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The complex fractures aggravate stress sensitivity and heterogeneity of the reservoir
and seriously restrict effective development. Therefore, it is of great significance to
study and quantitatively evaluate the stress sensitivity of the fractured reservoir.
Taking the typical block of the Longmaxi shale reservoir in southern Sichuan as the
engineering background, one uses the finite element method to develop a
numerical model of a two-dimensional fracture closure variation subjected to
the non-hydrostatic stress field. It explores the influence of different fracture
occurrences and rock mechanical parameters on stress sensitivity. The
theoretical model verifies the numerical simulation results to reveal the stress
sensitivity mechanism of the fractured reservoir. The results show that the
influence of the dip angle of fracture on the stress sensitivity depends on the
anisotropy of applied in-situ stresses. The stronger stress sensitivity occurs in low-
dip angleswhere the lateral pressure coefficient is less than 1.One defines the lateral
pressure coefficient. On the contrary, the stronger stress sensitivity occurs in high-
dip angles where the lateral pressure coefficient is more significant than 1. It is
because the normal stress differences under different stress fields apply to the
fracture. Under a given stress condition, the stress sensitivity of fracture negatively
correlates with aspect ratio, elastic modulus, and Poisson’s ratio. Pressure
maintenance may be more critical in a reservoir with a low aspect ratio and rich
in soft minerals. The theoretical predicting model of fracture permeability under
different conditions is established based on the linear elastic theory. The relative
error between theoretically predicted results and numerical simulation ones is less
than 10%, which verifies the accuracy of numerical simulation results. The
fundamental reason for stress sensitivity in the fractured reservoir is the fracture
geometry and mineral deformation change. The research results are of great
significance for establishing the productivity equation considering the stress
sensitivity, accurately evaluating the variation of reservoir seepage capacity, and
formulating reasonable drainage and production system.
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1 Introduction

With the decrease of pore pressure in the process of reservoir exploitation, the
effective stress on the reservoir significantly increases, resulting in the geometry
deformation of pores and fractures in the rock and the change of reservoir
permeability (Gutierrez et al., 2000; Liu et al., 2009; Chen et al., 2015; Gutierrez
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et al., 2015; Pan et al., 2015; Tao et al., 2018; Zhou et al., 2019). It
is often referred to as the stress sensitivity of reservoir rocks. Fatt
and Davis (1952) first proposed the stress sensitivity of rock, and
found that the decreased rate of rock permeability with the
increase of effective stress was 11%–41%. Since then, experts
have conducted extensive research on the stress sensitivity of
rocks through experimental and theoretical methods (Tan et al.,
2021). Stress sensitivity varies with rock type (Zhu et al., 2018).
The permeability of tight sandstone and shale usually suffers
from more significant loss as the effective stress increases
(Warplnski and Teufel, 1992; Suri et al., 1997; Han and
Dusseault, 2003; İşcan et al., 2006; Worthington, 2008; Turcio
et al., 2013; Li et al., 2014; Meng et al., 2015; Luo et al., 2018; Li
et al., 2019; Wang et al., 2019; Li, 2022). It is because of the poor
relative physical properties, complex pore structure, and rich
natural fractures. Natural fracture is an essential part of a low
permeability reservoir, which will aggravate the stress sensitivity
and heterogeneity of the reservoir (Wu et al., 2022; Li et al., 2023;
Sun, 2023). The intensity of stress sensitivity affects the
depletion rate of reservoirs, and seriously restricts the seepage
and practical development of the reservoir. When formulating
the development plan for oil and gas reservoirs, it is necessary to
consider the stress sensitivity of fractures to accurately evaluate
the percolation capacity of reservoirs, develop a reasonable
production system and predict the productivity of oil and gas
wells. Therefore, it is essential to study and quantitatively
evaluate the stress sensitivity of fractured reservoirs.

Currently, the methods to analyze the stress sensitivity of
fractured reservoirs include indoor experiments, theoretical
research, and micro-scale analysis (Zhang et al., 2014; Zhang
et al., 2015a; Zhang et al., 2015b; Duan et al., 2017; Foroozesh
et al., 2021; Wu et al., 2022). Evaluation methods by indoor
experiment mainly include the changes in confining pressure and
pore pressure. The former approach is often adopted, but the latter is
difficult to control the pressure variation and is rarely used (Kang
et al., 2020). The naturally fractured rock has a stronger stress
sensitivity than that of the intact rock (Warplnski and Teufel, 1992;
Suri et al., 1997; Han and Dusseault, 2003; İşcan et al., 2006;
Worthington, 2008; Li et al., 2011; Turcio et al., 2013; Li et al.,
2014; Meng et al., 2015; Luo et al., 2018; Wang et al., 2019)
conducted a visual experiment to measure the variation of
fracture width subjected to increasing effective stress. Zhao et al.
(2013) studied the stress sensitivity of the fractured rock samples to
different filled extents of fractures. The experiment results show that
the decreasing stress sensitivity depends on increasing filling extents.
Dong et al. (2010) studied the stress sensitivity related to the physical
properties of ultra-low permeability gas reservoirs. They showed
that the stress sensitivity of shale is more than two times of
sandstone. The experimental results of Kassis and Sondergeld
(2010) show that the stress sensitivity of fracture is influenced by
the loading path of effective stress, fracture development status, and
proppant properties.

In terms of theoretical research, Greenwood and Williamson
(1996) first proposed the G&W model using the classical Hertz
elastic contact theory to describe the mechanical process of contact
surfaces between rough and smooth cracks (Greenwood and
Williamson, 1966). Walsh and Grosenbaugh (1979) further
studied the variation of the fracture deformation based on the

abovementioned model. They found that a specific functional
relationship occurs between the fracture closure and the standard
deviation of the height concerning the micro-convex surface. Brown
and Scholz (1986) proposed the B& Smodel that the fracture closure
problem addresses a contact problem between the rough and
smooth surfaces of fracture. The pressure-related permeability
models include exponential (Reyes and Osisanya, 2002), power
(Xiao et al., 2015), logarithmic (Xiao et al., 2016), and binomial
(Halsey et al., 1986).

Many further studies discuss the influence of pore throat and
fracture structure, mineral components, and rock characteristics on
stress-sensitive behavior (Cai, 2020; Tan et al., 2021; Zhu et al., 2022).
Kang et al. (2020) pointed out that the stress sensitivity of low
permeability reservoir is affected by burial depth, pore throat
structure, mineral type, and fracture development scale. Sheng et al.
proposed that the content of plastic minerals, the width, and the
number of fractures in low and ultra-low permeability reservoirs are
critical factors in determining stress sensitivity. The stress sensitivity is
more robust than the medium and high permeability reservoirs because
of the threshold pressure gradient (Sheng et al., 2016). A study
conducted by Chalmers et al. (2012) shows that the geological
control factors of permeability on the change in effective stress are
the properties of the pore structure, mineral type, and anisotropy and
that the sensitivity of permeability increases as the increasing aspect
ratio and decreased elastic modulus of the rock. Wang et al. (2022)
pointed out that fracture permeability is not only related to fracture
compressibility but also influenced by the fracture direction, reservoir
shape, and elastic properties of the reservoir and surrounding rock.

In terms of the finite element model, Walsh (1981) found a
linear relationship between the cube root concerning permeability
and the natural logarithm of confining pressure through numerical
simulation. Warpinski and Teufel (1993) found that the fracture will
shrink and close with increasing effective stress on the rock sample.
Kang et al. (2014) studied the influencing factors of changing
fracture width by using a finite element method and established a
prediction model for fracture width. Wang et al. (2016) used a finite
element model to obtain the closure variations of fractures with
different occurrences under different conditions, which provided a
theoretical basis for oil exploitation in fracture-vuggy reservoirs.

Therefore, previous studies on the stress sensitivity of fractured
reservoirs have primarily used experimental analysis and theoretical
models. In contrast, few comprehensive studies have considered the
effects of the parameters of the fracture system and rock mechanics
parameters on the stress sensitivity of reservoirs. Most of them are
limited to the study on the stress sensitivity of fractures under a
uniaxial stress state, which cannot reflect the deformation
characteristics of fractures under complex in-situ stress
conditions. Based on the in-situ stress parameters of the typical
block of the Longmaxi shale reservoir in the southern Sichuan area,
this paper provides a theoretical model to study the influence of
different fracture occurrences and rock mechanical parameters on
the closure variation of fractures under the action of in-situ stress.
One evaluates their stress sensitivity, comprehensively analyzes the
main control factors of stress sensitivity and reveals the stress
sensitivity mechanism of fractured reservoirs. The results of the
numerical model verify this theoretical model. The research results
of this paper are of great significance for establishing a productivity
equation considering the influence of stress sensitivity, accurately
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evaluating the change of reservoir seepage capacity, and formulating
proper production scheduling and production system.

2 Model set-up and numerical
procedure

Finite element simulation is a primary means to simulate
fracture initiation and propagation. Based on the finite element
method theory, the finite element inlays the analysis and solution
process to make the simulation steps simple and convenient. The
ideal fractured reservoir with a flaky fracture structure represents the
complex fracture system. One uses ABAQUS to simulate the
morphological characteristics of ideal fractures subjected to
anisotropic in-situ stresses. The plane strain assumption holds
within the discussion concerning the variation of the fracture
closure in this work. Namely, the CPE4P element is used during
the model development. Thus, the normal and shear strains are null
along the width direction. A rectangle fracture shape is prefabricated

by cutting a groove in the middle of the numerical model. Figure 1
shows the numerical model and boundary conditions. The fracture
occurs in the in-situ stress field under the combined action of the σ1
(Y direction) and σ3 (X direction) of the overlying strata. The
stresses σ1 and σ3 are prescribed as the σ1 > σ3 and depend on
the in-situ stresses (σv, σH, and σh) in faulting stress regimes (see
Figure 2). The stress ratio σ3/σ1 is called the coefficient of lateral
pressure. The model analysis makes the following assumptions. 1)
The crack closure is simulated by loading stress on the upper, lower,
left, and right sides of the prefabricated crack surface, which is
equivalent to considering the simultaneous action of horizontal and
vertical stresses; 2) The contact deformation of the crack surface
behaves as elastic deformation. One explores the variation of the
rock mechanical parameters (Elastic modulus E, Poisson’s ratio ν),
fracture angle θ, and fracture aspect ratio ε(w/l) impact on the stress
sensitivity of fractured reservoirs.

2.1 Model design and material parameters

The model variables include the characteristic parameters of
fracture (fracture angle θ, fracture aspect ratio ε) and rockmechanics
parameters (Elastic modulus E, Poisson’s ratio ν). Considering the
complex geological processes, the angle between the fracture and the
vertical stress is usually random, so the model finds the fracture with
different angles of 0°–90°. The aspect ratio characterizes the pore
fracture morphology. According to the fracture size, one assigns the
aspect ratio variable to be 0.001 to 0.1 in the model.

The rock mechanics parameters include elastic and strength
characteristic parameters. Elastic properties to describe the elastic
deformation of a material under loading, including Poisson’s ratio
and Young’s modulus, determine the brittleness of rock. Rock
strength characteristics, including compressive strength, shear
strength, tensile strength, and internal friction angle, describe the
plastic deformation of rock (Iferobia and Ahmad, 2020). Since the
contact deformation of the fracture surface behaves as elastic
deformation in the model, the elastic parameters are set as
variables, but the strength parameters are fixed.

FIGURE 1
Diagram of the numerical analysis Model.

FIGURE 2
The distribution of principal in-situ stress (σv, σH, and σh) based on different stress magnitude and directions and the resulting fault types (normal fault,
strike-slip fault, and reverse fault regimes).
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The characteristics of the underground fluid and the magnitude
of in-situ stress will affect the reservoir characteristics in a complex
geological environment. The ground stress acting on the depth of the
reservoir includes vertical and horizontal (minimum and
maximum) in-situ stress. Vertical stress (σv) results from the
overlying weight of the strata and the fluid contained in the pore
space, which causes the underlying strata to expand and expand
horizontally and laterally due to Poisson’s ratio effect. The
horizontal stresses (σh, σH) are formed by surrounding rock and
lateral movement caused by caprock stress (Djurhuus and Aadnøy,
2003). Iferobia and Ahmad (2020) classified different faults (normal,
strike-slip, and reverse). Figure 2 shows the fault types and their
corresponding stresses. For the two-dimensional plane strain model,
the cracks are mainly affected by the external forces of the vertical
and horizontal stresses. Therefore, two cases are considered. The
vertical stress is greater than the horizontal one, and the vertical
stress is less than the horizontal one, namely, the normal fault and
reverse fault (or strike-slip fault). The principal stress of the model is
set according to the measured value of the target block. According to
the triaxial rock mechanics analysis and test of 12 wells (95 samples)
in the Longmaxi Formation in southern Sichuan, the distribution
range of elastic modulus (Young’s modulus) is 11.02–78.33 GPa,
with an average value of 45.35 GPa. Poisson’s ratio ranges from
0.154 to 0.335, with an average of 0.251; The average uniaxial
compressive strength is 176.85 MPa, the average tensile strength
is 12.38, and the average values of internal friction angle and
cohesion are 45.59°and 2 MPa respectively. The strike-slip fault is
easy to form inWeiyuan Block, and the vertical stress of typical wells
ranges from 83.4 to 102.6 MPa, with an average of 95.7 MPa. The
maximum horizontal principal stress is 96.2–120.2 MPa, with an
average of 105.8 MPa. Normal faults are easy to form in Changning
Block. The vertical stress of typical wells ranges from 82.5 to
96.2 MPa, with an average of 91.0 MPa; The maximum
horizontal principal stress is 65.4–88.2 MPa, with an average of
79.5 MPa.

2.2 Evaluation criteria

Evaluating the element damage uses the maximum tensile
strength criterion and the damage threshold of the Mohr-
Coulomb criterion. The expression with tensile failure criterion is
as follows

σv − 1+sinφ
1−sinφ σH ≥ σc, σv > σc − λσt

σH ≤−σt, σv ≤−σc − λσt

⎧⎨⎩ (1)

where, σv, σH is the principal in-situ stress, MPa; φ is the friction
angle, (°); λ is the residual strength coefficient; σt is the tensile
strength, MPa; σc is the uniaxial compressive strength under
ultimate stress, MPa.

The whole process of fracture closure is predicted and
dynamically demonstrated. The vertical and horizontal output
stress values are converted into the constant change of fracture
effective stress P, and the fracture flow space of each closure step is
output to calculate the fracture permeability under different closure
degrees.

2.3 Simulation design and data processing

Jiang and Yang (2018) evaluated the stress sensitivity of the
fracture by deducting the fracture pore size in the model and
converting it into fracture permeability according to the classical
cubic law. The evaluation method concerning the stress sensitivity of
fractured reservoirs is different from that of matrix reservoirs. The
data processing and evaluation standard of stress sensitivity in
industry standards (SY/T5358-2010) is also controversial (Kang
et al., 2020). Therefore, the stress sensitivity coefficient is used to
evaluate the stress sensitivity of the fractured reservoir. The stress
sensitivity coefficient Ss is expressed in Eq. 2, and the evaluation
indexes are shown in Table 1 (Jones, 1975; Jones and Owens, 1980).

Ss �
1 − Ki

Ko
( )1/3
lg σi

σo

(2)

The above symbols include stress sensitivity coefficient Ss,
dimensionless; initial stress value σo, MPa; Initial permeability
value Ko, 10−3 μm2; Effective stress value of each experimental
point σ i, MPa; Corresponding permeability value of each
practical point Ki, 10−3μm2.

3 Characteristics of fracture
deformation and influencing factors

Although many experiments have proved the high dependence
of fracture permeability on effective stress, it is difficult to be
characterized by a formula due to the difference in rock type and
pore structure, and theoretical studies on numerical models are still
insufficient (Chen et al., 2015). In this section, the fracture
permeability model is derived based on the simulation variables,
and the theoretical model is used to fit the numerical simulation
results. One also discusses the influencing factors and characteristics
of stress sensitivity.

3.1 Fracture angle

Under the same underground stress condition, the closure variation
of fractures with different occurrences, such as low-angle and high-
angle fractures, are significantly different. The closure variation usually
depends on the in-situ stress, fracture dip angle, and the angle between

TABLE 1 Evaluation index of stress sensitivity coefficient.

Ss Degree of stress sensitivity

Ss<0.05 No

0.05≤Ss≤0.30 Weak

0.30<Ss≤0.50 Medium to weak

0.50<Ss≤0.70 Medium to strong

0.70<Ss≤1.00 Strong

Ss>1.00 Extremely strong
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the fracture strike and the maximum horizontal principal stress (Fan
et al., 2020; Liu et al., 2021).

The following conditions are assumed to establish the
predicting model of fracture deformation with different angles
under non-hydrostatic stress. 1) The matrix is an isotropic linear
continue. 2) A linear correlation occurs between stress and
displacement of fractures. 3) The influence of shear stress is
not considered.

According to the force analysis diagram (Figure 1), when the
fracture angle is α, the normal force (σn) on the fracture surface is
written as (Feng et al., 2021):

σn � σvcos
2 α + σHsin

2 α (3)

According to the effective principle stress (Ma et al., 2020), the
normal displacement of the fracture is given by

un � bo
σn
Ef

� bo σvcos 2 α + σHsin 2 α − αfp( )
Ef

(4)

The fracture width after stress deformation reads

bf � bo − un � bo −
bo σvcos 2 α + σHsin 2 α − αfp( )

Ef
(5)

Based on the classical cubic law, the permeability retention rate
is derived after stress-sensitive damage of fractures

TABLE 2 List of performed numerical experiments.

serial number variables number of analog
groups

fracture parameters

Angle θ,° Aspect ratio ε Elastic modulus
E, GPa

Poisson’s ratio, ν

1 fracture angle 14 0 to 90 0.001 45 0.25

2 fracture aspect ratio 22 45 0.001 to 0.1 45 0.25

3 elastic modulus 16 45 0.001 10 to 80 0.25

4 Poisson’s ratio 18 45 0.001 45 0.15 to 0.35

*1) The selection of rock mechanics parameters is based on the range and average value of measured values in the target block; 2) Vertical stress is greater than horizontal stress (typical Wells in

Changning Block: vertical stress 91.0 MPa, horizontal stress 79.5 MPa) and vertical stress is less than horizontal stress (typical Wells in Weiyuan Block: The vertical stress is 95.7 MPa, the

horizontal stress is 105.8 MPa), that is, the coefficient of lateral pressureK (the ratio of horizontal stress to vertical stress) is less than one and larger than one, respectively. 3) In simulations 2 to

4, the 45°fracture is kept to ensure that the fracture’s vertical and horizontal stress components are consistent and to avoid the influence of angle.

TABLE 3 The related parameters of numerical simulation and the theoretical calculation result.

Simulation
type

Inclination simulation

Variables Lateral pressure coefficient<1 Lateral pressure coefficient>1

Fitting
Equation

R2 Stress
sensitivity

coefficient S

The relative error
between modular
results (Ki/Ko)and
theoretical results

(Ki/Ko)

Fitting
Equation

R2 Stress
sensitivity

coefficient S

The relative error
between modular
results (Ki/Ko) and
theoretical results

(Ki/Ko)

Inclination0° y=158233e-
0.085x

0.8710 0.65 10.37 y = 204370e-
0.108x

0.8026 0.55 9.19

Inclination 15° y = 135921e-
0.088x

0.8937 0.64 4.28 y = 150626e-
0.106x

0.9179 0.55 8.03

Inclination 30° y = 143396e-
0.094x

0.9288 0.64 6.58 y = 123554e-
0.102x

0.9450 0.56 9.34

Inclination 45° y = 124218e-
0.081x

0.945 0.63 6.68 y = 145246e-
0.126x

0.8565 0.58 6.39

Inclination 60° y = 147905e-
0.089x

0.8813 0.63 10.14 y = 129879e-
0.125x

0.9489 0.59 8.20

Inclination 75° y = 159177e-
0.086x

0.9000 0.55 7.75 y = 135980e-
0.133x

0.9557 0.65 8.33

Inclination90° y = 210665e-
0.095x

0.7945 0.53 8.39 y = 159217e-
0.16x

0.8917 0.72 7.74
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kf
ko

�
bo − bo σvcos 2 α+σHsin 2 α−αfp( )

Ef
( )2

bo
2 × 100% (6)

In the above, the parameters include fracture permeability after
deformation kf, mD; Initial fracture permeability ko, mD; The
normal displacement of the fracture un, mm; Initial fracture

FIGURE 3
Stress nephogram of fractures with different angles under stress in two directions.
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width of the fracture bo, mm; Fracture width after deformation bf,
mm; The normal force on the joint surface σn, MPa; the vertical and
horizontal stress σv, σH, MPa; The elastic modulus of fracture Ef,
MPa; the fracture effective stress coefficient αf, default as 1; the
angle of fracture α, °; The pore fluid pressure p, MPa.

Based on the simulation experiment scheme (see Table 2), one
predicts the permeability decreasing tendency of fractures at
different angles with changes in effective stress and compares it
with the simulation results.

Under two in-situ stress condition, the use of ABAQUS finite
element simulation obtains the stress nephogram of fractures at all

angles. Figure 3 shows the stress and expansion state of fractures at
different angles. When the non-equal stress is applied to the fracture,
the pressure contour line is elliptic distribution, and the pressure
emanates outward from the fracture. The pressure value gradually
increases outward from the low-stress value near the fracture. In
other words, the stress effect transfers pressure in an ellipse to the
interior around the fracture.

Meanwhile, stress concentration appears at both ends of the
fracture, decreasing outward and diverging. With the increasing
stress in both directions, the formation pressure in the fracture
continuously decreases, and the fracture gradually is compressed and
deforms to reduce the width. Finally, the fracture is completely closed.

The fracture permeability ratio at different angles changes with
effective stress (see Figure 4). The overall closure variation shows
that the seepage capacity of the fracture decreases with increasing
effective stress. The fracture width continuously decreases due to
deformation closure when the fracture is subjected to the action of
in-situ stress. As the effective stress begins to decline, the fracture
deformation is relatively large, but the permeability rapidly
decreases. Therefore, stress sensitivity is vital. When the stress
decreases to a specific value, the fracture deformation tends to be
stable, and the permeability slowly decreases. The correlation curve
shows an exponential downward tendency. The fitting formula is
shown in Table 3. R2 reaches 0.7945–0.9450, with an average of
0.8943, consistent with previous research results (Dong et al., 2010;
Metwally and Sondergeld, 2011; Chalmers et al., 2012; Ghanizadeh
et al., 2014; Bhandari et al., 2015; Chen et al., 2019). When the
coefficient of lateral pressure is less than 1, the fracture with a lower
dip angle is easier to close (Figure 4A). The stress sensitivity
coefficient Ss is 0.53–0.65, which belongs to medium to severe
damage, and decreases with the increasing dip angle (Figure 5).
In other words, the fracture with a greater dip dangle has weaker

FIGURE 4
Variation curve of permeability ratio of fractures at different angles with effective stress.

FIGURE 5
Curve of stress sensitivity coefficient changing with fracture
angle.
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stress sensitivity damage. When the lateral pressure coefficient is
larger than one, the fracture with a higher dip angle is easier to close
(Figure 4B). The stress sensitivity coefficient Ss is 0.55–0.72, which

belongs to medium to severe damage, and increases with the
increasing dip angle (Figure 5). The fracture with a greater dip
dangle has more serious stress sensitivity damage.

FIGURE 6
(Continued).
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Figure 4 shows the fitting curve based on the numerical
simulation and the theoretically predicted results. The average
relative errors of numerical simulation and theoretically
predicted ones are 7.74% and 8.17%, respectively (see Table 3),
indicating a high degree of agreement. Under the same stress
condition, the normal effective stress of fracture surfaces is
different. Thus, the fracture permeability presents different
response characteristics and stress sensitivity coefficients during
loading. When vertical stress is larger than horizontal stress, the
permeability change of the fracture is lower for a larger angle, since

the vertical stress component applied to the fracture with a large
angle is smaller than that of a slight dip angle. On the contrary,
when the vertical stress is less than the horizontal stress, the vertical
stress component applied to the fracture with a large angle is greater
than that of a slight angle. The results of numerical simulation and
theoretical prediction are in good agreement, which verifies the
accuracy and practicability of the predicting model for fracture
deformation based on different angles, and can be further used to
deduce the natural fracture network deformation and productivity
prediction.

FIGURE 6
(Continued). Stress nephogram of fractures with different aspect ratios under non-hydrostatic stress.
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3.2 Aspect ratio

The compressibility of reservoir pore space also depends on the
geometric shape. Generally, the flow path can be described as a
circular pipe, an ellipsoidal pore, or a plane fracture (Bernabe et al.,
1982; Sisavath et al., 2000; Izadi et al., 2011; Schwartz et al., 2019; Li
et al., 2022). The aspect ratio ε (ε � w/l) is the main parameter to
distinguish the type and size of the pore spaces, whichw is the minor
axis length and l is the major axis length. In this study, the aspect
ratio variable of 0.001–0.1 based on the crack size is considered in
the model.

The general expression of the pore compression coefficient of
elliptic pores is usually described as Eq. 7 under plane strain

condition (Schwartz et al., 2019). The pore is considered a
fracture when the aspect ratio is small. The aspect ratio is the
ratio of the width and length of the fracture. According to Eq. 7, rock
compressibility is mainly affected by aspect ratio, young’s modulus,
and Poisson’s ratio, which respectively reflect the influence of
fracture occurrence and rock mechanical properties on the stress
sensitivity of a fractured reservoir.

Cp � 2 1 − ]( )
E

ε + 1
ε

( ) (7)

where Cp is the coefficient of pore compression, other definitions
include Poisson’s ratio ], elastic modulus E, and fracture aspect ratio
ε. As ε is much smaller than unity, Eq. 7 can be simplified as

FIGURE 7
Variation curve of permeability ratio of fractures with different aspect ratios with effective stress.

FIGURE 8
Variation of stress sensitivity coefficient with the fracture aspect
ratio.

FIGURE 9
Schematic of the growth conditions derivation of Griffith crack.
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Cp � 2 1 − ]( )
Eε

(8)

Strain in the pore space is defined as:

εp � σCp (9)
where εp is the pore strain, and σ is the applied stress. We invoke the
constraint that the aspect ratio ε can be assumed constant under
hydrostatic pressure. According to the two-dimensional pore strain
formula rederived by B. Schwartz et al. (2019), and considering the
seepage characteristics of parallel plate fractures in the model, the
permeability retention rate after stress-sensitive fracture damage can
be characterized as follows

Ki

Ko
� 1 −△σCp( ) 3

2 (10)

In the case that the aspect ratio does not hold constant, by
changing the area change of the elliptic model, the following formula
is derived

Ki

Ko
� 1 −△σCp( )3 (11)

Based on the simulation experiment scheme, the permeability
decreasing tendency of fractures is predicted according to Eq. 11 and
compared with the simulation results for different aspect ratios
under different effective stress.

Figure 6 shows the stress nephogram of fractures with different
aspect ratios under non-hydrostatic stress conditions. Figure 7
presents the variation of fracture permeability ratio against
effective stress (since the lateral pressure coefficient does not
affect the variation tendency of fracture aspect ratio with effective
stress, one selects any stress condition is herein only fitted). The
fracture permeability decreases with the increasing effective stress,
and the coefficient of lateral pressure does not affect the variation
tendency of the fracture aspect ratio with the effective stress. The
permeability decreases with decreasing aspect ratio (see Figure 7).
When the aspect ratio is ε ≤0.0025, the fracture permeability ratio
decreases exponentially with the increasing effective stress. The
fracture permeability ratio decreases linearly when the aspect
ratio is ε > 0.0025. Under the non-hydrostatic stress conditions,
the variation tendency of the stress sensitivity coefficient coincides
(see Figure 8). Ss ranges from 0.004 to 0.586, and shows an
exponential downward trend with the increasing aspect ratio.
When the aspect ratio ε ≤0.0025, Ss ranges from 0.302 to
0.586 with an average value of 0.463, corresponding to medium-
weak and medium-strong damage. When the aspect ratio ε >0.0025,
Ss ranges from 0.004 to 0.143, with an average value of 0.049,
indicating no damage. In other words, the stress-sensitive damage
degree of fractures with an aspect ratio ε ≤0.0025 is significantly
higher than that of fractures with an aspect ratio ε >0.0025, which is
consistent with previous studies. Namely, the rock is richer in
fractures, and the stress sensitivity of the reservoir is stronger
(Schwartz et al., 2019).

Figure 7 shows the fitting curve based on the numerical
simulation and theoretically predicted results. When the
aspect ratio is less than 0.0025, the numerical and theoretical
values exponentially decrease with the increasing effective stress.

Still, the aspect ratio is more significant than 0.0025, and the
numerical and theoretical values decrease linearly. When the
aspect ratio is less than 0.01, the relative error between the
numerical simulation value and the theoretically predicted
value is more significant, ranging from 6.13% to 13.45%, with
an average of 9.45%. On the contrary, when the aspect ratio is less
than 0.01, the relative error value of the two decreased
significantly, ranging from 1.46% to 4.92%, with an average of
3.24%. In other words, the theoretical prediction has higher
fitting accuracy and minor relative error in the case of
modeling with a larger aspect ratio.

The influence of fracture aspect ratio on stress sensitivity is
usually more important than the mechanical properties of the rock.

FIGURE 10
Curve of permeability ratio of fractures with different elastic
modulus changing with effective stress.

FIGURE 11
Variation of stress sensitivity coefficient against the elastic
modulus.
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It suggests pressure maintenance may be more critical in a fractured
reservoir with a low aspect ratio.

3.3 Elastic modulus

Griffith (1920) was the first to derive the formula of fracture
propagation in elliptic holes by the theory of elastic energy
conversion. As shown in Figure 9, the variation d(x)
of the ellipse’s short axis width is described as under effective
stress

d χ( ) � 4σ
E′

������
α2 − χ2

√
(12)

where σ is the effective stress, E′ is the elastic energy, α is the radius
of the long axis of the ellipse hole, and the value of the horizontal
coordinate x of the ellipse hole is [−α, α] under the plane strain
condition E′ � E

1−]2.
When the ratio of the short axis to the long axis (the aspect

ratio) of the elliptical pore gradually decreases, it can be
approximated as a fracture. Therefore, the model is usually
assumed to be an elliptical hole, and its stress deformation is
derived. Based on the above theory, Du et al. (2022) obtain the
permeability expression with one fracture can be ed from the
Poiseuille equation and Darcy’s law

K � ϕb2

3
(13)

where b is the radius of the short axis of the elliptical hole. The
expressions of initial permeability and permeability are under
different effective stress states

Ko � ϕbo
2

3
; Ki � ϕbi

2

3
(14)

where bo is the initial short axis radius of the elliptical hole, and bi is
the short axis radius after stress deformation. The formula of
permeability retention rate after stress-sensitive fracture damage
is further derived:

Ki

Ko
� 1 − 1

ε

2 1 − ]2( ) σe + σeo( )
E

[ ]2

(15)

where σe is the effective stress, and σeo is the initial effective stress.
Based on the simulation experiment scheme, the permeability

decreasing tendency of fractures is predicted according to Eq. 15 and
compared with the simulation results with different elastic modulus
under different effective stress.

The stress nephograms of fractures with different elastic
modulus under non-hydrostatic stress conditions are obtained
by numerical simulation. Figure 10 shows the variation of the
fracture permeability ratio with stress (since the lateral pressure
coefficient does not affect the variation tendency of fracture
elastic modulus with effective stress, one selects any stress
condition is herein only fitted). The fracture permeability
decreases with increasing effective stress, and the permeability
ratio shows an exponential downward tendency. The coefficient
of lateral pressure does not influence the variation of the fracture
aspect ratio against the effective stress. The changing tendency of
the stress sensitivity coefficient coincides under the non-
hydrostatic stress conditions (see Figure 11). Figure 10 shows
a more obvious permeability decrease for a smaller elastic
modulus. With the elastic modulus increase, a linear
downward tendency with Ss of 0.45–0.74 shows medium,
weak, severe fracture damage. The smaller elastic modulus of
the fracture has stronger stress sensitivity.

Figure 10 shows the fitting curve based on the numerical
simulation and theoretically predicted results. With the increase
of elastic modulus, the decreasing tendency of permeability becomes
slow, and the stress sensitivity uniformly decreases. That is to say,
the fracture with a larger Young’s modulus is harder to compress.
The relative error between the numerical simulation value and the
theoretically predicted one is 4.22%–9.63%, with an average of
5.46%, which is in good agreement.

FIGURE 13
Variation of stress sensitivity coefficient against Poisson’s ratio.

FIGURE 12
Variation curve of permeability ratio of fractures with different
Poisson’s ratios as a function of effective stress.
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The stress sensitivity of rock is essentially caused by the
change in pore structure and mineral deformation, which
reflects the change in pore-throat connectivity and electrical
conductivity. The elastic modulus is the internal factor that
affects stress sensitivity. Harder mineral components are
harder to compress than softer ones (Xu et al., 2018a; Xu
et al., 2018b). The quartz and calcite minerals with high
elastic modulus are difficult to deform under loading, so the
increase in the content of these brittle minerals reduces the stress
sensitivity of the rock (Li et al., 2014). On the contrary, plastic
minerals such as gypsum and clay have better toughness and
lower elastic modulus. Research indicates that clay minerals play
a significant role in rock deformation, and the stress sensitivity is
25 times that of quartz. Therefore, the higher content of clay
minerals possesses stronger stress sensitivity (Xu et al., 2018a,;
Xu et al., 2018b). Meanwhile, the type of clay minerals will also
affect stress sensitivity. For example, kaolinite reduces stress
sensitivity, but the illite or mixed layer enhances the stress
sensitivity (Xiao et al., 2016).

3.4 Poisson’s ratio

According to Eq. 15, the decreasing tendency of fracture
permeability is predicted with different Poisson’s ratios and
effective stress and is further compared with the simulation
results.

Stress nephograms of fractures against different Poisson’s
ratios under non-hydrostatic conditions are obtained by
numerical simulation. Figure 12 shows the variation of the
fracture permeability ratio against the effective stress. The
fracture permeability decreases with the effective stress increase,
and the permeability ratio shows an exponential downward
tendency. The coefficient of lateral pressure does not affect the
changing preference of the fracture aspect ratio with the effective
stress, indicating that the permeability decrease is more evident for
smaller Poisson’s ratio ν. Still, the change range is small (see
Figure 12). Figure 13 shows the variation tendency of stress
sensitivity coefficients is the same under non-hydrostatic stress
conditions. With the increase of Poisson’s ratio ν, there is an
approximate linear downward tendency with Ss 0.53 to 0.64, which
is medium to severe damage. The smaller Poisson’s ratio of the
fracture presents stronger stress sensitivity.

Figure 12 shows the fitting curve based on the theoretical
model’s numerical simulation and calculation results. Noting
that the coefficient of lateral pressure does not influence the
changing tendency of fracture elastic modulus with effective
stress, herein, the model is only fitted under any stress
condition. With the increase of Poisson’s ratio, the decreasing
tendency of permeability progressively slows down, and the stress
sensitivity uniformly decreases. The fracture is more challenging
to be compressed where the rock has a larger Poisson’s ratio,
while the decreased range is generally reduced. It is not
significant the influence of Poisson’s ratio on the stress
sensitivity of fracture. The relative error between the
numerical simulation value and the theoretical calculation
value ranges from 3.48% to 11.98% and averages 8.53%, which
is in good agreement.

In terms of mechanical properties, Poisson’s ratio varies with
rock properties. For example, the elastic modulus of calcite and
quartz are similar. Still, Poisson’s ratio is much higher than quartz,
which has higher compressive resistance and can play a better-
supporting role on the fracture surface. The stress sensitivity is
weaker when the reservoir has a higher calcite content. Clay
minerals are typical minerals with low elastic modulus and high
Poisson’s ratio. Still, compared to elastic modulus, Poisson’s ratio
has much less influence on rock stress sensitivity, so clay minerals
still have strong plasticity.

The internal factor of rock is the most critical factor affecting
the stress sensitivity of fracture. The internal factors are mineral
composition, grain structure, pore structure, water saturation,
mechanical morphology, geometric structure, and filling degree.
External factors mainly comprise the effective stress, reservoir
temperature, loading mode, threshold pressure, and working
fluid invasion. Specifically, under external stress, the stress
sensitivity increases with the decreasing hardness of minerals.
For example, the experimental studies from Zhang Rui et al. show
that the pore compressibility of shale is 1–2 orders of magnitude
higher than that of sandstone. That is, the porosity of shale
decreases more significantly than sandstone under the given
stress. It is because shale reservoirs develop microfractures,
and the nanopores have a low aspect ratio. In addition, shale
is rich in clay and organic matter, so the elastic modulus is usually
lower than that of sandstone. The low aspect ratio of pore and
young’s modulus leads to high pore compressibility, which is why
shale permeability is more sensitive to effective stress (Zhang
et al., 2015a; Zhang et al., 2015b). For example, dolomite has the
highest elastic modulus among common carbonate minerals,
followed by calcite and clay. When dolomite and calcite
contain a certain amount of clay, the reservoir is more
sensitive to stress. Therefore, the stress sensitivity of fracture
in micritic limestone and micritic dolomite is more robust than
that of natural and bioclastic limestone (Feng et al., 2019).

During the development of a fractured reservoir, it is necessary to
carry out detailed research on the distribution characteristics of
reservoir lithology, pore structure parameters, mechanical properties,
natural fractures, and fractured fractures, and obtain a full
understanding of the variation, including fracture closure, fracture
deformation and seepage characteristics of fracture, and influencing
factors under in-situ stress state. Meanwhile, it is also required to
consider both internal and external influencing factors and combine
them with the characterization and development demand of the
reservoir. Thus, formulating reasonable development modes and
exploitation speed ensures efficient and stable production of oil and
gas reservoirs and maximizes economic benefits.

4 Conclusion

1. Taking the typical block of the Longmaxi shale reservoir in southern
Sichuan as the engineering background, one uses the linear elastic
theory to establish theoretical models to simulate the variation of
fracture closure under the two-directional stress loading. There is an
exponential relationship between permeability and effective stress
with different applied angles to fractures, and the influence of
applied angle on stress sensitivity is related to the local stress
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field.When the coefficient of lateral pressure is less than one, and the
applied angle is smaller, the stress sensitivity is more robust, and the
coefficient of stress sensitivity Ss ranges from 0.53 to 0.65. When the
coefficient of the lateral pressure is greater than one, and the applied
angle is larger, the stress sensitivity is greater, and the coefficient of
stress sensitivity Ss is 0.55–0.72. The abovementioned difference
depends on the difference between normal stresses with different
angles applied to fractures under different stress field conditions.
Under the normal faulting stress regime, the fractured reservoirs
with horizontal and low-angle fractures are suggested to exploit
while timely maintaining formation pressure. On the contrary,
attention should be paid to high-angle fractures under the reverse
or strike-slip faulting regimes.

2. Under the same stress state, the stress sensitivity of fracture correlates
with aspect ratio, elastic modulus, and Poisson’s ratio. Geometry
determines the compressibility of pore space. The aspect ratio of
fracture much more influence the stress sensitivity than the
mechanical properties of rock. Meanwhile, elastic modulus and
Poisson’s ratio act as the internal factors to affect stress sensitivity,
and the affecting intensity depends on the type and content ofmineral
components. Pressure maintenance is more critical for fractured
reservoirs with low aspect ratios and rich in soft minerals.

3. Based on the linear elastic deformation theory and the stress analysis
applied to the fracture surface, one develops a theoretical model of
fracture permeability under different conditions. The results show
that the values of relative error between the numerical simulation
and the theoretical model are less than 10%, which has a good
consistency and verifies the accuracy of the simulation results.
Meanwhile, the theoretical model considers the fracture
occurrence and elastic parameters and has broader applicability
than the standard empirical formulas. Thus, the theoretical model
can be further applied to describe the deformation of real fracture
networks and productivity prediction.

4. Both internal and external factors determine the strong stress
sensitivity of a fractured reservoir, and the internal factor is the
most important one. The change in fracture geometry andmineral
deformation essentially causes stress sensitivity. In developing a
fractured reservoir, it is necessary to conduct detailed research on
the lithologic characteristics, pore structure, mechanical properties,
and fracture distribution characteristics—A complete
understanding of the variation of deformation and seepage
characteristics of fracture and the corresponding influencing
factors. Based on the reservoir features and development
demands, formulating a reasonable development method and
production speed ensures the efficient and stable production of
the reservoir and maximizes the economic benefits.
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