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According to the theory of plane mechanics involving the interaction of hydraulic and natural fractures, the law of hydraulic
fracture propagation under the inﬂuence of natural fractures is veriﬁed using theoretical analysis and RFPA2D-Flow numerical
simulation approaches. The shear and tensile failure mechanisms of rock are simultaneously considered. Furthermore, the
eﬀects of the approach angle, principal stress diﬀerence, tensile strength and length of the natural fracture, and elastic modulus
and Poisson’s ratio of the reservoir on the propagation law of a hydraulic fracture are investigated. The following results are
obtained: (1) The numerical results agree with the experimental data, indicating that the RFPA2D-Flow software can be used to
examine the hydraulic fracture propagation process under the action of natural fractures. (2) In the case of a low principal stress
diﬀerence and low approach angle, the hydraulic fracture likely causes shear failure along the tip of the natural fracture.
However, under a high stress diﬀerence and high approach angle, the hydraulic fracture spreads directly through the natural
fracture along the original direction. (3) When natural fractures with a low tensile strength encounter hydraulic fractures, the
hydraulic fractures likely deviate and expand along the natural fractures. However, in the case of natural fractures with a high
tensile strength, the natural fracture surface is closed, and the hydraulic fracture directly passes through the natural fracture,
propagating along the direction of the maximum principal stress. (4) Under the same principal stress diﬀerence, a longer natural
fracture corresponds to the easier initiation and expansion of a hydraulic fracture from the tip of the natural fracture. However,
when the size of the natural fracture is small, the hydraulic fracture tends to propagate directly through the natural fracture. (5)
A smaller elastic modulus and larger Poisson’s ratio of the reservoir result in a larger fracture initiation pressure. The presented
ﬁndings can provide theoretical guidance regarding the hydraulic fracturing of reservoirs with natural fractures.

1. Introduction
In recent years, hydraulic fracturing has been widely used in the
engineering practices of petroleum, natural gas, shale gas, and
coal mining [1–5]. The propagation of hydraulic fractures plays
a key role in the optimisation of hydraulic fracture design and
represents a challenging problem corresponding to the theoretical study of hydraulic fractures [6–9]. However, in the case of
fractured reservoirs, the presence of natural fractures can
change the path of the hydraulic fracture propagation, leading

to the formation of a complicated fracture propagation system
with multibranch fractures, which increases the complexity of
the hydraulic fracture network[10, 11]. Therefore, the accurate
prediction and control of the hydraulic fracture morphology in
fractured reservoirs is critical to improve the oil and gas production in fractured reservoirs [12–16].
Results of numerical simulation and experimental testing
have indicated that the horizontal principal stress diﬀerence
and approach angle corresponding to the hydraulic and natural fractures are the main factors aﬀecting the trends of
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hydraulic fractures [17–20]. Rahman et al. suggested that
under a low approach angle and low stress diﬀerence, a
hydraulic fracture could be easily captured, and the natural
fracture could open to divert part of the fracturing ﬂuid,
thereby preventing the further expansion of the hydraulic
fracture. For an intermediate approach angle, the natural
fracture was open, and the passing of the hydraulic fracture
through the natural fracture depended on the stress diﬀerence. Under a low stress diﬀerence, only the natural fractures
opened. However, under a high stress diﬀerence, the hydraulic fractures penetrated the natural fractures. In the case of a
high approach angle, the hydraulic fractures always penetrated the natural fractures, regardless of the magnitude of
the stress diﬀerence. Moreover, Rahman and Rahman indicated that the change in the pore water pressure did not
directly inﬂuence the interaction between hydraulic and natural fractures; this change only accelerated the resteering
stress when the hydraulic fracture penetrated the natural
fracture, and the pore water pressure inﬂuenced the distribution of the water stress in the natural fracture[21]. In the
existing calculation model, the mechanical properties of natural fractures are not considered. Moreover, the hydraulic fractures passing through or captured by the natural fractures are
identiﬁed by assuming that the friction coeﬃcient of the natural fractures is constant. In contrast, the mechanical strength
of natural fractures considerably inﬂuences the extension
behaviour of hydraulic fractures [22, 23]. A mutual interference occurs between the hydraulic and natural fractures, and
the natural fractures are prone to shear failure. Speciﬁcally,
natural fractures inﬂate under the action of water pressure,
resulting in a large amount of ﬂuid loss in the natural fractures
[24, 25]. Considering the impact of natural fractures on
hydraulic fractures, several studies have been undertaken.
However, several aspects such as whether the direction of
expansion of hydraulic fractures changes under the action of
natural fractures and the mechanism of change in the fracture
propagation path have not been eﬀectively addressed [26].
The equivalent plane model is one kind of the equivalent
models. With the help of the equivalent plane model in this
paper, the actual process is transformed and abstracted into
an equivalent, simple, and easy mathematical model, which is
convenient for theoretical analysis. In this study, an equivalent
plane model of hydraulic and natural fractures is established by
combining the stress-seepage theory with seepage-damage
mechanics. Moreover, the mechanisms of shear fractures and
tensile failure are considered. The RFPA2D-Flow software is
used to examine the mechanism of hydraulic fracture propagation under the action of natural fractures. Furthermore, the
trends of the hydraulic fracture propagation under the action
of the approach angle, principal stress diﬀerence, tensile
strength, and length of the natural fracture are clariﬁed.
These ﬁndings not only help improve the established theory
of hydraulic fracture networks but also provide theoretical
support for engineering practices, such as the optimization of
the arrangement of ﬁeld fracturing boreholes, minimization
of the interference of natural fractures in the expansion of
hydraulic fractures, eﬀective enhancement of the increase in
permeability owing to the hydraulic fractures, and the development of hydraulic fractures in a fractured reservoir.
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2. Plane Model and Propagation Mechanism of
the Intersection of Hydraulic and
Natural Fractures
2.1. Plane Model of Intersection of Hydraulic and Natural
Fractures. The inﬂuence of the natural fractures on hydraulic
fracture propagation depends on the position of the natural
fractures. When a hydraulic fracture meets a natural fracture
located near a borehole, the natural fracture gradually
expands as the ﬂuid pressure is higher than the normal stress
acting on the surface of the natural fracture. The following 4
situations may occur during the continuous expansion of
the hydraulic fracture: (1) When the natural fracture is
in the closed state, shear failure occurs at the intersection
(Figure 1(a)). Even if the path of the hydraulic fracture propagation is not aﬀected in this case, a considerable loss of the
fracturing ﬂuid occurs. (2) The natural fracture is penetrated
by the hydraulic fracture in a closed state (Figure 1(b)). (3)
After the expansion of the natural fracture, the hydraulic
fracture penetrates the natural fracture at their intersection
point and continues to expand along the original direction
(Figure 1(c)). (4) The hydraulic fracture expands from one
end of the natural fracture and deviates. This phenomenon
occurs because the hydraulic fracture propagates along the
strike of the inﬂated natural fracture, and the hydraulic fracture later propagates in a direction perpendicular to the minimum principal stress (Figure 1(d)). The plane model of the
intersection of hydraulic and natural fractures is shown in
Figure 1.
2.2. Propagation Mechanism of the Intersection of Hydraulic
and Natural Fractures. According to the relevant theories of
hydraulic fracture propagation, the main hydraulic fracture
of coal and rock mass expands in the direction perpendicular
to the minimum horizontal principal stress after its initiation.
When the hydraulic fracture propagates along the direction
of the maximum horizontal principal stress, it intersects with
a natural fracture. In Figure 2, the approach angle θ is the
angle of intersection between the hydraulic and natural fractures. σ1 and σ3 denote the maximum and minimum horizontal principal stresses, respectively.
2.2.1. Hydraulic Fractures Penetrate the Natural Fractures
Directly. When a hydraulic fracture intersects a natural fracture, the natural fracture does not inﬂate if the ﬂuid pressure
at the tip of the hydraulic fracture is less than the normal
stress σn acting on the surface of the natural fracture. The
hydraulic fracture in this case directly passes through the natural fracture and extends along the direction of the maximum horizontal principal stress. At this time, the ﬂuid
pressure in the hydraulic fracture can be expressed as follows
[27, 28].
τ + σt < p,

ð1Þ

where τ is the component of the shear stress on the natural
fracture under the far-ﬁeld stress, σt is the tensile strength
of the natural fracture, and p is the water pressure in the
hydraulic fracture.
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Figure 1: Plane models demonstrating the intersection of hydraulic and natural fractures. (a) Hydraulic fracture propagation when shear
fracture occurs in the natural fracture. (b) Hydraulic fracture penetrates the natural fracture in the closed state directly. (c) Hydraulic
fracture penetrates the natural fracture. (d) Hydraulic fracture expands from one end of the natural fracture.

According to the results of Blanton’s research, the shear
stress in Equation (1) can be expressed as follows [29, 30]:
τ = p + ðσ1 − σ3 Þðcos 2θ − b sin 2θÞ,

By substituting Equation (2) into Equation (1), Equation
(4) can be obtained to evaluate whether the hydraulic fracture
directly passes through the natural fracture.

ð2Þ
σ1 − σ3
1
:
>
cos 2θ − b sin 2θ
σt0
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"
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,
+ a ln
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ð3Þ

where a is the relative sliding length of the natural fracture
and l is the length of the natural fracture.

ð4Þ

When Equation (4) is satisﬁed, the fracture directly
passes through the natural fracture and propagates along
the original direction. Moreover, Equation (4) indicates that
the passing of the hydraulic fracture through the natural fracture is inﬂuenced by the principle stress diﬀerence △σ
(△σ = σ1‐σ3), approach angle θ, tensile strength σt , and
length l of the natural fracture, among other factors.
2.2.2. Hydraulic Fracture Propagates along the Natural
Fracture. Considering the ground stress ﬁeld and the orientation of the natural fractures shown in Figure 2, the normal
stress σn and shear stress τ acting on the natural fracture surface can be obtained using a two-dimensional stress solution,
which can be expressed as follows [31].
σn =

σ1 + σ3 σ1 − σ3
+
cos 2ð90 − θÞ,
2
2

ð5Þ
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σ1 − σ3
sin 2ð90 − θÞ:
2

ð6Þ

When the shear stress acting on the natural fracture surface is greater than the shear strength of the natural fracture
surface, shear failure occurs in the natural fracture [32].
According to the linear friction theory, the mathematical
condition under which this shear failure occurs is as follows
[33, 34].
∣τ∣ > C0 + K f ðσn − pÞ,

Outspread hydraulic fracture

𝜎1

𝜎3

Figure 2: Plane model of a hydraulic fracture intersecting a natural
fracture.

ð7Þ

𝜎3

where C 0 is the cohesion of the natural fracture and K f is the
friction coeﬃcient of the natural fracture surface.
By substituting Equations (5) and (6) into Equation (7),
the following expression can be obtained:


0.3 m

𝜎1



ðσ1 − σ3 Þ sin 2θ + K f cos 2θ − K f ðσ1 + σ3 − 2pÞ > 2C0 :

Natural fracture
𝜃
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A

C

𝜃

B

D

𝜎1

ð8Þ
The ﬂuid pressure in the natural fracture surface must be
lower than the normal stress acting on the natural fracture
surface; otherwise, the fracture is opened, that is, the ﬂuid
pressure satisﬁes the following relation:
p<

σ1 + σ3 σ1 − σ3
+
cos 2ð90 − θÞ:
2
2

ð9Þ

According to the theory of fracture propagation, the Grifﬁth linear fracture propagation requires the minimum ﬂuid
pressure. Assuming that the fracture is a Griﬃth fracture,
the water pressure at the tip of the hydraulic fracture can be
expressed as follows:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Eγ
p = σ3 +
,
πLð1 − μ2 Þ

ð10Þ

where E is the elastic modulus of the reservoir rock, γ is the
surface energy per unit area of the reservoir rock, L is the half
length of the Griﬃth fracture, and μ is the Poisson’s ratio of
the reservoir rock.
Hence, the following expression can be obtained:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2c − 2K f 2Eγ/ðπLð1 − v2 ÞÞ
σ1 − σ3 >
:
sin 2θ − K f + K f cos 2θ

ð11Þ

According to Equation (11), when hydraulic fractures
encounter natural fractures, the factors that determine
whether the hydraulic fractures can extend along the natural
fractures include the horizontal principal stress diﬀerence
△σ, approach angle θ, length of the natural fracture l, friction
coeﬃcient K f , elastic modulus of the rock mass E, and Poisson’s ratio μ.

𝜎3

Figure 3: Geometric model.

3. Verification of Simulation Results of
Hydraulic Fracture Propagation under the
Influence of Natural Fractures
3.1. Geometric Model. In this paper, RFPA2D-Flow software, a
seepage-stress coupling analysis system for rock fracture
instability, is used to analyze the interaction mechanism
between natural fractures and hydraulic fractures based on
the damage mechanics theory, in which both tensile and
shear failure criteria of the rock are chosen[35, 36]. In this
numerical simulation, a two-dimensional plane stress model
(Figure 3) sized 0:5 m × 0:5 m is adopted. All the boundaries
are impermeable and constrained by the conﬁning pressure.
Both the bottom and left boundaries are ﬁxed. The centre
of the borehole with a diameter of 0.02 m coincides with
the centre of the model. The model is divided into 300 ×
300 cells. Cracks AB and CD are arranged in advance at equal
distances on the left and right sides of the borehole, respectively. The lengths and widths of the two preexisting cracks
are, respectively, 0.04 m and 0.002 m. The tensile strength
of the two preexisting cracks is 6.5 MPa, and the internal friction angle is 30°. The maximum principal stress σ1 in the horizontal direction is 10 MPa, and the minimum principal
stress σ3 in the vertical direction is 5 MPa. The initial water
pressure applied in the borehole is 0 MPa, and the step increment is 0.5 MPa.
3.2. Parameter Selection. To ensure that the numerical calculation can more closely simulate the real physical experiment,
the actual physical parameters of the experimental sample
are adopted in the numerical simulation as much as possible.
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Table 1: Parameters used in the numerical simulation.

Parameter

Value and unit

Parameter

Value and unit

Tensile strength σt

6.5/10.5 MPa

Internal friction angle

30°

Elastic modulus E

50 GPa

Residual strength

0.1%

10

Pore water pressure coeﬃcient

0.1

0.000864 m/d

Maximum compression strain coeﬃcient

200

1.5

0.5 MPa
45/90°

Compression tension ratio
Permeability coeﬃcient k
Maximum tension strain coeﬃcient
Initial water pressure pw0

0 MPa

Water increment △pw for each step
Vertical principle stress σ1

Horizontal principle stress σ1

10 MPa

Approach angle θ

The relevant parameters utilized in this numerical simulation
are presented in Table 1. Parameters such as compressiveness, tension strength, elastic module, and Poisson’s ratio
can be determined based on the experimental test. The permeability can be calculated by the laboratory experiment.
Before water is poured into the fracturing borehole, there is
no water pressure. Therefore, the initial water pressure is
0 MPa.
3.3. Propagation of Hydraulic Fractures under the Inﬂuence of
Natural Fractures. Figure 4 indicates that (1) the hydraulic
fracture penetrates the natural fracture from one end and
passes through the natural fracture. Subsequently, the
hydraulic fracture continues to extend along the other end
of the natural fracture. In other words, the hydraulic fracture
completely extends along the natural fracture, as shown in
Figure 4(a). (2) When the hydraulic fracture encounters the
natural fracture, it does not deviate and expand along the
natural fracture but directly penetrates the natural fracture
and continues to expand along the direction of the maximum
horizontal stress, as shown in Figure 4(b). (3) When the
hydraulic fracture encounters the natural fracture, the left
hydraulic fracture deviates; after this fracture expands from
one end of the natural fracture, it eventually propagates along
the direction of the maximum principle stress. However, the
right hydraulic fracture directly penetrates the natural fracture, as shown in Figure 4(c).
The numerical results indicate that the hydraulic fracture
can propagate via three paths under the action of natural
fractures. (1) The hydraulic fracture extends completely
along the natural fracture. The fractures are generated
around the natural fracture, and their expansion is not evident. (2) The hydraulic fracture penetrates the natural fracture and expands along the original direction. The length of
the generated hydraulic fracture is considerably larger than
that of the natural fracture; however, few short fractures are
present around the natural fracture. (3) The hydraulic fracture propagates through and along the natural fracture
simultaneously, including cases (1) and (2), resulting in a
larger number of fractures and a wider distribution range.
These three cases are consistent with the theoretical plane
model of the intersection of the hydraulic and natural fractures. In the exploitation of oil and gas resources, the third
case leads to the formation of a hydraulic fracture network
and can reduce the engineering quantity, thereby improving
the exploitation eﬃciency of the oil and gas resources.

5 MPa

Renshaw and Pollard et al. examined the critical
approach angle of a hydraulic fracture passing through a
natural fracture under diﬀerent stress conditions by conducting a physical experiment and obtained the critical
curve of the hydraulic fracture passing through the natural
fracture (black solid line in Figure 5)[37]. The Renshaw
and Pollard criterion can be used to predict the results of
the interaction of the hydraulic and natural fractures. A
comparison of the numerical results, indicated by the red
stars and blue dots in Figure 5, and the experimental results
obtained by Renshaw and Pollard et al. indicate that the
numerical results are in agreement with the Renshaw and
Pollard criterion. In other words, the numerical results are
consistent with the experimental results.

4. Influence of Natural Fractures on the
Hydraulic Fracture Propagation
The homogeneity, size, number of cells, borehole aperture,
and basic mechanical parameters of the model were kept
unchanged, and the single variable method was used to
examine the inﬂuence of the approach angle, principle stress
diﬀerence, tension strength and length of the natural fracture, elastic modulus, and Poisson’s ratio on the hydraulic
fracture propagation.
4.1. Inﬂuence of the Approach Angle on the Hydraulic
Fracture Propagation. When the approach angle θ is 0°, 30°,
45°, 60°, and 90°, the propagation of the hydraulic fracture
is as shown in Figures 6(A)–6(E), respectively. The following
observations can be made: (1) When θ is 0°, 30°, and 45°, the
hydraulic fracture ﬁrst propagates along the direction perpendicular to the minimum principal stress σ3. After the
hydraulic fracture intersects the natural fracture, it extends
along the natural fracture and propagates from one end of
the natural fracture. Subsequently, the fracture deviates and
continues expanding in the direction of the maximum horizontal principal stress σ1. For a smaller angle θ, this phenomenon is more notable because a smaller θ corresponds to a
smaller normal stress σn on the natural fracture. Consequently, a smaller shear stress τ and tensile stress σt are
required for the sliding of the hydraulic fracture and opening
of the natural fracture surface, respectively. The natural fracture opens easily, and the hydraulic fracture continues to
expand along one end of the natural fracture surface. In the
case of a low stress diﬀerence and approach angle, the natural
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Figure 4: Propagation processes of a hydraulic fracture under the action of a natural fracture. (a) Propagation of a hydraulic fracture along a
natural fracture. (b) Propagation of a hydraulic fracture penetrating the natural fracture. (c) Propagation of a hydraulic fracture through and
along a natural fracture.

fracture is activated by the hydraulic fracture, and part of the
pore water pressure is transferred, thus preventing the
hydraulic fracture from further passing through the natural
fracture. (2) When θ is 60° and 90°, the hydraulic fracture
directly passes through the natural fracture, indicating that
the hydraulic fracture can easily pass through the existing
natural fracture under a high approach angle. This ﬁnding
can be attributed to the fact that a larger approach angle θ
corresponds to a larger normal stress σn on the natural fracture. Consequently, a greater shear stress τ tensile stress σt

are required for the sliding of the hydraulic fracture and
opening of the natural fracture surface, respectively. The natural fracture is diﬃcult to be opened, and the hydraulic fracture penetrates the natural fracture directly.
4.2. Inﬂuence of Diﬀerence in the Main Stress on the
Hydraulic Fracture Propagation. Considering the minimum
main stress σ3 as 5 MPa and the maximum main stress σ1
as 5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa, and 30 MPa,
the corresponding horizontal stress diﬀerence △σ is 0 MPa,
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time, the natural fracture is more likely to be opened, and
the hydraulic fracture is more likely to expand along the natural fracture. With the increase in the principal stress diﬀerence △σ, the propagation form of the hydraulic fracture is
relatively straight and parallel to the direction of the maximum principal stress σ1. The branch fractures at the tip of
the hydraulic fracture are not signiﬁcant. At this time, the
hydraulic fracture is more likely to expand after penetrating
the natural fracture.

Principle stress difference (MPa)

30
25
20
15
10
5
0
0

10

20

30 40 50 60 70
Approach angle (°)

80

90

Renshaw and Pollard criterion
Crossing (simulation)
No crossing (simulation)

Figure 5: Comparison of numerical simulation and experimental
results.

5 MPa, 10 MPa, 15 MPa, and 20 MPa, respectively. The process of hydraulic fracture propagation under diﬀerent horizontal stress diﬀerences is shown in Figure 7. The following
observations can be made: (1) When the horizontal stress difference △σ is 5 MPa, the hydraulic fracture ﬁrst propagates
along the direction perpendicular to the minimum principal
stress. After intersecting with the natural fracture, the
hydraulic fracture expands from one end of the natural fracture and deviates to expand along the direction of the maximum principal stress again. This ﬁnding shows that the
natural fracture is activated by the hydraulic fracture, and a
part of the pore water pressure is transferred under the condition of a low stress diﬀerence, thereby preventing the
hydraulic fracture from further passing through the natural
fracture. (2) When the horizontal stress diﬀerence △σ is
10 MPa and 15 MPa, after the hydraulic fracture intersects
with the natural fracture, the hydraulic fracture on the left
side propagates along the direction perpendicular to the natural fracture. Furthermore, the ﬂuid permeates along the
interface of the natural fracture. After the left hydraulic fracture permeates along the interface for a certain distance, it
penetrates the interface and expands along the original direction. The hydraulic fracture on the right side penetrates
directly through the natural fracture and continues expanding along the direction perpendicular to the minimum principle stress. (3) When the horizontal stress diﬀerence △σ is
20 MPa and 25 MPa, after the hydraulic fracture intersects
the natural fracture, it expands along the direction of the
maximum principle stress. This ﬁnding shows that the
hydraulic fracture easily passes through the existing natural
fracture under a high stress diﬀerence.
When the principal stress diﬀerence △σ is small, the random distribution of the crystals and defects in the rock inﬂuence the propagation process. The rupturing of the rock far
from the natural fracture in the model is more notable, and
the shape of the hydraulic fracture is more tortuous. At this

4.3. Eﬀect of Tensile Strength of the Natural Fracture on the
Hydraulic Fracture Propagation. When the tension strength
σt of the natural fracture is 6 MPa, 8 MPa, 10 MPa, 12 MPa,
and 14 MPa, the process of the hydraulic fracture propagation is as shown in Figure 8. The following observations
can be made: (1) When the tensile strength σt of the natural
fracture is small, the hydraulic fracture is more likely to deviate and expand along the natural fracture. Due to the change
in the stress ﬁeld surrounding the natural fracture, the
hydraulic fracture extends at the end of natural fracture when
the hydraulic fracture approaches the natural fracture or its
tip. The width of the hydraulic fracture in the extension part
is considerably smaller than its initial width. (2) However,
with the increase in the tensile strength, the hydraulic fracture tends to penetrate the natural fracture and expands
along the direction of the maximum principal stress. This
aspect can be explained by the fact that the hydraulic fractures tend to extend in the direction of the least resistance.
When the tensile strength of the natural fracture surface is
large, the hydraulic fracture surface does not undergo shear
and tensile failure, which impedes the opening of the natural
fracture in the process of hydraulic fracture propagation.
However, when the tensile strength of the natural fracture
is small, the weak plane characteristics of the natural fracture
surface are apparent, which facilitates the propagation of the
hydraulic fracture along the natural fracture. This ﬁnding
shows that the propagation pattern of a hydraulic fracture
is closely related to the interface material of the natural fracture. The hydraulic fracture easily expands along the direction of the least resistance instead of along the whole path.
Consequently, the branch fractures occur easily.
4.4. Eﬀect of the Natural Fracture Length on the Hydraulic
Fracture Propagation. The hydraulic fracture may extend
along the natural fracture. After extending for a certain distance, the branches of the hydraulic fractures tend to deviate,
which is beneﬁcial for the hydraulic fracture expansion. In
some cases, the hydraulic fracture extends through the natural fracture. Under the same principal stress diﬀerence, a
smaller natural fracture length l corresponds to an easier
expansion of the hydraulic fracture from the natural fracture
tip, as shown in Figures 9(A) and 9(B). However, in the case
of a natural fracture with a larger length, the hydraulic fracture tends to directly propagate through the natural fracture,
as shown in Figures 9(C)–9(E). According to Equation (11),
when the principle stress diﬀerence is ﬁxed, a smaller natural
fracture can more easily satisfy the mechanical conditions of
the hydraulic fracture propagating along the natural fracture.
In contrast, a longer natural fracture makes it more diﬃcult
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(a)

(b)

(c)
(A) 𝜃 = 0°

(B) 𝜃 = 30°

(C) 𝜃 = 45°

(D) 𝜃 = 60°

(E) 𝜃 = 90°

Figure 6: Process of hydraulic fracture propagation under diﬀerent approach angles. (a) Morphology of hydraulic fracture propagation. (b)
Acoustic emission signal. (c) Cloud map of pore water pressure.

(a)

(b)

(c)
(A) 𝛥𝜎 = 5 MPa

(B) 𝛥𝜎 = 10 MPa

(C) 𝛥𝜎 = 15 MPa

(D) 𝛥𝜎 = 20 MPa

(E) 𝛥𝜎 = 25 MPa

Figure 7: Process of hydraulic fracture propagation under diﬀerent horizontal principle stress diﬀerences △σ. (a) Morphology of the
hydraulic fracture propagation. (b) Acoustic emission signal. (c) Cloud map of the pore water pressure.
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(a)

(b)

(c)
(A) 𝜎t = 6.5 MPa

(B) 𝜎t = 8.5 MPa

(C) 𝜎t = 10.5 MPa

(D) 𝜎t = 12.5 MPa

(E) 𝜎t = 14.5 MPa

Figure 8: Process of hydraulic fracture propagation under diﬀerent tensile strengths σt . (a) Cloud map of the pore water pressure. (b)
Acoustic emission signal. (c) Morphology of the hydraulic fracture propagation.

to satisfy the mechanical conditions of the hydraulic fracture
propagating along the natural fracture.
4.5. Inﬂuence of Elastic Properties of the Reservoir Rock on the
Hydraulic Fracture Propagation. The elastic modulus E and
Poisson’s ratio μ are two important parameters to express
the ability of a rock to resist deformation under the action
of an external load. These two parameters are strongly
related to the strength and brittleness of the rock. In general,
a larger elastic modulus of the rock corresponds to a smaller
Poisson’s ratio. The elastic model of sedimentary rock is
characterised by a higher heterogeneity. In the numerical
simulation performed using the RFPA2D-Flow software, both
the nonuniformity of the rock strength and elastic modulus
are considered. Therefore, the initiation and expansion processes of a hydraulic fracture under the action of a natural
fracture, simulated using the RFPA2D-Flow software, are
suﬃciently realistic.
The relationship between the elastic modulus of the reservoir rock and the opening pressure of the natural fracture
is shown in Figure 10. The following observations can be
made: (1) For a certain approach angle θ, the critical opening
pressure required for a natural fracture gradually decreases
with the increase in the elastic modulus E. This aspect can
quantitatively explain the fact that the eﬀect of perforation
fracturing in a reservoir with a high elasticity and brittleness
is more notable than that in a reservoir with a low elasticity

and high toughness. (2) For a certain elastic modulus E, with
the increase in the approach angle θ, the opening pressure
required for the natural fracture increases. When the
approach angle θ is 90°, the opening pressure of the natural
fracture reaches its maximum value.
The relationship between the Poisson’s ratio μ of the reservoir rock and opening pressure of the natural fracture is
shown in Figure 11. The following observations can be made:
(1) For a certain approach angle θ, when the Poisson’s ratio μ
is small, the opening pressure of the natural fracture is also
small. With the increase in the Poisson’s ratio μ, the opening
pressure of the natural fracture increases. In particular, a reservoir with a higher elastic modulus usually has a smaller
Poisson’s ratio. Therefore, the inﬂuence of the elastic modulus and Poisson’s ratio on the opening pressure of the natural
fracture is consistent. (2) For a certain Poisson’s ratio, with
the increase in the approach angle, the opening pressure of
the natural fracture also increases. When the approach angle
θ is 90°, the opening pressure of the natural fracture exhibits
its maximum value.

5. Discussion
The inﬂuence of natural fractures on hydraulic fracture
propagation has been always a hot topic. In this paper, only
two natural fractures are chosen. In fact, the number of the
natural fractures is far more than two natural fractures in
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Figure 9: Process of hydraulic fracture propagation under diﬀerent natural fracture lengths l. (a) Cloud map of the pore water pressure. (b)
Acoustic emission signal. (c) Morphology of the hydraulic fracture propagation.
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Figure 10: Opening pressure of the natural fracture under diﬀerent
elastic moduli.

Figure 11: Opening pressure of the natural fracture under diﬀerent
Poisson’s ratios.

the fractured reservoir. In the next research, more natural
fractures should be adopted in the numerical model. Of
course, the plane model and propagation mechanism of the
intersection of hydraulic and natural fractures will become
more complex.

RFPA2D-Flow is a good numerical computational software, which can realize the visualization of the hydraulic
fracture process. However, the process of the numerical
simulation depends on the increment step, not the time.
Therefore, much more dependent variable, such as water

Geoﬂuids
pressure, length, and width of the hydraulic fracture and
the like, which regard time as independent variable, cannot be obtained.
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6. Conclusions
Acknowledgments
(1) Considering the tensile and shear failure mechanisms
of rock rupture, a theoretical model for the hydraulic
fracture propagation under the action of a natural
fracture is established based on the equivalent plane
fracture theory of hydraulic and natural fractures.
The morphology of the hydraulic fracture determined using the numerical simulation is in agreement with the existing physical experiment results.
(2) In the case of a large approach angle, the hydraulic
fracture directly passes through the natural fracture,
and the initiation pressure of the natural fracture
gradually increases. When the approach angle is 90°,
the initiation pressure of the natural fracture reaches
its maximum value. When the approach angle is
small, the hydraulic fracture expands along the natural fracture, propagates from one end, and deviates
and continues expanding along the direction of the
maximum horizontal principal stress.
(3) Under a low principle stress diﬀerence, the hydraulic fracture tends to expand along the natural fracture, and the development of the hydraulic fracture
is relatively complex. However, with the increase in
the principal stress diﬀerence, the hydraulic fracture
tends to penetrate the natural fracture. This aspect
shows that under a low principal stress diﬀerence,
the natural fracture is more likely to be opened,
which facilitates the development of the hydraulic
fracture.
(4) When the tensile strength of the natural fracture is
large, the hydraulic fracture cannot induce shear and
tensile failure, which impedes the opening of the natural fracture and the propagation of the hydraulic
fracture. In contrast, when the tensile strength of the
natural fracture is small, the weak surface features of
the natural fracture are prominent, which facilitates
the opening of the natural fracture.
(5) With the increase in the elastic modulus or decrease
in the Poisson’s ratio, the critical opening pressure
of the natural fracture decreases. Since the reservoir
rock with a higher elastic modulus usually has a
smaller Poisson’s ratio, the inﬂuence of the elastic
modulus and Poisson’s ratio on the opening pressure
of the natural fracture is consistent.
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