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Abstract: Permeability is one of the key factors involved in the optimization of oil and gas production
in fractured porous media. Understanding the loss in permeability influenced by the fracture system
due to the increasing effective stress aids to improve recovery in tight reservoirs. Specifically, the
impacts on permeability loss caused by different fracture parameters are not yet clearly understood.
The principal aim of this paper is to develop a reasonable and meaningful quantitative model that
manifests the controls on the permeability of fracture systems with different extents of fracture
penetration. The stress-dependent permeability of a fracture system was studied through physical
tests and numerical simulation with the finite element method (FEM). In addition, to extend capability
beyond the existing model, a theoretical stress-dependent permeability model is proposed with
fracture penetration extent as an influencing factor. The results presented include (1) a friendly
agreement between the predicted permeability reduction under different stress conditions and the
practical experimental data; (2) rock permeability of cores with fractures first reduces dramatically
due to the closure of the fractures, then the permeability decreases gradually with the increase in
effective stress; and (3) fracture penetration extent is one of the main factors in permeability stress
sensitivity. The sensitivity is more influenced by fracture systems with a larger fracture penetration
extent, whereas matrix compaction is the leading influencing factor in permeability stress sensitivity
for fracture systems with smaller fracture penetration extents.

Keywords: fractured tight reservoir; stress-dependent permeability; fracture penetration extent;
theoretical model

1. Introduction

Fluid flow under stress through fractured media has drawn considerable attention in
many engineering fields, including physics [1,2], hydraulics [3,4], chemistry [5], petroleum, and
engineering [6–10]. The permeability of a reservoir decreases as effective stress increases during
reservoir development [11]. This permeability reduction is more severe for fractured reservoirs, which
poses difficulties for oil production in tight reservoirs due to seepage losses [12]. Since permeability is
one of the key factors in reservoir production, understanding the mechanism of permeability reduction
assists with reservoir dynamic analysis and production optimization.

Many studies have been conducted on the law of reservoir stress sensitivity, with many of them
focused on experimentation. Buchsteiner et al. [13] found that the closure of fractures occurs due to
rock pore structure deformation under increasing stress. The permeability damage rate under changing
stress was defined in the explanation of the stress sensitivity of low permeability gas formation [14].
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Stress sensitivity experiments have been conducted under a wide range of stresses [15], and variation
patterns have been directly measured [16]. Fractured reservoirs, in the low permeability stage, were
found to have greater stress sensitivity, which is weakened when the effective stress is higher beyond a
certain criteria [17]. Besides the above experimental works, theoretical works requiring complicated
study methods [18] and microimage analysis systems [19] have also been conducted. The physical
structure model of the fracture surface [20] and the mechanical structure model of the surface contact of
fractures [21] have been established. The change between fracture volume loss and effective stress was
determined [22–24]. McKee et al. [25] derived a function for porosity considering effective stress, and
substituted the equation for porosity into the Carman–Kozeny equation to calculate the permeability
of fractures considering the fracture aperture and fracture height. However, not much attention has
been paid to the impact caused by the extent of fracture penetration on stress-dependent permeability,
and the fracture has rarely been separated as a distinct object. We still do not fully understand the
characteristic behavior of the stress-dependent permeability of a fractured reservoir or the effects of
fracture parameters [26].

Numerical methods are effective at simulating the flow behavior in fractured porous media [27–30].
A two-dimensional (2D) fracture model proposed by Perkins and Kern and developed by Nordren
(the PKN model) [27], which assumes that fractures have an elliptical cross-section and constant
height, has been used to simulate the settling velocity correlation of proppant in foam fracturing.
A full three-dimensional (3D) displacement discontinuity method (DDM) has been used to investigate
proppant transportation in growing fracture networks [28]. A hybrid Eulerian–Lagrangian model,
assuming that foam is a single-phase non-Newtonian fluid, has been used to conduct the simulation
of media with hydraulic fractures [29]. A hydraulic fracturing simulator that implicitly couples fluid
flow with 3D discrete fracture networks (DFNs) has been established [30]. Due to the advantage of
better precision and higher computational efficiency to simulate coupled flow deformation behavior in
porous media, FEM simulation was adopted in this work to simulate the stress-dependent permeability
change in tight media with fractures.

The major goal of this work is to take the fracture system as a distinct object and explore the
impact on stress-dependent permeability caused by a fracture system with different fracture parameters.
The specific objectives are to (1) analyze the stress-dependent permeability variation in the fracture
system caused by the extent of the fracture penetration, (2) develop a reasonable model to quantify
the stress-dependent permeability loss of the fracture system, (3) compare the predicted results with
experimental results to support the model results, and (4) to quantitatively determine the influences
of different fracture penetration extents on permeability in fractured porous media. A technology
roadmap of this work is presented in Figure 1.
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2. Experiment

2.1. Samples

The preparation of samples involved core drilling, eluting, drying, and fracture forming. Cores,
2.5 cm in diameter and 15 cm in length, were drilled along the horizontal direction of full-size core
samples from a tight sandstone reservoir. The elution of drilled cores was conducted in an extractor
with different solutions. They were first eluted using benzene, and then by a mixed solution of
alcohol and toluene at a ratio of 1:3. After the elution, the cores were placed in a vacuum drying oven,
vacuumed and dried to a constant weight for 24 h at a temperature range of 60–65 ◦C, with a relative
humidity of 40% to 45%, and then moved to a dryer to cool down to room temperature.

Since the drilled cores potentially had tiny distributed fractures, confining pressure was applied
to close those fractures in order to better control the variation. The fractures with different penetration
extents in the cores were formed through different methods. For a fully penetrated core, the Brazilian
split technique [31,32] was adopted. For the cores with different penetration extents, a specific control
method was needed to set the fracture [33]. Alloy structure steel wires were used to form a concentrated
stress in order to induce a radial tension crack. As shown in Figure 2, a pressure p (MPa) was exerted
on the steel wires and a fracture formed along the direction of the exerted pressure. The extent of the
fractures was controlled by monitoring the differential stress.

Energies 2018, 6, x FOR PEER REVIEW  3 of 16 

 

The preparation of samples involved core drilling, eluting, drying, and fracture forming. Cores, 
2.5 cm in diameter and 15 cm in length, were drilled along the horizontal direction of full-size core 
samples from a tight sandstone reservoir. The elution of drilled cores was conducted in an extractor 
with different solutions. They were first eluted using benzene, and then by a mixed solution of alcohol 
and toluene at a ratio of 1:3. After the elution, the cores were placed in a vacuum drying oven, 
vacuumed and dried to a constant weight for 24 h at a temperature range of 60–65 ℃, with a relative 
humidity of 40% to 45%, and then moved to a dryer to cool down to room temperature.  

Since the drilled cores potentially had tiny distributed fractures, confining pressure was applied 
to close those fractures in order to better control the variation. The fractures with different penetration 
extents in the cores were formed through different methods. For a fully penetrated core, the Brazilian 
split technique [31,32] was adopted. For the cores with different penetration extents, a specific control 
method was needed to set the fracture [33]. Alloy structure steel wires were used to form a 
concentrated stress in order to induce a radial tension crack. As shown in Figure 2, a pressure p (MPa) 
was exerted on the steel wires and a fracture formed along the direction of the exerted pressure. The 
extent of the fractures was controlled by monitoring the differential stress.  

    

(a) (b) (c) 

Figure 2. (a) A sketch of the fracture-forming method in cores with different penetration extents. The 
red line is the alloy structure steel wire, the pressure represented by the black arrows is exerted 
directly on the wire in the normal direction of the upper plate of the core, and the crack occurs along 
the direction of the blue arrows. (b) A fully penetrated core and (c) partly penetrated core. 

In the stress sensitivity experiments on the matrix and fractured cores, the porosity and 
permeability were measured in the laboratory (Table 1). Three sets of tight cores with different 
permeability levels were selected, and each set contained 2 matrixes with the same permeability level. 
Fractures were formed using the Brazilian split technique [34,35] in one of the two cores in each set, 
with the fracture surface remaining uncontaminated. The parameters of the cores are summarized in 
Table 1.  

Table 1. Physical parameters of the matrix and fractured cores. 

No. Core Type 
Core 

Diameter 
(cm) 

Core 
Length 

(cm) 

Width 
of Fracture 

(cm) 

Porosity 
(%) 

Permeability 
(10−3 μm2) 

1 
Matrix  2.46 7.24 0.00 14.7 0.52 

Fractured core 2.46 7.24 2.41 14.7 1.08 

2 
Matrix  2.53 6.37 0.00 15.2 0.72 

Fractured core 2.53 6.37 2.42 15.2 1.27 

3 Matrix  2.48 8.35 0.00 15.4 0.90 
Fractured core 2.48 8.35 2.44 15.4 1.43 

Figure 2. (a) A sketch of the fracture-forming method in cores with different penetration extents. The
red line is the alloy structure steel wire, the pressure represented by the black arrows is exerted directly
on the wire in the normal direction of the upper plate of the core, and the crack occurs along the
direction of the blue arrows. (b) A fully penetrated core and (c) partly penetrated core.

In the stress sensitivity experiments on the matrix and fractured cores, the porosity and
permeability were measured in the laboratory (Table 1). Three sets of tight cores with different
permeability levels were selected, and each set contained 2 matrixes with the same permeability level.
Fractures were formed using the Brazilian split technique [34,35] in one of the two cores in each set,
with the fracture surface remaining uncontaminated. The parameters of the cores are summarized
in Table 1.

Table 1. Physical parameters of the matrix and fractured cores.

No. Core Type
Core

Diameter
(cm)

Core Length
(cm)

Width of
Fracture

(cm)
Porosity (%) Permeability

(10−3 µm2)

1
Matrix 2.46 7.24 0.00 14.7 0.52

Fractured core 2.46 7.24 2.41 14.7 1.08

2
Matrix 2.53 6.37 0.00 15.2 0.72

Fractured core 2.53 6.37 2.42 15.2 1.27

3
Matrix 2.48 8.35 0.00 15.4 0.90

Fractured core 2.48 8.35 2.44 15.4 1.43
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In the experiment, the permeability stress sensitivity experiments were conducted on tight cores
with five different fracture penetration extents including a matrix without fractures and those with 25,
50, 75, and 100% penetration of the core. The parameters are shown in Table 2.

Table 2. Physical parameters of the cores with different penetration extents.

Core Type
Core

Diameter
(cm)

Core
Length

(cm)

Width of
Fracture (cm)

Permeability
(10−3 µm2)

Permeability
Increase
Multiple

Matrix 24.62 31.30 0.00 0.052 1.00
Fracture penetration 25% 24.62 31.30 24.16 0.058 1.12
Fracture penetration 50% 24.62 31.30 24.16 0.065 1.25
Fracture penetration 75% 24.62 31.30 24.16 0.074 1.42
Fracture penetration 100% 24.62 31.30 24.16 0.086 1.65

2.2. Experimental Apparatus

The schematic of the apparatus used for the stress-dependent permeability experiment is shown
in Figure 3. The driving pressure was provided by a high-pressure injection pump, equipped with
a high-pressure container. The recording range of the flow rate of this pumping was between
0.01 µL/min and 50 mL/min, with an accuracy of 0.01 µL/min. Its pressure ranged from 0.068
MPa to 68 MPa, with an accuracy of 7 kPa. A hand pump was connected to the cylindrical core holder
to provide confining pressure. The inlet and outlet pressure difference was recorded by a differential
pressure transducer.
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2.3. Experimental Procedure

Determining the relationship between effective stress and permeability is the key objective of
stress sensitivity experiments. In this work, stress sensitivity experiments were conducted under
variable confining pressure in an unsteady state, and the gas used here was N2. Primary effective
stress was used to evaluate stress sensitivity of the tight core [25,34,35]:

σ = σ0 − ηp (1)

where σ is the primary effective stress (MPa), σ0 is the confining pressure (MPa), p is the fluid pressure
(MPa), and η is the effective stress coefficient, which can be taken as rock porosity of the matrix system
and the unity of the fracture system.

The porosity of the experimental core was obtained using the gas pore volume measurement
method. (1) Place the standard sample in the standard chamber under a pressure P1, (2) place the core
in the rock chamber, (3) connect the two chambers until the pressure stabilizes at P2, and (4) calculate
the core porosity by the volume and pressure [36]. The primary permeability experiment can be
summarized as follows: (1) put the sample into the core holder, and maintain it under a constant
pressure drop; (2) apply confining pressure and gradually increase it to 30 MPa in 5 MPa increments.
After the gas flow is stable, record the pressure at the core outlet and inlet and the flow rate of outlet.
(3) Calculate the permeability and permeability loss ratio based on the records.

3. Numerical Simulation

3.1. Finite Element Method

Based on computed tomography (CT) scanned images of the tested cores, the pores and the
skeleton of the porous media were classified, and then the permeability of the porous media was
determined using the FEM using ANSYS software (ANSYS, Inc., Pittsburgh, PA, US) [37–41].

The stress-dependent permeability of the porous media was simulated using a two-way Fluid
Structure Interaction (FSI) approach involving both Computational Fluid Dynamics (CFD) and
structural mechanics analysis. The pressure/loads of the single-phase water flow in porous media were
calculated using ANSYS. The FEM calculation steps with ANSYS software can be divided into three
basic steps: mesh division, unit analysis, and overall analysis [42,43]. The mesh division of the matrix
and fractured cores are presented in Figure 4a,b, respectively, in which the matrix is presented by grey
and the fracture and cores are represented by brown. Along with the ANSYS software, TetraMesh
(mesh division method with tetrahedron as mesh unit) was used. The size of the core was 200 × 200 ×
200 pixels, with a pixel size of 0.4 µm, porosity 11.24%, with 24,3520 matrix elements, and 336,224 pore
and fracture elements. After the fluid pressure on the fluid–solid interface was transferred to the
ANSYS structural solver, the meshes on the fluid–solid interface of both the rock matrix and pore
model were remeshed according to the deformation data.
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The specific input and assumptions were required in order to use FEM in engineering
materials [44–46]. The simulation is based on the assumption that fluid is incompressible, the density is
constant, and the flow is laminar. Since the fracture width was much larger than the fracture opening,
the flow in the fracture was simplified as a two-dimensional flow. To present the differences in the
fractures and the matrix, different physical material properties were adopted. The pores and fractures
were filled with units, the skeleton was built as nonlinear elastic material, and the input model material
parameters shown in Table 3 were set based on the FEM work conducted by Zheng [47], which were
close to those of natural sandstone and artificial sandstone. The stress–strain curve of the tested cores,
which was used as the material property for the structural analysis in the simulation, is shown in
Figure 4c.

Table 3. The main input parameters for FEM simulation.

Calculation Unit Elastic Modulus
(GPa) Poisson’s Ratio Internal Friction

Angle (◦)
Cohesion Force

(MPa)

Matrix 35.6 0.2 15 20
Fracture and Pores 3.56 0.3 20 2

In the simulation, fixed constraints were applied to the upper and lower boundaries of the
model, the other two sides were loaded with lateral pressure to simulate confining pressure in the
stress sensitivity experiment, and the lateral pressure was gradually increased to 30 MPa in 5 MPa
increments. The boundary conditions of the matrix model and pore model were set separately in
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the ANSYS workbench. The contact surfaces of solid and fluid inside the rock were defined as the
fluid–solid interface through which pressure is transmitted between the solid and fluid. The geometric
nonlinearity of the system elements was considered. At the end of each load step, the system searched
for the approximate balanced configuration of the system structure according to the displacement
of the node, considering the change in the stiffness of the model structure, and calculated the model
flexibility matrix. The permeability of the porous media under stress conditions can be determined by
combining the Navier–Stokes and stress equations. All simulations converged after different numbers
of iterations under the condition that the absolute convergence criteria was set to 10−5 for all equations,
for which default relaxation factors were used.

3.2. Stress-Dependent Permeability Model

Primary effective stress was chosen to evaluate the stress sensitivity of the tight core, which is
described as [41]:

K = K0e−α(σ0−ηp) (2)

where K0 is the initial permeability of the rock (10−3 µm2), K is the rock permeability under stress
(10−3 µm2), α is the permeability stress sensitivity coefficient (MPa−1), σ0 is the overlying rock stress
(MPa), p is fluid pressure (MPa), and η is the effective stress coefficient, which can be taken as the rock
porosity in the matrix system and 1 in the fracture system [34,35].

Under the assumption that seepage of gas is steady in fractured cores and based on Darcy’s
equation, the permeability of the matrix system can be described as:

Km = − Qm p0µ

(A−ωfl)p
dx
dp

(3)

where Km is the matrix system permeability (10−3 µm2), Qm is the gas flow volume of the matrix
system under atmospheric pressure (cm3/s), p0 is the atmospheric pressure (MPa), A is the core section
area (cm2), µ is the gas viscosity (mPa·s), l is the width of the fracture (cm), and ωf is the fracture
opening (cm).

A fracture does not always fully penetrate the reservoir, so the fracture penetration extent is
the factor discussed here. We assumed fluid seepage only occurs in the horizontal direction. In the
equivalent resistance method, the equivalent length of the oblique fracture length can be taken as its
projection in the horizontal direction. Therefore, the direction of the fracture can be equated as the
horizontal direction, as shown in Figure 5.
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Figure 5. The sketch of a fracture-penetrated core (a) with an oblique fracture and (b) after an equivalent
fracture is made. l is the width of the fracture (equal to the diameter of the section surface) (cm); ωf is
the fracture opening equal to the distance of the two surfaces of the fracture (cm); L1 is the equivalent
length of the fracture (cm); L is core length (cm); p1 is the absolute pressure on the inlet section (MPa);
p2 is the absolute pressure on the outlet section (MPa); p′2 is the absolute pressure on the outlet section
of the penetrated part (MPa); and the fracture penetration extent is L1/L.
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The gas flow volume through the matrix of the penetrated part is:

Qm =
(A−ωf0l)

(
p2

1 − p
′2
2

)
Km0

2µp0L1
(4)

where Qm is the gas flow volume through the matrix of the penetrated part (cm3/s), Km0 is the initial
core matrix permeability (10−3 µm2), p1 is the absolute pressure on the inlet section (MPa), p′2 is the
absolute pressure on the outlet section of the penetrated part (MPa), L1 is the equivalent length of the
fracture (cm), and ωf0 is the fracture system opening before stress is exerted (cm).

The gas flow volume through the fracture system is calculated as:

Qf =
ωf0l

(
p2

1 − p
′2
2

)
Kf0

2µp0L1
(5)

The gas flow volume through the part without a fracture is calculated as:

Qs1 =
A
(

p
′2
2 − p2

2

)
Km0

2µp0(L− L1)
(6)

The total gas flow volume through the core is:

Qs2 =
A
(

p2
1 − p2

2
)
Ks0

2µp0L
(7)

where Qf is the gas flow volume through the fracture system under atmospheric pressure (cm3/s),
Qs1 is the gas flow volume through the part without a fracture under atmospheric pressure (cm3/s),
Qs2 is the total gas flow volume through the fractured core under atmospheric pressure (cm3/s), p2

is the absolute pressure on the outlet section (MPa), L is the core length (cm), Ks0 is the initial total
permeability of the fractured core (10−3 µm2), and Kf0 is the initial fracture permeability (10−3 µm2).

Considering the continuity of the fluid, the gas flow volume through the part without fractures
should be equal to the total gas flow volume that flows through the fractured part of the core, which is
the sum of the gas flow volume through the fracture system and the matrix. The following equations
are obtained:

p
′2
2 = p2

2 +
L− L1

L
Ks0

Km0

(
p2

1 − p2
2

)
(8)

AKs0 =
Km0L− Ks0(L− L1)

Km0L1
[(A−ωf0l)Km0 + ωf0lKf0] (9)

Based on cube law, the relationship between the fracture opening and fracture permeability
satisfies:

Kf0 =
ω2

f0
12

(10)

Then, the following equation can be derived, based on which initial fracture opening and the
initial permeability Kf0 of the fracture system:

ω3
f0 − 12Km0ωf0 +

12AKm0

l
− 12AKs0

l
Km0L1

Km0L− Ks0(L− L1)
= 0 (11)

With the confining pressure σ0, the inlet pressure p1, and the outlet pressure p2 on the sample, the
effective stress (MPa) exerted on the core is:

σ = σ0 − η

(
p1 + p2

2

)
(12)
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The gas flow volume through the matrix of the penetrated part under effective stress is:

Qm =
Km0e−αmσ

2p0µL1

(
A− 2

√
3K

1
2
f l
)(

p2
1 − p′22

)
(13)

The gas flow volume through the fracture system and the part without a fracture are, respectively:

Qf =
2
√

3
(

p2
1 − p′22

)
l

2p0µL1
K

3
2
f (14)

Qs1 =
A
(

p′22 − p2
2

)
Km0e−αmσ

2µp0(L− L1)
(15)

The total gas flow volume through the core is calculated as:

Qs2 =
A
(

p2
1 − p2

2
)
Ks0e−αsσ

2µp0L
(16)

where αm is the matrix permeability stress sensitivity coefficient (MPa−1), αs is the permeability stress
sensitivity coefficient of the fractured core (MPa−1), and Kf is the fracture permeability after stress is
exerted (10−3 µm2).

Based on the continuity, the following equations are obtained:

p
′2
2 = p2

2 +
L− L1

L
Ks0e−αsσ

Km0e−αmσ

(
p2

1 − p2
2

)
(17)

K
3
2
f − Km0e−αmσK

1
2
f −
√

3A
6l

(
Ks0e−αsσKm0e−αmσL1

Km0e−αmσL− Ks0e−αsσ(L− L1)
− Km0e−αmσ

)
= 0 (18)

Based on the equations above, the permeability loss ratio of the fracture system γ (%) can be
determined as:

γ =
Kf
Kf0

(19)

4. Results and Discussion

4.1. Experimental Results

4.1.1. Matrix and Fractured Cores

Stress sensitivity experiments under different effective stresses were conducted on all cores
according to the Standard SY/T6385—2016 [48], and the permeability stress sensitivity curves are
shown in Figure 6a–c. The permeability of matrix and fractured cores was damaged to some degree due
to the effective stress increase. Compared with the fractured cores, the permeability stress sensitivity of
the matrix was weaker, and the damage range of permeability was relatively smaller. Rock compaction
is the dominant factor in the stress-dependent permeability of the matrix. The permeability variation
trends are almost linear when compared with those of the fractured cores. A possible reason for this is
that the stress-dependent permeability of the matrix is purely determined by rock compaction, whereas
those of cores with fractures are a combination of rock compaction and fracture closure. Then, for
the fractured cores, a larger damage range and faster permeability rate of decrease were observed.
The rate of decrease slows down when the permeability of the fractured cores decreases to a point
equal to that of the matrix. The stress-dependent permeability could be divided into two stages. In the
first stage, fracture closure is the leading factor with the rock compaction working together; in the
second stage, the rock compaction is the dominant factor.
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Figure 6. The experimental results of stress-dependent permeability of cores in (a) set 1, (b) set 2, and
(c) set 3, and (d) fractured cores with different penetration extents.

4.1.2. Fractured Cores with Different Fracture Penetration Extents

The permeability stress sensitivity curve shown in Figure 6d suggests that permeability loss
occurred in all tested cores, and stress sensitivity increased with the increasing fracture penetration
extent. The permeability stress sensitivity curves for the fractured cores were similar to that for the
matrix when the penetration extent was small, suggesting that permeability is mainly dominated by
the matrix in this case. The rock stress response process can be divided into the fracture closure stage
and the rock compaction stage, with a larger extent of fracture penetration. During the first stage, rock
permeability dramatically reduces due to the closure of the fractures, and in the second stage, the
permeability decreases slowly with the increase in the effective stress due to matrix compaction.

4.2. FEM Simulation Results

To verify the FEM simulation, the measured permeability and effective stress were compared
with the predicted values from FEM simulation (Figure 7). A definitive negative correlation between
the permeability and effective stress is demonstrated in Figure 7. As for the matrix (Figure 7a),
the permeability decreased at a relatively constant rate, whereas the permeability of the fractured
core (Figure 7b) first dramatically decreased and then slowed down with increasing effective stress.
The results (Figure 7) suggest that the simulated changing trend of the stress-dependent permeability is
the same as that of the experimental results. However, the permeability predicted from FEM simulation
is larger than measured during the experiment under a given effective stress. The main reason for this
is that the effective resolution of CT is limited by the voxel size: many narrow pores with smaller pore
radii cannot be easily detected, and only a limited range of pore throat radii can be detected. Therefore,
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the permeability predicted by FEM simulation is larger than the experimental findings under a given
effective stress.
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Figure 7. Simulation and experimental results of stress-dependent permeability: (a) matrix and
(b) fractured core.

4.3. Comparison of Model and Experimental Results

To evaluate the performance of the proposed model, Equation (19) and experimental data were
used for comparison. Based on the parameters summarized in Tables 1 and 2, the permeability
loss ratio was measured, calculated, and plotted (Figure 8). The results suggest that this calculation
model can fairly accurately predict the permeability loss ratio; the average relative errors between the
measured and predicted results were all within 2.5%.
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Figure 8. Comparison curve for the experimental data and model results. Core with (a) 25%, (b) 50%,
(c) 75%, and (d) 100% penetration.
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4.4. Influencing Factor Analysis

4.4.1. Fracture Penetration Extent

The resulting permeability loss ratio variation versus effective stress under different fracture
penetration extents is shown in Figure 9a. The result illustrates that the permeability of the fracture
quickly decreased before reaching 10 MPa and then smoothed (Figure 9a). This suggests that the
deformation process of the fractured cores can be divided into two stages: the fracture closure stage
and matrix compaction stage. In the first stage, with a lower effective stress, the permeability of the
fractured cores quickly decreases. When the effective stress increases to 10 MPa (stage 2), the fracture
system closes, and the matrix system is compressed. The permeability stress sensitivity has a positive
relationship with the penetration extent, as shown in Figure 9a. The permeability loss ratio increases
with increasing fracture penetration extent. The permeability loss ratios of the cores with different
fracture penetration extents are compared in Figure 9b–e. This suggests that, under the same effective
stress, the fracture has the highest stress sensitivity, followed by the fractured cores, and the matrix
has the lowest stress sensitivity of the three. These figures demonstrate that the permeability loss
ratio increases with increasing fracture penetration extent. With an increasing penetration extent,
the permeability sensitivity curve shows a trend approaching that of the fracture. Thus, during the
production process, a reasonable pressure drop and effective stress should be determined according to
the fracture penetration extent in order to preclude damage to the permeability of the reservoir due to
stress sensitivity.

4.4.2. Permeability Increasing Multiples

The change in the deviation extent versus the increasing multiples of the initial permeability
of the fractured core is shown in Figure 9f. This shows that with increasing permeability multiples
(i.e., the ratio of fractured core permeability to permeability of matrix core), the deviation extent of the
permeability loss ratio of the fractured core to the fracture decreases, whereas that of the fractured core
to the matrix system increases. The permeability sensitivity is more heavily influenced by the fracture
system with a larger penetration extent and increasing multiples of the initial permeability, and the
permeability stress sensitivity curve approaches that of the fracture system, as shown in Figure 9f.
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Figure 9. Sensitivity analysis results. Permeability loss ratio curves for (a) cores with different
penetration extents, (b) the core with 25% penetration, (c) the core with 50% penetration, (d) the
core with 75% penetration, and (e) the core with 100% penetration, and (f) variation curve of the
deviation extent and increasing multiples.

5. Conclusions

Through FEM simulation and experiments conducted on the stress-dependent permeability of
fractures in cores, we proposed a novel theoretical model for the determination of stress-dependent
permeability in tight fractured reservoirs. The model allowed us to analyze the influences caused by a
fracture system with different fracture parameters on the stress-dependent permeability reduction in
tight fractured reservoirs. Predictions produced by the model presented similar variation trends to



Energies 2019, 12, 117 14 of 16

the experimental results. The feature of this model is that every parameter in the model has a specific
physical significance, while it lacks empirical constants. The novelty of this work is that the fracture
penetration extent is newly introduced as an influencing factor and the fracture system is separated as
a distinct objective to be analyzed. We drew the following conclusions:

The deformation of fractured cores can be divided into two stages: the fracture closure stage
and the matrix compression stage. During the first stage, rock permeability is dramatically reduced
due to the closure of the fracture; in the second stage, the permeability decreases slowly with the
increase in the effective stress that continues to compress the rocks. The calculation model, considering
the fractured penetration extent, can predict the permeability loss of the matrix, fractured core, and
fracture system fairly accurately at pressures up to 20 MPa.

Permeability stress sensitivity is more strongly influenced by the fracture system with a larger
penetration extent. In the systems with lesser penetration extent, the matrix compression is the leading
factor influencing permeability stress sensitivity.

The stress sensitivity experiments and our corresponding model, considering the fracture
penetration extent, could be applied to more accurately predict the production of fractured reservoirs
and the coupled flow deformation behavior in fractured porous media, including tight carbonates, tight
sandstone, and shale rock. Considering the fracture parameters in the production model or seepage
model is crucial. As the extent of the fracture penetration directly affects the reservoir permeability
and the mechanism of seepage flow, considering the fracture penetration extent in the proposed
stress-dependent permeability model makes our work relevant in product development in tight
reservoirs. However, it should be noted that the proposed model ignores the crossflow of fractures,
and the stress-dependent permeability could be influenced by the composition, microstructures,
mineral disintegration interpretation, mechanical properties, and community of reservoirs. The fluid
flow in porous media with fracture systems under effective stress is an interesting and challenging
topic, and this work is currently underway.
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