1)
and α � 1; ξ � 100 is assumed for the fully damaged element
(denoted by D � 1).

In the elastic state, the relationship of stress and per-
meability coefficient is described by

Kf � K0e
− bσ′, (3)

where σ′ is the effective stress and b is the coupling
parameter.

Continuum damage mechanics are used to describe the
constitutive laws of the mesoscopic elements in RFPA.
Initially, an element is considered as elastic, and the as-
sociated elastic properties can be defined by Young’s
modulus and Poisson’s ratio. *e stress-strain relation-
ship of each element is considered as linearly elastic until
the given damage threshold is reached, and tensile and
shear failures are considered in the analysis (Figure 3). An
element is considered to have failed in the tensile mode
when the maximum tensile stress criterion is satisfied
(equation (4)), and failure in shear mode occurs when the
shear stress satisfies the Mohr-Coulomb failure criterion
(equation (5)).

σ3 ≤ − ft, (4)

σ1 − σ3
1 + sinϕ
1 − sinϕ

≥fc. (5)

In equations (4) and (5), ft is the tensile failure strength,
ϕ is the friction angle, and fc is the compression failure
strength.

For an individual element, when the stress of the element
satisfies the selected strength criterion, the element begins to
undergo damage. On the basis of isotropic elastic damage
theory, the elastic modulus of an element may gradually
degrade as damage progresses, and the elastic modulus of the
damaged material can be defined as follows:

E � (1 − D)E0, (6)

where D represents the damage variable; and E and E0 are
the elastic moduli of the damaged and undamaged ele-
ments, respectively. In the simulation, when the tensile-
shear stress in an element reaches the failure threshold
(equations (4) and (5)), the damage variable can be
expressed as follows:

D �

0, εt0 ≤ ε,

1 −
ftr

E0ε
, εtu < ε≤ εt0,

1, ε≤ εtu,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

D �

0, ε< εc0,

1 −
fcr

E0ε
, εc0 ≤ ε,

⎧⎪⎪⎨

⎪⎪⎩
(8)

where ftr is the residual tensile strength; εt0 is the maximum
tensile strain at the elastic limit; εtu is the ultimate tensile
strain of the element, at which the element is completely
damaged; fcr is the residual compressive strength; and εc0 is
the maximum compressive strain.

As the damage variable D of the element changes in the
damage process, the permeability coefficient of the meso-
scopic element is expressed as

K �

K0e
− β σ3/3( )− αp( ), D � 0,

ξK0e
− β σ3/3( )− αp( ), 0<D< 1,

ξ′K0e
− β σ3/3( )− p( ), D � 1.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(9)

K �
K0e

− β σ3/3( )− αp( ), D � 0,

ξK0e
− β σ3/3( )− αp( ), D> 0.

⎧⎨

⎩ (10)

3. Induced Stresses around a Pre-Existing
Fracture

Many natural andmanmade fractures are distributed in rock
masses, and these fractures can influence the initiation and
propagation of new fractures [33]. *e interactions among
fractures can change the local in situ stress and further affect
the propagation direction of the fractures in the bedrock
[34]. On the basis of the semi-infinite fracture model pro-
posed by Green and Sneddon [35], the induced stresses
around a preexisting fracture were analyzed.

As shown in Figure 4, given the existence of a fracture,
the induced stresses at any point around the fracture are as
follows:

σx � −pnet
r

����
r1r2
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1
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θ1 −

1
2
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3
2
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(12)

σz � η σx +σy , (13)
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where pnet is the net pressure and η is a coefficient that
describes the relationship among σx, σy, and σz.*e induced
stresses substantially change with the distance to the fracture
(equations (11)–(13)). *e induced stresses in the direction
perpendicular to the fracture are larger than those in the
direction of the fracture. In the same direction, the smaller
the distance is, the greater the induced stresses will be.
Accordingly, as the propagating fracture approaches the
preexisting fracture, such fracture propagates more easily.

4. Numerical Model Establishment

In this study, the numerical simulation of fracture network
formation can be divided into two steps.

Step 1. It strictly follows the experiment by Bruno and
Nakagawa [13], which can verify the numerical results
and obtain the corresponding stress and pore pressure
distribution that the test cannot achieve. As shown in

Figure 5(a), the dimension of the model is
152×152mm.*emodel is divided to form a 400× 400
mesh. *e radius of wellbores H1, H2, and H3 is 4mm.
*e distance between H1 and H2 is 50mm, and that
betweenH2 andH3 is 40mm. A vertically induced crack
(0.6mm wide and 6mm long) is found at the bottom of
H1 to provide a starting direction for the hydraulic
fracture. In the experiment, the injection rate of
wellbore H1 varies from 0.5 cm3/min to 3.0 cm3/min,
and the influence is insignificant. *erefore, in the
simulation, the initial water pressure is 1MPa, and this
pressure is increased at an increment of 0.05MPa per
step in wellboreH1. To compare the fracture mode with
different pore pressure gradients, constant pressures of
0.6, 1.0, 1.4, and 1.7MPa are sequentially applied in
wellbore H2 in the four models. No pressure is applied
in H3. In the experiment, the thickness of the slab is
25mm.*us, the plane-strain calculation is used in the
simulation. In addition, the boundary displacement is
limited. *us, a displacement load with 0 is applied to
the model boundary.
Step 2. It is based on Step 1. As shown in Figure 5(b), the
model dimensions are 152×192mm. *e model is
divided into a 400× 600 mesh. *e geometrical con-
figuration of wells H1, H2, H3, H4, and H5 and the
physical parameters are the same as those in Step 1.
Two artificial structural planes (Fractures 1 and 2) are
created between H1 and H2 and between H4 and H5.
*ese planes are based on the results of Step 1. *e two
induced cracks on both sides of H3 provide a starting
direction for the hydraulic fractures, and the angles
between the cracks and horizontal direction are 45° and
135°, respectively. An initial water pressure of 1MPa
and an increasing water pressure at an increment of
0.05MPa per step are applied via wellbore H3. Table 1
shows the rock parameters used in the models [13, 36],
and Table 2 shows the model settings of the two steps.

5. Fracture Propagation Trends under an
Asymmetric Pressure Gradient

As shown in Figure 6(a), the asymmetric pressure gradient is
established after the pressure is applied viaH1 andH2. As the
pressure at H2 increases from 0.6MPa to 1.7MPa, the

H x

y

0
θ

θ1

θ2

r

r1

r2

σx

σy

Figure 4: Schematic of the induced stresses around a preexisting
fracture.
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Figure 3: Elastic-brittle damage constitutive laws of mesoscopic elements subjected to uniaxial tensile stress (a) and uniaxial compression
(b).
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asymmetry of the pore pressure gradient is enhanced (Step 1,
Figure 6(a)). As the pressure at H1 increases, the fracture
initiates at the induced crack tip, and crack propagation is
influenced by the pore pressure. Conversely, the fracture
propagation affects the pore pressure evolution. As the fracture
propagates, the fluid flow in the fracture causes the asymmetry
of the pore pressure gradient to be further enhanced.When the
model loses stability, the calculation terminates.

*e fracture is generally caused by tensile failure, and the
fracture propagation direction is perpendicular to the tensile
stress direction. Figure 6(b) shows that the stress distribu-
tion of the specimen is controlled by the pore pressure. As
the pressure in wellbore H2 increases, the tensile stress re-
gion around H1 and H2 (the light area around the well)
expands (Step 1, Figure 6(b)). Furthermore, the pressure in
well H2 is higher, and the fracture is closer to wellbore H2
(final step in Figure 6(b)). All the fractures in the fourmodels
are jagged fractures, and such fractures exhibit typical
characteristics of tensional failure and rock heterogeneity
because a fracture will deterministically select the path of
least energy resistance through a rock. When the pressure in
well H2 is 1.7MPa, the maximum tensile stress is perpen-
dicular to the line between H1 and H2, and a large deflection
can be observed in the fracture propagation direction.
*erefore, the pore pressure value and the asymmetry of the
pore pressure gradient directly influence the tensile fracture
initiation and propagation in the rock.

Figure 7 shows that the numerical results are consistent
with the experimental results [13]. *e numerical results of
fracture evolution are generally consistent with the exper-
imental results at the macroscale for different asymmetric
pore pressure gradients. In addition, for different pore
pressure fields, the breakdown pressure increases linearly
with increasing pressure at H2 (Figure 8). *e variability in
the breakdown pressure indicates that the pore pressure
gradient is the main factor that controls model stability.

6. Fracture Network Formation Based on
Multiple Wells

On the basis of the numerical simulation results of Step 1, a
constant pressure of 1.7MPa is applied at H2 (H4) as well as
increasing water pressures at H1 (H5). As the water pressure
increases, the fracture initiates and propagates at the induced
crack tip of H1 (H5) and finally connects to H2 (H4)
(Figure 5(b)). As the artificial structural planes of Fracture 1
(Fracture 2) are fractured, all injection stops. Subsequently,
Step 2 of the simulation starts. As an increasing pressure is
applied via well H3, three high-stress regions appear around
wellH3 (Figure 9(a)). Two regions are located at the induced
crack tips, and the other region is at the bottom ofH3. As the
pressure in H3 increases, a fracture initiates at the induced
crack tip (under the induced stresses) and deviates from the
original direction, and a nonuniform pore pressure field is
established (Figure 9(f )). Moreover, the two high-stress
regions move with the crack tips. *en, three high-stress
regions form an equilateral triangle (Figure 9(b)), and the
angle between each high-stress point and the well center is
approximately 120°. *ese regions form because of the
hydrostatic pressure on the round wellbore and the het-
erogeneity of the rock materials.

Given the existence of Fractures 1 and 2, the induced
stresses around the two preexisting artificial structural
planes alter the stress distribution surrounding well H3 and
further influence fracture propagation. As the hydraulic
pressure increases, the hydraulic fractures initiate and
propagate at the tips of the two induced cracks (high-stress
Regions 1′ and 2′) that are closer to preexisting Fractures 1
and 2 than the bottom of well H3 (high-stress Region 3′;
Figures 9(b) and 9(c)). In addition, during the propagation
process of the two hydraulic fractures, the high stress in
Region 3′ is gradually transferred to Regions 1′ and 2′
(Figure 9(c)). *us, fracture propagation occurs appropri-
ately when new fractures are close to preexisting fractures,
because the induced stresses are large when the distance to
the nearest preexisting fracture is short (Figures 9(f) and
9(g)). *en, two hydraulic fractures propagate at the crack
tips as the pore pressure increases and perpendicularly
contacts Fractures 1 and 2 because of the effects of the largely
induced stresses in the direction perpendicular to Fractures
1 and 2 (Figures 9(d) and 9(h)). A fracture network can form
if multiple wells are sequentially fractured to create effective
channels for oil and gas flow, enhance the permeability of the
rock mass, and improve reservoir production.

7. Discussion

In this study, a two-step fracturing method is proposed to
investigate the hydraulic fracture initiation and propagation
behavior using the RFPA-Flow code, and a fracture network
is obtained. In Step 1, the simulation results show that the
asymmetric pressure gradient controls the fracture propa-
gation in gradient scale, and the fractures will propagate
toward the regions of higher local pore pressure; these re-
sults are consistent with those of Bruno and Nakagawa [13].
*e notion of artificial structural plane is proposed in the

Induced crack

H1

H2 H3

40mm

50
m

m

(a)

H1

H2 H3 H4

H5

40mm 40mm

Induced crack
Fracture 1

50
m

m

45° 45°

Fracture 2

(b)

Figure 5: Schematic of the model steps: Step 1 (a) and Step 2 (b).

Table 1: Model parameters.

Parameter Unit Value
Heterogeneity coefficient (m) 2
Young’s modulus (E) GPa 20
Poisson’s ratio (]) 0.25
Friction angle (φ) ° 30
Compressive strength (fc) MPa 80
Tensile strength (ft) MPa 8
Permeability coefficient (K) md−1 0.000864
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present work. Different from a natural structural plane, an
artificial structural plane can be set in any favorable position
artificially. In Step 2, the simulation results show that the

hydraulic fracture evolution is influenced by the preexisting
fractures; the induced stresses are larger in the direction
perpendicular to the fracture; and in the same direction, the

H2 = 0.6MPa

Step 1

H2 = 0.6MPa

Final step

H2 = 1.0MPa

Step 1

H2 = 1.0MPa

Final step

H2 = 1.4MPa

Step 1

H2 = 1.4MPa

Final step

H2 = 1.7MPa

Step 1

H2 = 1.7MPa

Final step

(a)

H2 = 0.6MPa

Step 1

H2 = 0.6MPa

Final step

H2 = 1.0MPa

Step 1

H2 = 1.0MPa

Final step

H2 = 1.4MPa

Step 1

H2 = 1.4MPa

Final step

H2 = 1.7MPa

Step 1

H2 = 1.7MPa 

Final step

(b)

Figure 6: Numerical results of pore pressure field andminimum principal stress distribution. (a) Pore pressure field. (b)Minimumprincipal
stress distribution.

Table 2: Model setting parameters.

Model Size (mm) Mesh Wellbores Radius of wellbores (mm) Induced crack Water pressure (MPa)

Step 1
model 152×152 400× 400 H1, H2, H3 4 0.6mm wide and

6mm long

H1: 1 initial pressure + 0.05
increment

H2: 0.6, 1.0, 1.4, or 1.7
Step 2
model 152×192 400× 600 H1, H2, H3, H4,

H5
4 0.6mm wide and

6mm long
H3: 1 initial pressure + 0.05

increment
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induced stresses are larger when the distance to the
preexisting fracture is smaller. *e simulation results are
supported by mechanics analysis. *e hydraulic fractures
propagate along the large induced stresses and perpen-
dicularly contact the artificial structural planes, forming

the two-step fracturing fracture network. *is study is
based on the existing wells that do not require drilling. In
comparison with other multiwell fracturing methods,
the proposed approach can save fracturing cost
and utilize existing wells. *is study can provide

a

(a)

b

(b)

Figure 7: Comparison of numerical and experimental results. (a) H2 �1.4MPa. (b) H2 �1.7MPa.
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Figure 8: Breakdown pressure of specimens at different water pressures in H2.
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valuable guidance to the unconventional reservoir re-
construction designs. To obtain a more complex fracture
network, third and fourth steps can be added in future
research.

8. Conclusions

(i) *e pore pressure value and the nonuniform pore
pressure gradient directly influence the tensile

1 2

3

(a)

1' 2'

3'

(b)

(c) (d)

(e) (f )

(g) (h)

Figure 9: Numerically obtained evolution of minimum principal stress ((a)–(d)) and pore pressure field ((e)–(h)).
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fracture initiation and propagation in rock. *e
fracture will propagate in the direction of higher
local pore pressure.

(ii) Asymmetric fracture propagation can increase the
asymmetry of the pore pressure gradient because of
the fluid flow in the propagating fracture. *e
asymmetrical pressure gradient can also influence
the fracture propagation direction. *e pore pres-
sure gradient is the main controlling factor of model
stability. *e breakdown pressure of the specimens
increases as the asymmetry of the pore pressure
gradient is enhanced.

(iii) By altering the locally induced stress around the
preexisting fractures, the preexisting fractures in-
fluence the initiation position and propagation di-
rection of the hydraulic fractures under hydrostatic
pressure.

(iv) A fracture network can be formed when multiple
wells are successively fractured. *e influence of the
pore pressure on tensile fracture propagation must
be understood to design efficient fracturing sce-
narios and production operations in an oil field.
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