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In order to investigate the inﬂuence of pore pressure on hydraulic fracturing behavior in the local and whole model, the
coupled ﬂow-stress-damage (FSD) analysis system RFPA-Flow was used to study the inﬂuence of rock heterogeneity, natural
stress ratio, double-hole spacing, and water pressure gradient on the stress shadow eﬀect. The numerical results show that
the tensile crack induced by pore water pressure is signiﬁcantly aﬀected by the pore water pressure and water pressure
gradient. The larger the pore pressure gradient is, the more asymmetrical the crack development pattern and the smaller the
instability pressure of the model. In addition, the shape of hydraulic fracture becomes much more irregular with the increase
in rock heterogeneity. The number and shape of tip microcracks under the inﬂuence of local water pressure are closely
related to the homogeneity of rock. Moreover, when the natural stress diﬀerence is large, the hydraulic fracture propagates
parallel to the maximum principal stress; when the stress ﬁeld is close and the spacing between two holes is less than 5 times
the diameter, the propagation direction of hydraulic fractures between holes is perpendicular to the maximum principal
stress. It is found that no hydraulic fractures occur between the two holes when the distance between holes is greater than 5
times the diameter.

1. Introduction
High-pressure ﬂuid fracturing and mechanical fracturing are
the two main approaches to rock cracking, and there are
many research studies on the mechanical cracking mechanism of rock. Tests in this laboratory mainly include the
uniaxial compression test, triaxial compression test, and
tensile test, and the numerical simulation research study is
also relatively mature [1–4]. However, the mechanism of
high-pressure ﬂuid fracturing and how the pore water
pressure aﬀects the tensile failure mechanism and crack
morphology of rock are not well understood. Some ﬁeld
evidence has shown that the inﬂuence of pore water pressure
on the mechanism of crack initiation and propagation is

sometimes unclear. The principle of eﬀective stress is extended to the problem of reservoir fracture, suggesting that
the pressure of hydraulic fracture initiation and propagation
may decrease with the increase in reservoir pore water
pressure. The reopening pressure and propagation pressure
of cracks show a decreasing trend when low-rate ﬂuid is
injected, which may be because a large amount of ﬂuid has
been lost to the reservoir [5]. This conclusion is consistent
with the results of laboratory tests. When a large amount of
ﬂuid is lost to the rock, the formation fracture pressure will
be signiﬁcantly reduced [6, 7]. Some ﬁeld tests show that the
hydraulic fracture growth pressure increases at high reservoir stress and decreases at low reservoir stress, but this is
inconsistent with the principle of eﬀective stress [8, 9]. The
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reason leading to this phenomenon is that the inﬂuence of
pore pressure on the crack evolution should be analyzed
from both the local and global model. When the local pore
water pressure at the crack tip increases, the crack propagation will be enhanced. The overall increase in pore water
pressure due to the formation of compressive stress will
resist the development of cracks. At the same time, the eﬀect
of ﬂuid ﬂow due to pore pressure diﬀerence must be taken
into account.
Some scholars have discussed the inﬂuence of symmetrical or asymmetrical pore pressure distribution on ﬂat
crack propagation [10–12]. A more complex problem in the
process of hydraulic fracturing involves the propagation and
evolution of cracks in the ﬁeld of nonuniform pore water
pressure. The propagation of hydraulic fractures is most
obviously aﬀected by the internal pore water pressure and
stress ratio. Hydraulic fractures in reservoirs generally
propagate in the direction parallel to the maximum far-ﬁeld
stress, and the energy driving crack propagation decreases
continuously during the propagation process [1, 6]. However, under a relatively uniform natural ground stress ﬁeld
(stress ratio close to 1), the stress ﬁeld cannot play a
dominant role on the propagation of the crack. In this case,
the pore pressure diﬀerence of the crack tip in the local scope
may aﬀect the crack propagation path. The pressure gradient
of the stress ﬁeld in the global scope can inﬂuence the crack
propagation direction [10]. According to the studies of
Geertsma [10] and Cleary [13], the inﬂuence of pore water
pressure on crack evolution must be studied at local and
global scales for hydraulic fracturing nonlinear behavior.
The increase in local pore water pressure at the crack tip will
drive the continuous development of the crack. However,
the overall increase in pore water pressure caused by the
increase in in situ stress ﬁeld may resist the propagation of
hydraulic fractures, especially tensile cracks. In addition,
Detournay et al. [14] studied the initiation and propagation
processes of the tensile crack in double-hole and three-hole
SLATE samples under asymmetric pore pressure through
experiments, and the results showed that the local pore water
pressure played a direct role in tensile crack propagation.
Bruno and Nakagawa [15] conducted a numerical simulation of shale fracturing test of Bruno and Nakagawa by
means of numerical methods and analyzed the progressive
crack propagation-based system under asymmetric pore
pressure distribution. According to Wang et al. [16], crack
migration is mainly controlled by two parameters, one is the
diﬀerence between far-site stress deviation and characteristic
porous elastic stress, and the other is the stress disturbance
caused by stress ﬁeld at the crack tip and characteristic elastic
stress. Diﬀerent from the stress disturbance in conventional
rock mass engineering [17–19], the stress disturbance caused
by stress ratio is critical to hydraulic fracturing propagation.
When the second parameter is small enough, the propagation path of the crack can be completely predicted by the
ground stress ﬁeld. In addition, tensile failure of rock caused
by internal water pressure is dominant, and shear failure will
be restrained. When rock is subjected to internal water
pressure and external load at the same time, it will show

Advances in Materials Science and Engineering
diﬀerent failure modes. Therefore, the internal water pressure and in situ stress of rock are two important test parameters, which determine the initiation and propagation of
hydraulic fractures. Warpinski and Teufel [20] found that
multiple microcracks or branching cracks are likely to occur
near fractured horizontal wells, and the generation and
propagation of cracks in the adjacent wellbore will be
inﬂuenced by each other, aﬀecting the stability of the
wellbore wall and the propagation path of cracks. At the
same time, it is considered that the distance between adjacent boreholes has an obvious inﬂuence on the interaction
between cracks. Therefore, the distance between the two
phases and the wellbore is another important test parameter.
Due to the inherent heterogeneity of rocks, pores, weak
surfaces, cinders, and diagenetic minerals lead rocks to be
absolutely heterogeneous materials. In the test and numerical calculation of hydraulic fractures, heterogeneity is
another important parameter to be considered.
Bruno and Nakagawa [14] demonstrated the eﬀect of
pore water pressure on the initiation and propagation of
tensile cracks through linear elastic fracture mechanics and
laboratory tests. The crack evolution process is also aﬀected
by the local pore water pressure at the tip, the distribution
of pore water pressure, and the pressure gradient in the
whole range. Based on Griﬃth theory and the maximum
strain energy density method, linear elastic fracture mechanics takes into account the inﬂuence of ﬂuid pressure at
the crack tip, stress intensity factor, and pore water
pressure on the strain energy driving crack propagation
[20]. In addition, the strength theory can also analyze the
crack development to a certain extent. The stress state in
rock is determined by the basic equations of elastoplastic
mechanics. When the eﬀective stress exceeds the tensile
strength at a certain point in the material, the crack will
initiate and expand, and the failure point occurs at the
maximum stress point [21, 22]. Fracture mechanics and
strength theory can help us to know and understand the
principle of hydraulic fracturing, but the analytical solution
derived from the theory is only applicable to some simple
cases. In addition, laboratory test methods bring great
inconvenience to control various test parameters aﬀecting
the behavior of hydraulic fracture propagation, and it is
also very diﬃcult to measure the pore water pressure
caused by crack evolution in the process of heterogeneous
rock fracturing [14].
For some complex problems, the numerical calculation method can be used to better study the complex
mechanical behavior of hydraulic fracturing. In this study,
the two-dimensional rock instability program of RFPAﬂow, considering the coupled ﬂow-stress-damage was
used. Five numerical models are designed to explore the
local and whole pore pressure evolution considering the
heterogeneity of the rock, in situ stress ratio, double-hole
spacing, and pore water pressure gradient. To a certain
extent, the numerical results ﬁll up the insuﬃciency of this
study on hydraulic fracturing with a double-hole model
and provide a basis for laboratory test design and ﬁeld gas
shale development.
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2. Numerical Model and Procedures

(1) Case 1: Consider the case where the double holes in
the model are equal initial water pressures, the increment of water pressure is the same, and the external boundary is a uniform stress ﬁeld (K � 1). In
order to better understand the phenomenon of crack
initiation, propagation, and coalescence caused by
the distribution of pore water pressure, the model of
pore size expansion and deformation is calculated.
(2) Case 2: Model stress distribution, pore water pressure distribution, hydraulic fracture morphology,
crack propagation path, and fracture pressure were
discussed under diﬀerent rock homogeneity
(m � 1.5, 3, 5, 1000).
(3) Case 3: Study the evolution formation of hydraulic
fracture in the double-hole model under diﬀerent
stress ratios (K � 0.5, 1, 0.8, 1.5), discuss the inﬂuence
of compressive stress ﬁeld on pore water pressure in
the overall range, and analyze the evolution law of
crack.
(4) Case 4: The response of hole spacing to hydraulic
fracturing is studied. The value of double-hole
spacing L is 60 mm, 100 mm, 130 mm, and 170 mm,
respectively. The purpose is to explore the inﬂuence

σV
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σH

σH

L

400 mm

The RFPA (realistic fracture process analysis) -Flow numerical code in many literature studies has carried on the
detailed introduction [23, 24], the program considering the
seepage and stress in the process of rock damage to failure
features, and it is based on the consolidation theory of Biot
and modiﬁed eﬀective stress principle of Terzaghi [25]. In
addition, the RFPA method considers the eﬀect of rock
damage on permeability changes before and after rock
failure, and it can describe the nonuniform permeability in
the process of hydraulic fracturing to simulate the fracturing
evolution behaviors. The reliability of this numerical model
has been proved by many scholars [23–25], and its detailed
theory is not introduced in this study.
The calculation model of two-dimensional double-hole
plane strain is shown in Figure 1. The geometric size of the
model is 400 mm × 400 mm, and the whole model is divided
into 220 × 220 � 48,400 units. Two small holes with a diameter of 30 mm were excavated on the horizontal line
through the center of the model. The horizontal stress σ H
and vertical stress σ V are applied on the boundary of the
model, and the stress ratio is expressed as K � σ H/σ V. Hydraulic pressure force was applied inside the edge of the two
holes, and ﬂuid pressure increment Δp is 0.5 MPa, until the
crack propagation is caused by sample macro damage. In
this model, the inﬂuences of rock heterogeneity, hole
spacing, injection rate, and other factors on the evolution
characteristics of hydraulic fractures in the local and global
models were comprehensively considered. The mesoscopic
input parameters of the model are listed in Table 1.
Using the model established in Figure 1, ﬁve numerical
simulators are considered in this study, as below:

ϕ=30 mm

σV

Figure 1: Double-hole model for hydraulic fracturing.

Table 1: The input parameters of the model
Index
Homogeneity (m)
Elastic modulus, E0 (GPa)
Uniaxial compressive strength σ (MPa)
Poisson’s ratio μ
Internal friction (°)
Uniaxial tensile strength σ (MPa)
Permeability coeﬃcient k/m·d−1
Pore pressure coeﬃcient (α)
Coupling eﬃcient, β

Parameters
1.5, 2, 3, 5, 1 000
6
100
0.25
40
10
9×10-3
0.6
0.01

of double-hole spacing on local pore pressure distribution and the inﬂuencing factors driving the
development pattern of hydraulic fracture.
(5) Case 5: Discuss the propagation law of hydraulic
fracture and its inﬂuence on the model rupture and
instability under the condition of asymmetric water
pressure injection in two holes.
The ﬁrst, second, and fourth models are used to analyze the
crack evolution law driven by the local pore water pressure at the
tip of hydraulic fracture. The fourth and ﬁfth models focus on
the inﬂuence of hydraulic pressure gradient on the initiation,
propagation, and coalescence of hydraulic fractures within the
whole testing model. The third and ﬁfth numerical models focus
on the evolution of hydraulic fractures between holes, analyze
the interaction mechanism between two holes, and discuss the
mutual attraction eﬀect of hydraulic fractures.

3. Numerical Results and Analysis
3.1. Hydraulic Fracture Propagation in a Two-Hole Model.
Figure 2 shows the progressive failure process of the twohole model under the condition of constant water pressure

4

Advances in Materials Science and Engineering

Step 30

Step 33

Step 35-5

Step 35-12

Figure 2: Hydraulic fracture evolution of double-wellbore model (m � 2, K � 1).

increment, stress σ h � σ v � 10 MPa, homogeneity m � 2, and
pore pressure increment of 0.5 MPa. When the calculation
reaches 30 hour step, almost no elements around the two
holes are destroyed and there is no sign of crack initiation,
which is the stress accumulation stage. When the calculation
time step reaches 33, the minimum principal stress accumulates to the tensile strength of the material. Sporadic and
scattered microcracks will appear around the two holes. The
number of microcracks is increasing, the microcracks are
distributed in an umbrella shape, and the microcracks accumulate in the middle area of the two holes. When the
calculation time step reaches 35, the model starts to be
unstable. When the rupture stress is 27.5 MPa and the water
pressure reaches the rupture pressure, the crack continues to
expand until the model is destroyed under the condition that
the water pressure of the two holes does not increase.
The propagation direction of the hydraulic fracture in
the left hole (hole 1) is almost horizontal, and the angle
between the propagation direction and the horizontal direction of the hydraulic fracture in the right hole (hole 2) is
about 45°. The hydraulic fractures on both sides of hole 1 and
hole 2 are, respectively, symmetrical to the pressurized hole.
However, due to the interaction between the stress ﬁeld and
the two increasing holes, the propagation length of the
hydraulic fractures in the middle of the two holes is larger
than that in the outside of the two holes. When it reaches the
35-5 time step, the hydraulic fractures near the left and right
pressure holes begin to turn and have a tendency to connect.
When it reaches 35 to 12 hours, the hydraulic fractures
between the two holes are completely connected in the
horizontal direction, which is parallel to the direction of the
maximum horizontal principal stress. The calculation model
shows that the distribution of pore water pressure has a great
inﬂuence on the initiation, propagation, and coalescence of
cracks, and the coalescence of cracks between double holes is
attributed to the distribution of pore water pressure between
pores.
For the convenience of comparison and illustration, the
hydraulic fracturing calculation of the single-hole model was
carried out at the same time. A small hole with a diameter of
30 mm was excavated in the center of the model. The
strength distribution, boundary conditions, and pore
pressure increment of the meso-unit were consistent with
those in the double-hole model. Before the 34 h step of the
single-hole model, there is no damage within the element.

When the calculation reaches the 39 h step (the rupture
pressure is 29.5 MPa), the model becomes unstable (Figure 3). The fracture pressure of the single-hole model is
greater than that of the double-hole model, which is more
prone to instability and failure due to the inﬂuence of pore
water pressure between pores.
In the case of increasing water pressure, there is still an
important characteristic pressure, namely, the initiation
pressure, before the model reaches the rupture pressure.
Crack initiation pressure corresponds to the inﬂection
point from the straight line to the curve on the pressuretime curve. Andreev et al. [25] determined the crack initiation stress by observing the expansion of pore size in
diﬀerent directions. Cracking initiation stress can be
monitored by acoustic emission (AE) [23]. Some scholars
also believe that the fracture initiation stress corresponds to
the pressure value when the rate of increase of borehole
water pressure reaches the maximum value. Here, the
aperture expansion and acoustic emission monitoring are
used to determine the value. Figures 4 and 5 show the
relationship between acoustic emission and aperture increment and pressure in the process of increasing borehole
pressure. Due to the inﬂuence of the pore water pressure
between the two pores, the initiation pressure of the singlehole model is greater than that of the double-hole model. At
the same time, the crack initiation pressure of hole 1 is less
than that of hole 2 due to the inﬂuence of material
heterogeneity.
3.2. Eﬀect of Rock Homogeneity on Hydraulic Fracture
Propagation. Figure 6 shows the calculation result of case 2.
The values of homogeneity were 1.5, 3, 5, and 1 000, the
stress ratio was K � 1, and the double-hole spacing was
130 mm. The increment of water pressure in the hole is the
same as in case 1. For strong heterogeneity of rock material
(m � 1.5), the expansion path of crack is the longest, the
cracks at both sides of hole 1 and 2 are asymmetric, and a
large number of branch cracks form at the hydraulic
fracture tip. This eventually leads to the formation of two
main hydraulic fractures in a horizontal well. With the
decrease in heterogeneity (i.e., m value increases), the
number of microcracks distributed around the hole becomes less and less. For homogeneous rock materials
(m � 1,000), almost no microcracks were observed, and the
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Figure 3: Hydraulic fracture evolution of single-wellbore model (m � 2, K � 1).
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Figure 4: Relationship between hydraulic pressure increment and AE and radius increment for the single-wellbore model.
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Figure 5: Relationship between hydraulic pressure increment and
AE and radius increment for the double-wellbore model.

damage and fracture were conﬁned to two hydraulic
fractures. The hydraulic fractures extended little and were
ﬂat and smooth, developing in a symmetrical shape.

In conclusion, due to the existence of rock heterogeneity,
hydraulic fractures always choose the path of least resistance
to propagate, which depends on the statistical distribution of
strength characteristics, resulting in irregularities of hydraulic fracture path. According to the theory of fracture
mechanics, it is considered that a large number of microcracks are developed at the crack tip for heterogeneous rock.
For homogeneous materials, the tip forms a plastic zone,
which is again conﬁrmed by the calculation results in
Figure 6.
Driven by the local pore water pressure at the tip, the
hydraulic fractures continue to initiate, expand, and connect. When the rock homogeneity is diﬀerent, the distribution of pore water pressure along the horizontal line
through the double-hole core is shown in Figure 7. The pore
water pressure is the largest around the two holes and decreases when it is far away from the hole edge. Moreover, it
can be found that the decrease in pore water pressure between holes is less than that on both sides of hole 1 and hole
2, and the higher pore water pressure is distributed in the
middle of the double holes, so the propagation of hydraulic
fracture between holes is stronger than that on the left side of
hole 1 and right side of hole 2.
The distribution of pore water pressure is independent of
rock homogeneity because the water pressure is pumped
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Figure 6: Morphology of hydraulic fractures with diﬀerent homogeneity index (K � 1, L � 130 mm).
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Figure 7: Pore pressure distribution along the wellbore center.

into the inner wall of the hole in all the calculation models.
The pore pressure distribution of several homogeneity
models is basically the same. Figure 8 shows the distribution
of eﬀective stress along with the cross-hole core proﬁle when
the homogeneity coeﬃcient is 1.5, 5, and 1,000. It can be seen
that when the heterogeneity of rock is strong (m � 1.5), due
to the great mechanical diﬀerence of mesoscopic elements in
the model, the stress curve ﬂuctuations and jumps are more
obvious. With the increase in homogeneity, the ﬂuctuation
decreases gradually. When the homogeneity is 1,000, the
distribution of the eﬀective maximum and minimum
stresses is smooth and linear. In addition, the stress of the
heterogeneous rock ﬂuctuates on both sides of the stress
curve of the homogeneous sample, and the average stress of
the heterogeneous rock is basically the same as that of the
homogeneous sample. It can be seen from Figure 8 that the
greater the degree of homogeneity, the closer the eﬀective
minimum principal stress around the two holes, and the
eﬀective stress of homogeneous material is completely
symmetrical to the two injection holes. In the center of the
connection between two holes, the local eﬀective minimum
principal stress is the largest and gradually decreases as it

Stress distribution between two hole
24750
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m=1.5
m=5

24800

24850
24900
Element id

24950

25000

m=5
m=1000
m=1000

Figure 8: Eﬀective minimum principal stress distribution along the
wellbore center.

approaches the hole wall, which is also the reason why the
tensile hydraulic fracture runs through the area between
holes and is parallel to the horizontal stress.
3.3. Eﬀect of Stress Ratio on Hydraulic Fracture Propagation.
Figure 9 shows the calculation results of Scenario 3. The
homogeneity of the model is 2, and the spacing between
double holes is 130 mm. The evolution characteristics of
hydraulic fractures are simulated when K is 0.5, 0.8, 1.5, and
2.0. When K � 0.5, the stress diﬀerence is the largest, and the
vertical tensile crack develops along the direction of σV. Due
to the strong heterogeneity of this model (m � 2), the crack
development of the two holes is not symmetrical, the crack
extension length of the left hole is larger than that of the right
hole, and there is no horizontal crack at this time. When
K � 0.8, horizontal cracks gradually appeared in the right
hole, and the two vertical cracks on the outside of the right
hole deviated upward to the right, showing a tendency to
develop in the horizontal direction. The results show that the
development of hydraulic fracture is not only aﬀected by the

Advances in Materials Science and Engineering

K=0.5

K=0.8

7

K=1.5

K=2.0

Figure 9: Morphology of hydraulic fractures with diﬀerent stress ratio (m � 2, L � 130 mm).

natural stress ﬁeld but also restricted by the stress ﬁeld and
hole spacing.
When K < 1, the natural stress ﬁeld and the distance
between holes have similar eﬀects on the crack propagation,
and the crack propagation direction may be ultimately affected by the homogeneity of the rock medium. When
K � 1.5, both horizontal crack and inclined crack appear near
hole 1. However, due to the inﬂuence of hole 2, the crack
ﬁnally propagates along the horizontal direction, and the
crack propagation along the horizontal direction is dominant. When K � 2.0, the maximum principal stress is in the
horizontal direction, and only the horizontal hydraulic
fracture initiation, propagation, and connection occur in
hole 1 and hole 2. This situation also shows that in the strong
anisotropic stress ﬁeld, the stress ﬁeld controls the growth of
the hydraulic fracture, and the interaction between the two
holes cannot be ignored.
3.4. Eﬀect of Hole Spacing on Hydraulic Fracture Propagation.
Figure 10 shows the calculation results of Scenario 4. The
homogeneity of the model m � 2 and stress ratio K � 1 were
calculated to investigate the inﬂuence of diﬀerent doublehole spacing on crack development. The initial pore pressure
of the two holes is 10 MPa, and the pore pressure increment
is 0.5 MPa. When the distance between the two holes is
relatively close (L � 60 mm), three hydraulic fractures develop around hole 1 and hole 2, respectively, and the direction of hydraulic fractures is neither horizontal nor
vertical, which indicates that the initiation and propagation
of hydraulic fractures are aﬀected by stress ﬁeld and pore
pressure at the same time when the two holes are close
together.
With the increase in hole spacing, the interaction
between the two holes becomes weaker. When the hole
spacing is 90 mm, two vertical cracks appear in hole 1,
while three hydraulic fractures appear in hole 2. Under
the inﬂuence of hole 1, one horizontal crack develops.
When the hole spacing increases to 130 mm, two vertical
cracks develop in both holes, and no horizontal cracks
appear. When the hole spacing reaches a maximum of
160 mm, only two vertical cracks develop in hole 2, and
there is no hydraulic fracture initiation around hole 1.
The results show that with the increase in hole spacing,
the inﬂuence on the hydraulic fracture becomes weak.

When the hole spacing is greater than 5 times the diameter, the development of hydraulic fracture between
holes will not be aﬀected by the pore water pressure of
double holes. Geertsma and Detournay believed that the
increase in compressive stress ﬁeld would increase the
pore water pressure and thus resist the generation of
hydraulic fracture. It can be seen from the calculation
results in this section that for the double-hole model, the
factors that resist the formation of hydraulic fracture also
include the distance between the two holes.
3.5. Eﬀect of Initial Hydraulic Pressure on Hydraulic Fracture
Propagation. Figure 11 plots the calculation results of case 5.
The model considers the eﬀect of pore pressure gradient on
crack growth, where the homogeneity m � 2 and the stress
ratio K � 1. The initial pore pressure of hole 1 is 10 MPa, and
the initial pore pressure of hole 2 is 13 MPa, 15 MPa, and
17 MPa, respectively. The pressure increment in the two
holes is 0.5 MPa, so the pressure diﬀerence between the two
holes is guaranteed to be equal in each calculation time step.
The results show that the crack starts from the hole with high
pore pressure (hole 2) and propagates to the hole with low
pore pressure (hole 1) with an increase in pore pressure
diﬀerence. When the model fracture stress is reached, no
crack initiation is observed around hole 1 due to the small
initial pressure. The simulation results are consistent with
the experimental results of Bruno et al., indicating the
tendency of hydraulic fracture propagation from high pore
pressure to low pore pressure under hydraulic gradient
conditions.
The relationship between the critical pressure and the
initial pressure diﬀerence of the double hole is shown in
Figure 12. Both the crack initiation pressure and the fracture
pressure in the model have a good linear relationship with
the pressure diﬀerence. The fracture pressure and initiation
pressure of the model decrease gradually with the increase in
pressure diﬀerence.
In order to further explore the inﬂuence of the eﬀect
of the global pore water pressure on the crack evolution of
the model, the distribution of eﬀective stress and pore
water pressure in the cross-hole proﬁle is shown in
Figures 13 and 14, respectively. Due to the existence of
the pressure gradient in the double hole, the distribution
of the minimum principal stress in the two holes is not
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L=60 mm

L=90 mm

L=130 mm

L=160 mm

Figure 10: Morphology of hydraulic fractures with diﬀerent wellbore spacing (m � 2, K � 1).

(a)

(b)

(c)

(d)

Figure 11: Numerically simulated failure evolution of two wellbores due to unequal hydraulic pressures in left hole and right hole (m � 2,
K � 1, and L � 130 mm). (a) The initial pore pressure of holes 1 and 2 is 10 MPa, and the incremental pore pressure is 0.5 MPa. (b) The initial
pore pressure of holes 1 and 2 is 10 and 13 MPa, and the incremental pore pressure is 0.5 MPa. (c) The initial pore pressure of holes 1 and 2 is
10 and 15 MPa, and the incremental pore pressure is 0.5 MPa. (d) The initial pore pressure of holes 1 and 2 is 10 and 17 MPa, and the
incremental pore pressure is 0.5 MPa.
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Figure 13: Eﬀective minimum principal stress distributions along
the wellbore center.

symmetrical. In the middle region of the double hole, the
accumulation rate of the eﬀective minimum principal
stress in hole 2 is higher than that in hole 1. When the
tensile stress exceeds rock tensile strength the hydraulic
fracture initiates at hole 2 and expands toward hole 1. It
can also be seen from the distribution curve of pore water
pressure that with the increase in pore pressure gradient,
the pore water pressure around pore 2 is obviously larger
than that around pore 1, and it gradually decreases with
the increase in the distance from the pore 2. The existence
of high pore pressure zone between the two holes leads to
the development of hydraulic fractures more dramatically
than that on both sides of the pore.
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Initial hydraulic pressure 17 MPa

Figure 14: Pore pressure distribution along the wellbore center.

4. Discussion
In this study, the evolution of hydraulic fracture in a twohole model was numerically investigated using a coupled
ﬂow-stress-damage model. The eﬀects of rock homogeneity,
stress ratio, hole spacing, and hydraulic pressure gradient
were investigated. The characteristics of hydraulic fracture
propagation in the two-hole model are the classical issue of
stress shadow. The results of this study are diﬀerent from
that of pre-existing studies, and the homogeneity of rock was
ﬁrst considered in the two-hole model fracturing. Although
the stress disturbance on rock fracturing has been revealed
[18, 26], however, a numerical model considering disturbed
stress on hydraulic fracture propagation is not common. It is
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accepted by many scholars that the shale formation is disturbed by the frequent injection of high-pressure ﬂuids; this
is to say, the pore pressure in the shale formation is impacted
by the dynamic stress disturbance. In this study, the disturbance caused by the stress ratio is considered, and in
further studies, the inﬂuence of disturbed loads, such as
cyclic injection loads and vibration loads, should be added to
the model.

5. Conclusions
In this study, the evolution of hydraulic fractures under local
and global pore water pressures in a two-hole model is
investigated numerically. Five kinds of numerical simulators
are designed, considering the factors such as rock heterogeneity, natural stress ratio, double-hole spacing, and pore
pressure gradient. The fracture evolution morphology, stress
distribution, pore water pressure distribution, and critical
pressure fraction of the ﬁve models were analyzed, and the
main conclusions are summarized as below:
(1) Under the condition of constant initial water pressure, compared with the single-hole model, the twohole model is more prone to instability failure due to
the inﬂuence of pore water pressure. Under the
action of local pore water pressure at the crack tip,
the interaction between the two holes is more obvious, and the fracture propagation length between
the two holes is larger than that outside the two
holes. When the pore pressure gradient is considered, the hydraulic fracture starts in the well with
high initial pore pressure, and the crack mainly
propagates in the middle region of the two holes
under the inﬂuence of the “attraction eﬀect” of the
two holes.
(2) Due to the diﬀerential heterogeneity of the rock
model, the eﬀective stress curves of the two-hole
model have diﬀerent shapes. With the increase in
homogeneity, the stress curve becomes ﬂatter,
continuous, and smooth. Under the action of local
pore pressure, the number and morphology of
microcracks at the hydraulic fracture tip decrease
with the increase in rock homogeneity. When the
rock is homogeneous, the plastic zone is developed at
the fracture tip, and no microcracks are observed.
(3) It is shown that the overall stress ratio of diﬀerent
natural pore pressure impacts the performance in the
formation of crack development. The number of
cracks decreases with the increase in pressure ratio,
and fracture propagation path also occurs. The numerical results suggest that the increase in pore water
pressure caused by the in situ stress ﬁeld in an overall
scope will resist the propagation of hydraulic
fracture.
(4) For the double-hole model, the double-hole spacing
is another important factor aﬀecting the crack
evolution. The results show that the pore water
pressure between the two pores has an obvious eﬀect

on the fracture development when the distance is less
than 5 times the hole diameter, and the crack is
perpendicular to the maximum principal stress.
When the distance is greater than 5 times the diameter, the pore water pressure between the two
pores has almost no eﬀect on the fracture evolution.
However, it should be pointed out that the determination of the critical distance of double-hole inﬂuence may also be related to rock homogeneity. The
5-time hole spacing is obtained when rock homogeneity is 2, and the relationship between the homogeneity and the critical inﬂuence distance should
be studied in further studies.
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[8] Z. Song, T. Frühwirt, and H. Konietzky, “Inhomogeneous
mechanical behaviour of concrete subjected to monotonic

Advances in Materials Science and Engineering

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

and cyclic loading,” International Journal of Fatigue, vol. 132,
Article ID 105383, 2020.
M. Felsenthal and H. H. Ferrell, “Fracturing gradients in
waterﬂoods of low-permeability, partially depleted zones,”
Journal of Petroleum Technology, vol. 23, no. 7, pp. 27–730,
1971.
J. Geertsma, “Some rock-mechanical aspects of oil and gas
well completions,” Society of Petroleum Engineers Journal,
vol. 25, no. 6, pp. 848–856, 1985.
Y. Wang, B. Zhang, B. Li, and C. H. Li, “A strain-based fatigue
damage model for naturally fractured marble subjected to
freeze-thaw and uniaxial cyclic loads,” International Journal of
Damage Mechanics, vol. 30, no. 10, pp. 1594–1616, 2021.
G. E. King, “Thirty years of gas shale fracturing: what have we
learned?” in Proceedings of the SPE Annual Technical Conference and Exhibition, Article ID 133456, Florence, Italy,
September 2010.
M. P. Cleary, “Rate and structure sensitivity in hydraulic
fracturing of ﬂuid-saturated porous formations,” in Proceedings of the 20th U.S. Rock Mech. Symp, Austin, TX, June
1979.
E. Detournay, J. D. Melennan, and J. C. Roegiers, “Poroelastic
concepts explain some of the hydraulic fracturing mechanisms,” in Proceedings of the SPE paper 15262 presented at the
Unconventional Gas Technol, Symp of the SPE, Louisvile,
Kentucky, May 1986.
M. S. Bruno and F. M. Nakagawa, “Pore pressure inﬂuence on
tensile fracture propagation in sedimentary rock,” International Journal of Rock Mechanics and Mining Science &
Geomechanics Abstracts, vol. 28, no. 4, pp. 261–273, 1991.
Y. Wang, X. Li, B. Zhang, and Z. Zhao, “Optimization of
multiple hydraulically fractured factors to maximize the
stimulated reservoir volume in silty laminated shale formation, Southeastern Ordos Basin, China,” Journal of Petroleum
Science and Engineering, vol. 145, pp. 370–381, 2016.
Z. Song, Y. Wang, H. Konietzky, and X. Cai, “Mechanical
behavior of marble exposed to freeze-thaw-fatigue loading,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 138, Article ID 104648, 2021.
Y. Wang, W. K. Feng, R. L. Hu, and C. H. Li, “Fracture
evolution and energy characteristics during marble failure
under triaxial fatigue cyclic and conﬁning pressure unloading
(FC-CPU) conditions,” Rock Mechanics and Rock Engineering, vol. 54, no. 2, pp. 799–818, 2020.
Y. Wang, J. Q. Han, Z. Y. Song, and C. Zhu, “Macro-meso
failure behavior of pre-ﬂawed hollow-cylinder granite under
multi-level cyclic loads: insights from acoustic emission and
post-test CT scanning,” Engineering Fracture Mechanics,
vol. 258, Article ID 108074, 2021.
N. R. Warpinski and L. W. Teufel, “Inﬂuence of geologic
discontinuities on hydraulic fracture propagation,” Journal of
Petroleum Technology, vol. 39, no. 2, pp. 209–220, 1987.
J. C. Jaeger and N. G. W. Cook, “Pinching-oﬀ and disking of
rocks,” Journal of Geophysical Research, vol. 68, no. 6,
pp. 1759–1765, 1963.
M. S. Wang and F. M. Nakagawa, “Pore pressure inﬂuence on
tensile fracture propagation in sedimentary rock,” International Journal of Rock Mechanics and Mining Sciences, vol. 28,
no. 4, pp. 261–273, 1991.
C. A. Tang, L. G. Tham, P. K. K. Lee, T. H. Yang, and L. C. Li,
“Coupled analysis of ﬂow, stress and damage (FSD) in rock
failure,” International Journal of Rock Mechanics and Mining
Sciences, vol. 39, no. 4, pp. 477–489, 2002.

11
[24] J. C. Jaeger and N. G. W. Cook, Fundamentals of Rock
Mechanics, John Wiley & Sons, New York, Third edition,
1979.
[25] C. L. Cipolla, E. P. Lolon, and M. J. Mayerhofer, “Reservoir
modeling and production evaluation in shale-gas reservoirs,”
in Proceedings of theThe International Petroleum Technology
Conference, pp. 7–9, Doha, Qatar, December 2009.
[26] Z. Song, H. Konietzky, and M. Herbst, “Bonded-particle
model-based simulation of artiﬁcial rock subjected to cyclic
loading,” Acta Geotechnica, vol. 14, no. 4, pp. 955–971, 2019.

