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a b s t r a c t

Unconventional reservoirs usually contain many weak surfaces such as faults, laminae and natural
fractures, and effective activation and utilization of these weak surfaces in reservoirs can significantly
improve the extraction effect. In hydraulic fracturing, when the artificial fracture approaches the natural
fracture, the natural fracture would be influenced by both the original in-situ stress field and the hy-
draulic fracturing-induced stress field. In this paper, the hydraulic fracturing-induced stress field is
calculated based on the relative position of hydraulic fracture and natural fracture, the original in-situ
stress, the net pressure inside the hydraulic fracture and the pore pressure of the formation. Further-
more, the stability model of the natural fracture is established by combining the Mohr-Coulomb rupture
criterion, and extensive parametric studies are conducted to explore the impact of each parameter on the
stability of the natural fracture. The validity of the proposed model is verified by comparing with the
reservoir characteristics and fracturing process of the X-well 150e155 formation in the Songliao Basin. It
is found that the stress field induced by the hydraulic fracture inhibits the activation of the natural
fracture after the artificial fracture crossed the natural fracture. Therefore, for similar reservoirs as X-well
150e155, it is suggested to connect natural fractures with hydraulic fractures first and then activate
natural fractures which can effectively utilize the natural fractures and form a complex fracture network.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Since the 13th Five-Year Plan, China's new proven oil and gas
reserves are mainly unconventional oil and gas resources (Lei et al.,
2022a, b). Large-scale hydraulic fracturing is a key technology for
the efficient development of unconventional oil and gas reservoirs
(Wang et al., 2020; Lu et al., 2021; Zhao et al., 2020). Unconven-
tional reservoirs contain many weak surfaces such as faults,
laminae and natural fractures. As shown in Fig. 1, obvious laminae
development can be seen in the reservoir cores of unconventional
oil and gas producing areas in China such as the Qingshankou
Formation in the southern part of the Songliao Basin, the Gan-
chaigou Formation in the Tsaidam Basin and the Longmaxi For-
mation in the Sichuan Basin. These laminae and natural fractures
play an important role in the formation of fracture network induced
etroleum Resources and Pro-
jing, 102249, China.
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by hydraulic (Wang et al., 2018, 2021; Yildirim et al., 2018). Frac-
turing tests in mines have shown that geological discontinuities
such as joints and faults in the formation may be preferentially
activated and interconnected, which in turn affects the propagation
of hydraulic fractures (Warpinski and Teufel, 1987). Microseismic
monitoring results show that some of the natural fractures will
open and slip when the artificial fractures approach them
(Maxwell, 2011). Indoor true triaxial hydraulic fracturing experi-
ments of shale have also demonstrated that the interaction be-
tween hydraulic fractures and weak surfaces can form a very
complex fracture morphology (Liu et al., 2019; Tan et al., 2020).
Under the condition where there is little difference between ver-
tical stress and minimum horizontal principal stress, the laminae
are easily opened by hydraulic fractures, which will result in a
single horizontal fracture. Therefore, maintaining an appropriate
stress difference during hydraulic fracturing facilitates the forma-
tion of a fracture network (Zou et al., 2022; Chi et al., 2018; Tan
et al., 2017). The interfacial friction coefficient is one of the
important factors for hydraulic fractures to pass through natural
fractures, and mutual misalignment or tip blunting between
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Unconventional oil and gas reservoir core. (a) Core of Qingshankou Formation, southern Songliao Basin; (b) Core of Longmaxi Formation in Weiyuan, Sichuan Basin; (c) Core
of Ganchaigou Formation in Yingxiongling, Qaidam Basin.
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natural fracture surfaces can lead to the termination, extension or
changing of propagation direction of hydraulic fractures (Bunger
et al., 2015; Altammar et al., 2017). Therefore, in the process of
unconventional oil and gas development, effective activation of
natural weak surfaces is conducive to the formation of complex
fracture networks, which in turn improves the efficiency of hy-
draulic fracture modification. Under the original in-situ stress state,
the natural fractures within the reservoir are in a stable state (Yang
et al., 2020a, b; Gong et al., 2021). During the hydraulic fracturing
process, the artificial fracture will change the stress state around
the fracture when it propagates and approaches the natural frac-
ture. Due to this disturbance, the natural fracture will subject to
tension and shear failure, which is called the unstable state. In the
hydraulic fracturing process, the approach distance and approach
angle between the hydraulic fracture and the natural fracture, as
well as the difference in original main in-situ stress, the stress
difference coefficient, the net pressure within the hydraulic frac-
ture, the pore pressure of formation, the length of the hydraulic
fracture and other factors will all have an impact on the stability of
the natural fracture (Chuprakov and Zhubayev, 2010; Zou et al.,
2016; Blanton, 1986; Zhao et al., 2021; Teufel and Clark, 1984; Lei
et al., 2021; Zhang et al., 2018; Weng and Siebrits, 2007). The
activation of natural fractures is positively correlatedwith the angle
between the hydraulic fracture and the natural fracture. Therefore,
it is easier for the hydraulic fracture to propagate and to cross the
natural fracture with a larger angle between the hydraulic fracture
and the natural fracture (Tang et al., 2018). Low-strength laminae
tend to trap hydraulic fractures, while high-strength laminae are
easily crossed by hydraulic fractures. However, weak laminae can
also be crossed by the hydraulic fractures by adjusting the frac-
turing process (Lei et al., 2022a, b; Huang et al., 2022). Dong et al.
(2019) determined whether shear slip could occur in natural frac-
tures based on the Mohr-Coulomb criterion and found that most
natural fractures and faults would be activated under high net
pressure. Zhang et al. (2015) developed a theoretical model for
predicting fracture propagation in tight oil reservoirs and investi-
gated the effects of difference in horizontal stress, number of shot
hole clusters, shot hole cluster spacing, injection rate and natural
fracture linear density on fracture propagation. Guo et al. (2014)
found that under simulated triaxial stress conditions, hydraulic
fracturing can produce fractures that are perpendicular to the
laminar surface, which will then intersect with the fractures
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formed after the laminar surface is cracked and form a fracture
network. Tan et al. (2021) proposed the notion of transition zone in
layered formation and studied the effect of multiple influencing
factors on hydraulic fracture propagation behavior based on FEM-
based CZM method. The obtained results were conformed to the
experimental observation (Tan et al., 2019).

Current research on natural fracture stability focus more on the
initial stress condition of the reservoir, while less attentions are
given to the impact of the presence of hydraulic fractures on natural
fractures. The initiation and propagation of hydraulic fractures can
induce stresses that change the magnitude and direction of the in-
situ stress around the fracture, which together with the original in-
situ stress field have an impact on natural fracture stability. Hy-
draulic fractures can pass through natural fractures directly
without changing direction, or they can be interrupted or bifur-
cated along natural fractures (Warpinski and Teufel, 1987; Jeffrey
and Weber, 1994). Sneddon (1946) proposed an analytical expres-
sion for the stress field around fractures in infinite elastomers,
stating that the induced stress in the direction of the minimum
principal stress is greater than that in the direction of themaximum
principal stress. Li et al. (2014) developed an analytical model based
on infinitely large homogeneous rocks for predicting fracture-
induced stress fields, which provided a basis for modelling frac-
ture extension. The presence of induced stresses at the tip of a
hydraulic fracture can make natural fractures open or extend
(Olson and Arash, 2009). Methods to calculate the fracturing
induced stress field include the discrete element method and the
extended finite element method, in which the induced stress field
from fracturing and stress disturbance between fractures can be
simulated (Shimizu et al., 2011; Meng et al., 2021). During the
extraction of unconventional oil and gas reservoirs, in order to fully
activate the natural weak surface, techniques such as temporary
plugging and repetitive fracturing can be used to increase the
reformation volume (Zheng et al., 2022).

The abovementioned researches on induced stress fields are all
based on the situationwhere the hydraulic fractures do not contact
the natural fractures. However, in the Songliao Basin Well X
reservoir, where the natural fractures are orthogonal to the direc-
tion of the maximum principal stress, a fracturing scheme where
the hydraulic fractures firstly pass through multiple natural frac-
tures before activating the natural fractures is adopted. In this
circumstance, the influence of the induced stress field generated on



Fig. 3. Mohr-Coulomb criterion.
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the stability of the natural fractures needs to be considered when
the hydraulic fracture crosses the natural fractures. This paper
calculated the induced stress field of hydraulic fractures based on
the linear elastic fracture mechanics theory and established a sta-
bility model of natural fracture based on the Mohr-Coulomb cri-
terion. The model is validated by comparing with the field data.
Extensive parametric studies are conducted to investigate the
activation characteristics of hydraulic fractures approaching and
crossing natural fractures. Corresponding suggestions are given for
optimizing borehole trajectories and hydraulic fracturing schemes
for similar reservoirs.
2. Theoretical model

2.1. Weak surface activation mechanical model

To facilitate the study, the natural weak surface was simulated
by a two-dimensional model with the force state shown in Fig. 2. Its
slip characteristics are governed by the Mohr-Coulomb criterion. In
the s-t plane, the rock fracture line and Mohr circle are shown in
Fig. 3. The Mohr circle is determined by the maximum and mini-
mum effective principal stresses s1 and s3, and the diameter is the
difference in principal stresses.

t¼C þ s tan 4 (1)

in which C is the intercept of rock fracture line and t axis, i.e., the
cohesion of rock; 4 is the internal friction angle of rock.

The relative position of the rupture line and the Mohr circle can
be used to determine whether a rupture has occurred or not. When
the Mohr circle drawn according to the in-situ stress is not in
contact with the rock rupture line, no rupture occurs, i.e., the rock is
in a stable state; when theMohr circle is tangent to the rupture line,
then an equilibrium state is reached, where the shear stress reaches
the shear strength at a certain angle. There is also a state where the
Mohr circle intersects the rupture line geometrically, but in fact, the
rock has been destroyed before the intersected state.

For intact rock, fracture is the only mechanism of failure, which
is governed by the Mohr-Coulomb criterion (Chen et al., 2021). For
the strata with weak surface such as faults and weak surface in-
terlayers, the failure mode can be both the fracture through the
Fig. 2. Relationship between weak plane and principal stress. (Among them, s1 and s3
are the maximum and minimum effective stresses of strata; AB is the discontinuity
surface; b is the angle between normal direction of discontinuity and maximum
principal stress).
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discontinuities and the sliding along the discontinuities (Zoback
and Snee, 2018). In general, the shear strength of the weak sur-
face is lower than the strength of the rock matrix. Assuming that
the cohesion on the discontinuity surface is 0, the fracture line of
the weak surface can be drawn as shown in Fig. 4.

In the s-t plane, the rupture line of the rock matrix is repre-
sented by line A and the rupture line of the weak surface of the rock
is represented by line B. Points L and M are the two intersections of
the line B with the Mohr circle. Note that the angle normal to the
direction of maximum principal stress in the weak side is b (Fig. 2).
The angle between any radius on the Mohr circle and the positive
direction of the s axis is 2b.

In circle O3, the Mohr circle is not in contact with the B line,
which indicates that the formation is in a stable state and neither
rock fracture nor sliding along the weak surface occurs. Assuming a
constant minimum principal stress s3 and an increasing maximum
principal stress s1, the Mohr circle expands gradually until it is
tangential to the line B. Further increase of s1 will lead to the
intersection of Mohr circle and line B. When 2b1 <2b<2b2, sliding
along theweak face occurs; when 2b<2b1 or 2b>2b2, the rock is in
a stable state, no rupture occurs, and no sliding along the weak face
occurs. When the maximum principal stress continues to increase
and the Mohr circle is tangent to the A line, reaching the circle O1
state shown, the rock mass itself is in ultimate equilibrium and
there is a possibility of damage.

In conclusion, the strata will slip after the Mohr circle intersects
the weak surface rupture line only if 2b falls in a specific range.
Otherwise, no slip along the weak surface will occur even if the
formation itself is damaged.

During hydraulic fracturing, when fluid enters the weak surface
of the formation, its initial stress state will be changed. As the fluid
entering the weak surface (hereafter, weak surface is replaced with
natural fracture), the pore pressure increases and the effective
principal stress acted on the weak surface decreases. As a conse-
quence the Mohr circle moves leftwards in the “s-t” coordinate
system as shown in Fig. 5.

During the movement of the Mohr circle from the O to the O0, its
secant with the fracture line changes from the LM to the L'M' and
the angular range of possible shear slip increases. This principle is
often applied to the activation of natural fractures in
Fig. 4. Mohr-Coulomb criterion with weak surface.



Fig. 5. Change in stress state at interrupted surface with change in pore pressure.

Fig. 7. The schematic diagram of natural fracture stress field.
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unconventional oil and gas extraction to create complex fracture
networks and improve fracturing efficiency (Sesetty and Ahmad,
2019).
2.2. Hydraulic fracture-induced stress field model

The natural fractures in reservoirs are basically in a stable state
under the original in-situ stress. In contrast, during hydraulic
fracturing, when the hydraulic fracture approaches the natural
fracture, fracturing induced stress will be generated, and the nat-
ural fracture may become unstable under the combined effect of
original in-situ stress and the induced stress.

The stress field is calculated analytically based on the theory of
complex functions (Yew and Weng, 2015; Yang et al., 2021). The
stress field at point A in Fig. 6 can be expressed as

sz ¼ðsh�pÞ , fþ þ sh (2)

sx ¼ðsh �pÞ , f� þ sH (3)

tzx ¼ðsh �pÞ a
2r sin q cos

�3
2 ðq1 þ q2Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr1r2Þ3

q (4)

sy ¼ yðsx þ szÞ (5)

where sh and sH represent the minimum and maximum horizontal
principal stresses in the far field, respectively; a is the half-length of
hydraulic fracture; p is the fluid pressure in the fracture; and y is the
rock Poisson's ratio; fþ and f� are two abbreviations, the detailed
expression of which are given ass:
Fig. 6. The schematic diagram of the stress induced by a hydraulic fracture.
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fþ ¼ rffiffiffiffiffiffiffiffiffi
r1r2

p cos
�
q� q1 þ q2

2

�
þ a2rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðr1r2Þ3
q sin q sin

�
3
2
ðq1 þ q2Þ

�

� 1

(6)

f� ¼ rffiffiffiffiffiffiffiffiffi
r1r2

p cos
�
q� q1 þ q2

2

�
� a2rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðr1r2Þ3
q sin q sin

�
3
2
ðq1 þ q2Þ

�

� 1

(7)

8>>>>>><
>>>>>>:

q ¼ arctan
	x
z



q1 ¼ arctan

	 x
z� a



q2 ¼ arctan

	 x
zþ a


 (8)

8>><
>>:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

q
r1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðz� aÞz2

q
r2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðzþ aÞz2

q (9)

As indicated by Eqs. (2) and (3), the stress field is obtained by
adding the fracturing induced stress to the original in-situ stress.
The net pressure is negative in the calculation of the induced stress,
meaning that the hydraulic fracturing induced stress is the tensile
stress within a certain range.

The hydraulically fracture-induced stress field is modelled as:

Dsz ¼ðsh� pÞ,fþ (10)

Dsx ¼ðsh�pÞ,f� (11)

Dtzx ¼ðsh �pÞ a
2r sin q cos

�3
2 ðq1 þ q2Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr1r2Þ3

q (12)

sy ¼ yðsx þ szÞ (13)
2.3. Natural fracture stress field

The activation of natural fractures can be influenced by the
roughness of their surface. The analysis of the natural fracture
stress field requires consideration of the roughness of the fracture
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surface. In addition, natural fractures in the reservoir do not
develop exactly in the direction of the maximum principal stress
due to factors such as the burial depth, in-situ stress, matrix
strength and mineral fraction. Assuming a natural fracture half-slit
length of h, the analysis is carried out for the x-z plane as shown in
Fig. 7.

Stress field of natural fracture can be obtained as (Dyer, 1988):8>>>>><
>>>>>:

tx‘z’ ¼ ð1� QÞ
"
t∞x‘z’

xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ h2

p
#
þ Qt∞x‘z’

sx‘ ¼ s∞x’

sz’ ¼ s∞z‘

(14)

where Q denotes the degree of natural fracture closure and takes
the value range 0e1; s∞x0 , s

∞
z0 and t∞x0 denote the original stresses and

tangential stresses perpendicular to, and along, the natural fracture
direction, respectively, which can be obtained from the two-
dimensional stress solution.

2.4. Hydraulic fractures approaching natural fractures

As demonstrated from above formulations, the stress field
around a hydraulic fracture (HF) or a natural fracture (NF) is
affected by various factors such as the original in-situ stress and the
orientation of the fracture, and the induced stresses in the process
of approaching the natural fracture can affect the stability of the
natural fracture.

As shown in Fig. 8, the approach angle between the hydraulic
fracture and the natural fracture (the angle between the natural
fracture and the maximum horizontal principal stress) is a, and the
distance between the front of HF and NF is L. The plane of yNF ¼
yHF ¼ 0 is taken for analysis.

From Eq. (10)‒(12), the magnitude and direction of the principal
stress at point A for the hydraulic fracture induced stress can be
calculated. The induced stress generated by the hydraulic fracture
at point A can be transformed into a local principal stress by the
following equations:

8>>>>>>>>><
>>>>>>>>>:

Ds1 ¼ Dsx þ Dsz
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dt2xz þ

	Dsz � Dsx
2


2r

Ds3 ¼ Dsx þ Dsz
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dt2xz þ

	Dsz � Dsx
2


2r

4 ¼ sin�1

2
64 �Dtxzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðDsx � Ds3Þ2 þ Dt2xz

q
3
75

(15)

The induced principal stresses generated by HF at point A can be
Fig. 8. Hydraulic fracture approaching natural fracture diagram.
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converted to stresses at NF by the following equation, as shown in
Fig. 9.

8>>>>>><
>>>>>>:

DsHFx ¼ Ds1 þ Ds3
2

� Ds1 � Ds3
2

cos 2ða� 4Þ

DsHFz ¼ Ds1 þ Ds3
2

þ Ds1 � Ds3
2

cos 2ða� 4Þ

DtHFxz ¼ �Ds1 � Ds3
2

sin 2ða� 4Þ

(16)

Superimposing the induced stress at the natural fracture face
(Eq. (16)) and the original in-situ stress (Eq. (14)), the stress field at
the natural fracture is obtained as：

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

sHFx ¼s∞x þDsHFx

¼s∞H þDs1þs∞h þDs3
2

�s∞H �s∞h
2

cos2a�Ds1�Ds3
2

cos2ða�4Þ

sHFz ¼s∞z þDsHFz

¼s∞H þDs1þs∞h þDs3
2

þs∞H �s∞h
2

cos2aþDs1�Ds3
2

cos2ða�4Þ

tHFxz ¼�Q
s∞H �s∞h

2
sin2a�Ds1�Ds3

2
sin2ða�4Þ

(17)

According to the Mohr-Coulomb criterion, the condition for
occurrence of shear instability in natural cracks is

���tHFxz ��� > t0 þ Kf

	
sHFx �pp



(18)

The condition for occurrence of tension instability is that the
pore pressure in the seam is greater than the sum of the positive
stress and the tensile strength at the face of natural fracture. With
the tensile strength at the seam face taken as 0, the condition can
expressed as

pp � sHFx >0 (19)

where Kf is the friction coefficient of the inner surface of natural
fracture; pp is the formation pore pressure; and t0 is the inherent
shear strength of natural fracture.

The parameters taken as initial values of the model for stability
Fig. 9. Amplified diagram of the induced stress in the hydraulic fracture at point A.



Fig. 10. Natural fracture stability analysis.
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analysis is summarized in Table 1. The approach distance indicates
the distance between the hydraulic fracture and the natural frac-
ture in the direction of its development. The angle of approach
indicates the angle between the hydraulic fracture and the natural
fracture. The net pressure represents the difference between the
fluid in the hydraulic fracture and the minimum principal stress.

With the above parameters, a schematic representation of the
natural fracture stability is depicted in Fig. 10. In the diagram,
“Distance from center” indicates the distance between the point on
the natural fracture with the intersection of the hydraulic fracture
and the natural fracture. For shear stability, Natural fracture sta-
bility is denoted

��tHFxz ��� ½t0 � Kf ðsHFx � ppÞ�; for tension stability,

Natural fracture stability is denoted pp � sHFx . It can be found that
the natural fractures appear to be and are susceptible to shear slip
without tension damage.

3. Results and discussion

The sensitivity analysis of different factors was carried out to
explore their influence on the stability of natural fractures. One of
the variables is changed during the sensitivity analysis, while other
parameters are kept constants as given in Table 1.

3.1. Effect of approach distance on stability of natural fracture

The approach distance indicates the distance between the hy-
draulic fracture and the natural fracture in the direction of its
development. Adjusting the approach distance and keeping the
other parameter values constant, the shear stability and tension
stability of the natural fracture with different approaching distance
is plotted in Fig. 11(a) and (b), respectively. As the approach dis-
tance decreases from 1.5 to 1 m, shear instability begins to occur in
natural fracture. When the approach distance further decreased to
0.6 m, the natural fracture shows both shear and tension instability.

Therefore, as the approach distance decreases, the natural
fractures are gradually affected by the induced stress field. At the
same approach distance, shear damage is more likely to occur in
natural fractures than tension damage. With the adopted parame-
ters, the critical approach distance for shear instability is around
1.2 m.

3.2. Influence of the angle of approach on the stability of natural
fractures

The angle of approach refers to the angle between the direction
of hydraulic fracture extension and the natural fracture. Adjusting
the approach angle and keeping the other parameter values con-
stant, shear stability and tension stability of the natural fracture
with different approach angles are depicted in Fig. 12. As the
approach angle decreases from 90� to 70�, the shear instability of
natural fracture appears. As for the tension instability of natural
fracture, when the approach angle decreases to 50�, it begin to
occur.

It can be demonstrated that natural fractures tend to stabilize
Table 1
Parameter values of influence factors of induced stress field.

Influencing factors Parameter values

Maximum horizontal principal stress 118 MPa
Vertical principal stress 132 MPa
Inherent shear strength of natural fractures 4 MPa
Degree of natural fracture closure 0.9
Friction coefficient in natural fracture 0.5
Approach angle 70�
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when the angle of approach is large. It can also be concluded that
natural fractures are more susceptible to shear damage and tensile
damage is less likely to occur than shear damage, which conforms
to the trend in Section 2.1.

3.3. Effect of net pressure on the stability of natural fractures

Observation of Fig. 13 reveals that the net pressure within the
hydraulic fracture has a significant effect on the stability of the
natural fracture, and a variation of just 1 MPa net pressure has the
potential to destabilize the natural fracture. By adopting different
net pressures, it can be found that when the net pressure increases
from 5 to 7 MPa, the natural fracture gradually becomes shear
destabilized. And shear instability occurs when the net pressure
reaches 6 MPa. As the net pressure continues to increase to 9 MPa,
the natural fractures appear to be unstable in tension. As the net
pressure increases, the induced stress field will induce instability of
a larger and larger area of. Also, shear instability is more likely to
occur than tension instability.

3.4. Effect of formation pore pressure on the stability of natural
fractures

The effect of formation pore pressure on the stability of natural
fractures is shown in Fig. 14. The stability of natural fractures de-
creases with the increase of formation pore pressure. It is known
from the Mohr-Coulomb rock rupture criterion that the effective
stress in the rupture criterion decreases with the increase of pore
pressure, which increases the probability for shear rupture to occur.
Therefore, when other conditions are the same, the higher the
formation pore pressure is, the more unstable the natural fractures
Influencing factors Parameter values

Minimum horizontal principal stress 106 MPa
Poisson ratio 0.2
Pore pressure 60 MPa
Hydraulic fracture half slit length 100 m
Net pressure 7 MPa
Approach distance 1 m



Fig. 11. (a) Effect of approach distance on shear stability of natural fractures; (b) Effect of approach distance on the tension stability of natural fractures.

Fig. 12. (a) Effect of approach angle on shear stability of natural fractures; (b) Effect of approach angle on the tension stability of natural fractures.

Fig. 13. (a) Effect of net pressure on the shear stability of natural fractures; (b) Effect of net pressure on the tension stability of natural fractures.
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are. The area of instability increases with the increase of pore
pressure.
3.5. Effect of horizontal stress differences on the stability of natural
fractures

When analyzing the effect of differential horizontal stress on the
stability of natural fractures, both maximum and minimum prin-
cipal stresses are adjusted so that the coefficient horizontal stress
discrepancy factor, as defined in Eq. (19), remains constant, while
keeping the parameters constant.

K ¼sH � sh
sh

(19)
3125
The results shows that, with a constant horizontal stress
discrepancy factor and keeping a certain net pressure in the seam,
the stability of the natural fracture increases continuously with the
increase of the horizontal principal stress difference. As the hori-
zontal stress difference decreases from 13 to 12 MPa, shear insta-
bility of natural fracture develops. Therefore, the effect of the
horizontal principal stress difference on the stability of the natural
fracture is very significant.

3.6. Effect of horizontal stress discrepancy factor on the stability of
natural fractures

In Fig. 16, both the maximum and minimum principal stresses
are adjusted to keep the horizontal stress difference constant while
changing the horizontal stress discrepancy factor.



Fig. 14. (a) Effect of formation pore pressure on the shear stability of natural fractures; (b) Effect of pore pressure on tensile stability of natural fractures.
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From Fig. 16, it indicates that when the horizontal stress dif-
ference and the net pressure inside the seam are certain, the sta-
bility of natural fracture decreases with the increase of the
horizontal stress difference coefficient. When the natural fracture is
destabilized, the shear rupture area decreases with the decrease of
the horizontal stress difference coefficient. From Figs. 15 and 16, it
shows that the stability of natural fractures is not only affected by
the horizontal stress difference, but also by the horizontal stress
difference coefficient, and the horizontal stress difference coeffi-
cient has a significant influence on the stability of natural fractures.
3.7. Effect of half length of hydraulic fracture on natural fracture
stability

As seen from Fig. 17, the stability of natural fractures increases as
the length of the hydraulic fracture decreases. This can be attrib-
uted to the fact that the longer the hydraulic fracture is, the greater
the range of influence of the induced stress it produces. However, it
is interesting to find that the change in the length of the hydraulic
fracture does not affect the location of the instability.
4. Case study

Nowadays, the Changling Block in the Songliao Basin is being
studied for the development of deep tight gas. According to the
logging data and physical analysis, the natural fractures in the
Shahezi Formation reservoir of Well X are moderately developed
and oriented mainly in a north-south direction, orthogonal to the
direction of the maximum principal stress. The target reservoir is
deeply buried with a large in-situ stress is large, and the stress
difference between the two directions is around 12 MPa, which
Fig. 15. (a) Effect of horizontal stress difference on shear stability of natural fractures; (
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requires relatively high pressure for fracturing construction and
makes construction difficult.

Table 2 summarizes the basic properties of fractures around the
well obtained by geophysical prospecting in layer No.150-155 of X
well. At the depth of 5390e5440 m, natural fractures are mainly
distributed in 30� azimuth and 0� azimuth. In hydraulic fracturing,
hydraulic fractures extend along the direction of maximum prin-
cipal stress (east-west direction). Therefore, it is assumed that the
angle between hydraulic fracture and natural fracture (approaching
angle) is 60� or 90�, and the stability of natural fracture is analyzed
according to the parameters given in Table 3.

Table 3 shows the basic parameters of the studied layers, which
are substituted into the stability model to obtain the stability of the
natural fractures in the target layer.

According to Figs. 18 and 19, it can be found that at the target
layer, for fractures with azimuths of 30� and 0�, the natural frac-
tures can be activated to shear slip when the net pressure of the
hydraulic fractures reaches 9.3 and 16.5 MPa (see Fig. 20).

The positive hydraulic fracture stress is the net pressure in the
fracture plus the minimum principal stress, and the wellhead
pumping pressure is the positive hydraulic fracture stress minus
the formation pore pressure. The positive hydraulic fracture stress
in this example is 126.5 MPa (110þ16.5 ¼ 126.5 MPa, the minimum
principal stress plus the net pressure). The wellhead pumping
pressure has to reach 60.5 MPa (126.5�66 ¼ 60.5 MPa, the positive
hydraulic fracture stress minus the pore pressure) to activate the
fractures at 30� and 0�.

In the above model, it is assumed that the hydraulic fracture
activates the natural fracture when the hydraulic fracture ap-
proaches the natural fracture at a distance of 1.5 m and the net
pressure in the fracture is 16.5 MPa. When the hydraulic fracture
b) Effect of horizontal stress difference on the tension stability of natural fractures.



Fig. 16. (a) Effect of horizontal stress difference coefficient on shear stability of natural fractures; (b) Effect of horizontal stress difference factor on the tension stability of natural
fractures.

Fig. 17. (a) Effect of hydraulic fracture half length on shear stability of natural fractures; (b) Effect of hydraulic fracture half length on natural fracture tension stability.

Table 2
Fracture development around the well perimeter in layer 150e155 of Well X.

Well section Physical analysis of natural fracture development

Analytical direction Number of natural fractures Fracture orientation Fracture alignment

5390e5440 East 4 30 NNE
120� 7 30 NNE
West 5 0 SN
300� 4 0 SN

Table 3
Initial parameters of natural fracture stability analysis of No. 150e155 layer.

Influencing factors Parameter values Influencing factors Parameter values

Maximum horizontal principal stress 122 MPa Minimum horizontal principal stress 110 MPa
Vertical principal stress 137 MPa Poisson ratio 0.2
Inherent shear strength of natural fractures 7 MPa Pore pressure 66 MPa
Degree of natural fracture closure 0.9 Hydraulic fracture half slit length 60 m
Friction coefficient in natural fracture 0.6 Net pressure \
Approach angle \ Approaching distance 1.5 m
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has passed through the natural fracture, let the tip of the hydraulic
fracture be 1.5 m away from the natural fracture at this time, the
following results are obtained by the fracture stability model
calculation.

In the case of a north-south fracture (azimuth 0�), when the
hydraulic fracture does not pass through the natural fracture, the
natural fracture is destabilized by a net pressure of 16.5 MPa in the
fracture. However, when the hydraulic fracture crosses the natural
fracture, the natural fracture does not enter a state of instability
3127
under the same net pressure (16.5 MPa).
If the hydraulic fracture has passed through the natural fracture,

the stability of NF is shown in Fig. 21. The critical shear destabili-
zation net pressure condition is reached when the net pressure in
the hydraulic fracture seam reaches 21.1 MPa. When the net pres-
sure reaches 29.5 MPa, the wellhead pressure reaches 73.5 MPa, at
which point the natural fracture is activated to an increased extent
and nearly half of the length of the natural fracture enters a
destabilized state. That is, the natural fracture is activated only after



Fig. 18. Determination of fracture stability at an azimuth of 30� .

Fig. 19. Determination of fracture stability at an azimuth of 0� .

Fig. 20. Stability of hydraulic fractures through/without natural fractures at net
pressure of 16.5 MPa.

J. Bai, X.-Q. Wang, H.-K. Ge et al. Petroleum Science 20 (2023) 3119e3130
the net pressure rises by 5e13 MPa.
In the X well hydraulic fracturing, the long fractures were firstly

created by using high viscosity fluids together with the pre-acid to
communicate as many natural fracture zones as possible. This step
is to make full use of the permeability of NF. Then, temporary
plugging and higher displacement slick water are employed to
open and fill the natural fractures near the well. After the natural
fractures near the well are opened and filled, temporary plugging
and high displacement slicker water are employed again to further
increase the net pressure in the fractures and therefore create a
complex fracture. In the third step, the main fracture is filled and
the seam opening is supported to ensure permeability of the main
fracture and the seam opening.

The construction pressure curve and discharge displacement
curve for hydraulic fracturing ofWell X is plotted in Fig. 22. It can be
seen that before the first temporary plugging, the construction
pressure was around 65 MPa. After the temporary plugging, the
construction pressure gradually increased to 85 MPa and then a
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drop in the pressure occurred after maintaining a period of high
pressure. The pressure drop indicates that the fracturing fluid
entered the natural fractures and the natural fractures were acti-
vated to form a fracture network together with the hydraulic
fractures.

In summary, when developing reservoirs where the orientation
of natural fracture is approximately orthogonal to the orientation of
maximum principal stress, orientation of the horizontal borehole
can be parallel to the orientation of natural fracture, followed by
high volume fracturing to make the hydraulic fractures communi-
cate with multiple natural fractures as shown in Fig. 23. The natural
fractures are activated by raising the net hydraulic fracture pressure
through temporary plugging, so that they act as hydraulic fracture
branch joints and together form a fracture network. In subsequent
developments, the fracturing process can be further adjusted to
increase the complexity of the seam network and enhance the
extraction effect.

5. Conclusions

Through the formulation of the analytical stability model,
extensive parametric studies and analysis of field data, this study
investigates the factors influencing the stability of natural fractures
and proposes an optimization scheme for borehole trajectories and
hydraulic fracturing in the investigated block. Themain conclusions
of this study are as follows.

(1) A natural fracture stability model based on the Mohr-
Coulomb rupture criterion was developed. When a hydrau-
lic fracture approaches a natural fracture, the natural fracture
is affected by both the original in-situ stress field and the
hydraulic fracturing-induced stress field. Natural fractures
are more susceptible to shear slip rather than tension
damage.

(2) The factors influencing the stability of natural fractures are
analyzed. The stability of natural fractures is affected by the
approach distance and approach angle between hydraulic
fractures and natural fractures, as well as the difference in
principal in-situ stress, stress difference coefficient, net hy-
draulic fracture pressure and pore pressure of the formation.
The smaller the approach distance, the smaller the approach



Fig. 21. Natural fracture destabilization under different net pressure conditions after
the hydraulic fracture crosses the natural fracture.

Fig. 22. Fracturing construction curve in Well X.

Fig. 23. The strike of natural fractures is orthogonal to the maximum principal stress,
and hydraulic fractures communicate with natural fractures to form fracture networks.
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angle, the smaller the horizontal stress difference, the larger
the horizontal stress difference coefficient, the higher the net
hydraulic fracture pressure, the higher the formation pore
pressure and the longer the hydraulic fracture, the more
likely the natural fracture will become unstable.

(3) The validity of the fracture stability model was verified. In
the hydraulic fracturing process of Well X, the hydraulic
fracture was first made to pass through the natural fracture
by using large displacement of slick water, and then the net
pressure inside the hydraulic fracture was increased by
temporary plugging. When the wellhead pressure reached
around 85 MPa, the natural fracture was activated, which
matched well with the theoretical results of the fracture
stability model and proved the validity of the model.

(4) The induced stress field generated by a hydraulic fracture
that already passed through natural fracture acts as an in-
hibitor to the activation of the natural fracture. The natural
fractures can be activated by increasing the net pressure in
the seam through temporary plugging. For the situation
where there are a large number of natural fractures orthog-
onal to the direction of the maximum principal stress in the
Changling block of the Songliao Basin, hydraulic fractures can
be used to connect a large number of natural fractures, and
then activate the natural fractures by increasing the net
3129
pressure after using them as branching fractures to form a
complex fracture network and improve the extraction effect.
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