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3D Multi-scale Reconstruction of Fractured Shale
and Influence of Fracture Morphology on Shale Gas Flow
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Quantitative characterization of shale gas flow in fractured shale is a key problem in shale gas
extraction. In this study, 3Dmulti-scale structures in fractured shale were reconstructed, firstly, by
X-ray micro-computerized tomography (CT), high-resolution scanning electron microscope
(SEM), and fractal function. Then, a REV (representative elementary volume)-scale lattice
Boltzmann (LB) model, considering Klinkenberg�s effect and gas absorption, was built, and the
effects of fracture complexity and gas pressure on shale gas flow and shale permeability were
analyzed and studied quantitatively. The simulation results indicate that the gas flow behaviors in
the fractured shale are related strongly to fracture morphology and gas pressure. The decreased
fracture fractal dimension or increased complexity of the fracture network leads to increase in
permeability of the fractured shale. The gas velocity in the shale matrix decreases with increasing
fracture roughness. Increased fracture network connectivity contributes to the formation of local
high-intensity velocity fields and the improvement of gas flow in the shale matrix. The gas rar-
efaction effect has a significant influence on gas flow in the fractured shale, and permeability of the
fractured shalemust be regarded as a dynamic shale reservoir parameter. The gas flowbehavior in
the fractured shale ismore sensitive at low-pressure conditionwhereas the gas rarefaction effect is
more sensitive to the fractured shale with highly rough fracture or low fracture connectivity.

KEY WORDS: Fractured shale, Fractal fracture, Gas flow, Permeability, Lattice Boltzmann method.

INTRODUCTION

As a clean and efficient form of hydrogen en-
ergy, shale gas is expected to be an ideal alternative

energy for conventional natural gas owning to its
huge reserves (Nelson, 2009). Compared with con-
ventional gas, shale gas is hard to extract due to low
porosity and permeability of shale reservoir (Darabi
et al., 2012; Tahmasebi et al., 2016; Li et al., 2020).
So far, there are many effective stimulation methods
to improve the permeability of shale reservoirs, such
as hydraulic fracturing, liquid N2 fracturing, and
CO2 fracturing (Guo et al., 2015; Hou, Gao, et al.,
2017, 2018; Huang et al., 2019). By using effective
stimulation methods, the fracture/fracture network
is induced in shale matrix, and then a complex pore-
fracture system is formed (Hou et al., 2018). The
pore-fracture system provides main channels for
shale gas flow, and it is a primary factor to control
future shale gas production (Chen, Zhang, et al.,
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2015; Benamram et al., 2016; Hou et al., 2020).
Therefore, quantitative characterization of fluid
transport process in internal structure of fractured
reservoir rocks is the key problem to shale gas
extraction. Currently, seepage experiments have
been employed widely to study permeability char-
acteristics of rock, some macro-scale parameters can
be obtained. However, fractured shale is like a
‘‘black box’’; it is hard to know fluid flow behavior
inside a rock based on seepage experiments (Wu
et al., 2017). In such context, numerical simulation
methods present a significant advantage. Because
the pore-fracture structure of fractured shale is a
typical multi-scale system, digital core reconstruc-
tion of fractured shale and multi-scale gas flow of
pore-fracture system becomes the current research
hotspot.

Real 3D digital cores can be directly con-
structed in different resolutions by modern imaging
techniques, such as focused ion beam scanning
electron microscope (FIB–SEM) (Dewers et al.,
2012) and X-ray Computer Tomography (including
industrial CT, micro-CT, and nano-CT) (Wang et al.,
2019). Though high-resolution imaging of nano-scale
pores in shale can be obtained by the FIB–SEM and
nano-CT, it can only scan micro-scale volumes of
shale, and the constructed volume of shale is too
small to represent shale features (Ji et al., 2019).
Industrial CT and micro-CT can obtain a larger field
of view, but their resolutions are relatively low and
the nano-scale information of shale is not reflected
(Ji et al., 2019). Thus, a single modern imaging
technique cannot satisfy the requirements of 3D
core reconstruction of shale and a trade-off must be
made between observing scale and resolution. To
characterize the multi-scale pore structure of shale,
different modern imaging techniques have been
tried to be integrated. Tang et al. (2016) analyzed
the characteristics of heterogeneous nano-porosity
of the Silurian Longmaxi Formation shale through
quantitative evaluation of minerals using scanning
electronic microscopy (QEMSCAN), FIB–SEM,
and nano-CT. Saif et al. (2017) studied the multi-
scale microstructure imaging of oil shale pyrolysis
using micro-CT, scanning electron microscope
(SEM), modular automated processing system
(MAPS) mineralogy and FIB–SEM. Wu et al. (2020)
investigated the pores of the Wufeng–Longmaxi
shale at different scales by combined use of micro-
CT, SEM, FIB–SEM, and focused ion beam helium
ion microscope (FIB–HIM). At present, most stud-
ies focus mainly on multi-scale characterization

(ranging from nano-scale to micro-scale) of pore
structures of shale matrix using high-resolution
reconstruction technology. For fractured shale, cur-
rent studies concentrate largely on the reconstruc-
tion and visualization of induced fractures using
industrial CT and micro-CT, but pore structure is
neglected (Jiang et al., 2019). The reconstruction of
real pore-fracture structure in fractured shale is
hardly possible due to the relatively large difference
in scale levels between pores and induced fractures.
Therefore, combining high-resolution and low-reso-
lution methods is commonly used to analyse the
multi-scale structure of fracture shale (Fig. 1) (Liu
et al., 2018), but these two methods are carried out
in parallel, and real pore-fracture structures have
not been reconstructed. However, a real pore-frac-
ture system is very important for the study of gas
transport characteristics between pore space and
fracture space. To overcome this limitation, modern
imaging techniques and reconstruction algorithms
were combined in this study. The representative
elementary volume (REV) of shale matrix was
reconstructed using micro-CT and high-resolution
SEM, and 3D fractures were generated in the REV
of shale matrix by using a 3D fractal function be-
cause the crack morphology of fractured rock is
generally considered to have fractal characteristics
(Ju et al., 2017).

Gas flow in porous media can be generally
classified into three kinds: pore-scale, REV-scale,
and domain-scale (Guo & Zhao, 2002). Compared
with pore-scale models, REV-scale models of por-
ous flow characteristics can be controlled and have
higher computational efficiency because detailed
features of pore structures are ignored (Guo &
Zhao, 2002). Therefore, multiple REV-scale models
have been proposed to numerically model fluid flow,
such as the extended Darcy models and generalized
model based on the generalized Navier–Stokes (N–
S) equations. The lattice Boltzmann method (LBM)
(Zhang et al., 2019), as an alternative and efficient
method for simulating fluid flow, has been employed
widely to model fluid dynamics in porous media due
to its obvious advantages over conventional
numerical methods, such as good numerical stability,
natural parallelism, simple fluid–solid boundary
(Chen et al., 2014; Hou, Ju, et al., 2017). So far,
significant efforts have been made in this area, and
some REV-scale LBM models have been reported.
Guo and Zhao (2002) proposed a generalized REV-
scale lattice Boltzmann (LB) model for incom-
pressible flow in porous media, and this model can
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recover the generalized N–S equations in the
incompressible case. Then, Chen, Kang, et al. (2015)
established a REV-scale LB model of porous med-
ium considering Klinkenberg�s effect, and found that
the Klinkenberg�s effect plays an important role in
gas flow in tight porous media. Because, in the REV-
scale LBM model, the detailed spatial distribution of
the pore structure of shale is represented by
macroscopic physical parameters, such as porosity
and permeability, this method can solve well the
multi-scale flow problem in a pore-fracture struc-
ture. Chen, Fang, et al. (2015) studied gas flow in 2D
porous media with a tree-like fracture based on the
REV-scale LBM model. Ren et al. (2019) investi-
gated the effects of multiple mechanisms on gas flow
in 2D tight porous media with a smooth fracture by
using the REV-scale LBM model; however, frac-
tures in their porous media are relatively arbitrary
and simple. In fact, the fracture morphology in
fractured shale is extremely complex (Jiang et al.,
2019), and it has an obvious influence on gas trans-
port (Miao et al., 2015). It should be noted that
above studies were performed in 2D conditions,
which result in different permeability compared to
3D porous media (Cai et al., 2018). Moreover, gas
adsorption also plays an important role in gas
transport due to high organic matter content in shale
(Shen et al., 2018; Hou et al., 2020), and so it should
be also considered in the REV-scale LBM model.

In this study, the high-resolution SEM system
and X-ray micro-CT were applied to analyse and
reconstruct the 3D matrix structure of shale with
multi-scale and multi-component. The 3D fracture
with fractal characteristics was used to represent the
fracture induced by effective stimulation methods,

and it was embedded into the 3D reconstructed
shale matrix. Then, a REV-scale LB model was
developed to analyse the gas flow mechanism in
fractured shale with consideration of Klinkenberg�s
effect and gas absorption. Gas flow behaviors under
different fracture complexities and different pore
pressures were studied and visualized.

3D RECONSTRUCTION OF FRACTURED
SHALE

Shale Matrix and Its Representative Elementary
Volume

Shale samples obtained from the Longmaxi
Formation at Shizhu country, Chongqing city, China
were used as the experimental materials. Although
most pores in shale are distributed at the nano level,
the sizes of mineral particles in shale were in the
range of 3.2–3.5 lm (Lei et al., 2015). In order to
meet the observation field size and ensure the
accuracy of internal structure characterization, 2D
and 3D modern imaging techniques were combined
(Fig. 2a). Firstly, micro-CT was used to reconstruct
mineral components and pores between mineral
particles in shale. Then, the pore distribution of
various mineral components in shale was observed
by a high-resolution SEM. In this way, the large-
scale and high-precision structure of shale can be
reconstructed by a multi-component and multi-scale
method.

In the 3D modern reconstruction, the high-res-
olution 3D X-ray microscopic imaging system Xra-
dia 510 Versa (see Fig. 2d), as a micro-CT, was
employed to reconstruct the shale matrix. Its highest
resolution in 3D space can reach 500 nm. A cylin-
drical shale specimen with a diameter of 2 mm was
processed, and the resolution of the micro-CT 2 lm
was set in the test. Because shale is composed mainly
of organic matter and inorganic matter, the shale
matrix was divided into organic matter, inter-gran-
ular pore, and inorganic matter based on the gray
value of the images during the component segmen-
tation.

To describe accurately the internal structure of
shale, the selection of the sample size is very
important because of the heterogeneity of shale. In
theory, the larger size of the sample, the high accu-
racy; however, the larger size of a sample, the higher
the requirement for computing of related numerical
calculations. To take account of both calculation

Figure 1. Schematic diagram of current multi-scale analysis of

fractured shale.
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efficiency and accuracy of the research results, the
REV, which is usually involved in geosciences, was
adopted in this study. The REV extraction process
was as follows.

1. Select any point near the core location and
take it as the center; then, select a cube with
a set edge length to count its porosity and
effective porosity.

2. Expand gradually the cube edge length, and
calculate the contribution ratio of organic
matter, inter-granular pores, and inorganic
matter for each selected cube one by one.

3. Select different centers and repeat steps 1
and 2.

4. Draw the curve of the contribution ratio of
three components varying with the cube
edge length.

The corresponding minimum size is the size of
the REV when all of them are stable. The relative

gradient error eg ¼ ðnnþ1 � nn�1Þ
�
ðnnþ1 þ nn�1Þ

�� ���f
was employed to judge the stability of the contri-
bution ratio (Costanza-Robinson et al., 2011), where
i is the window increment number, n is the contri-
bution ratio of each shale component, f is the mag-
nitude of increment in the side length. The stability
of the contribution ratio was estimated using the

eg\0:2. In this study, three different centers were

selected, and a Matlab program was compiled
according to the above-mentioned steps for acqui-
sition of the REV. The contribution ratios of organic
matter, inter-granular pores, and inorganic matter in
shale under the different cube sizes are shown in
Figure 3. As can be seen from the figure, the REV
size of the shale was 250 9 250 9 250 (2 lm), and
the 3D REV structure is shown in Figure 4a.

After segmentation and extraction, the distri-
bution of organic matter and inter-granular pores is
shown in Figure 4b, c, respectively. The proportions
of organic matter, inter-granular pore, and inorganic
matter in the shale characterization units were
17.95%, 3.29%, and 78.76%, respectively. The con-
nectivity of inter-granular pores was very poor, and
most of them were isolated, which reveals why the
shale has ultra-low permeability. The pore width
distribution of the inter-granular pore is shown in
Figure 4d. The pore diameter of inter-granular
pores was distributed mainly in the range of 6–
16 lm, in which the pore diameter of 7 lm was the
most frequent.

Characteristics of Nanometer Pore

In modern 2D imaging experiments, the surface
of a shale sample is polished firstly by using the ar-
gon-ion polisher LEICA EM RES102 (Fig. 2b).
Then, the electron probe microanalyzer EPMA-
8050G (Fig. 2c) is employed to observe the pore
structure in the organic matter and inorganic matter.
The secondary electron image resolution of the
EPMA-8050G can reach 3 nm, and the maximum
magnification of the sample can be 400,000 times.
Subsequently, in this study, the SEM images were
segmented based on the gray value. Pore structures
in the organic and inorganic matter were extracted
(Fig. 5). To ensure the accuracy of the data, three
different areas were selected and analyzed by the
same process.

Through the above statistical analysis, the
porosity in the organic and inorganic matter is
summarized in Table 1. From this table, the average
porosities of organic matter and inorganic matter in
shale were 14.07% and 3.41%, respectively. The
porosity of organic matter was 4.13 times greater
than that of inorganic matter, which reflects that
organic matter in shale can preserve more shale gas.

Figure 2. Reconstructed flow-chart of shale matrix and

facilities: (a) reconstructed diagram of shale matrix; (b)

Argon-ion polisher; (c) electron probe micro-analyzer, and

(d) micro-CT.
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Fractal Reconstruction of 3D Fracture

The 3D structure of the shale matrix has been
reconstructed in the above section. However, after
the effective external stimulation for shale reser-
voirs, single fracture or fracture networks can be
generated. Due to the irregular shape of the cracks,
these cracks serve as the main channels for fluid
migration, and their morphological characteristics
have an important impact on fluid migration.
Quantitative analysis and description of the fluid
seepage mechanism in fractured shale have become
a difficult and hot topic. In many reported literatures
(e.g., Li et al., 2016a; Jia et al., 2018), the fracture
induced by hydraulic fracturing has fractal charac-
teristics. Therefore, in this study, the Weierstrass–
Mandelbrot fractal function was employed to model
the different fracture morphology, in which 3D
space can be expressed as (Ausloos & Berman,
1985):

z x; yð Þ ¼ L
G0

L

� � D�2ð Þ
ln b

M

� �1=2XM

m¼1

Xnmax

n¼0

b D�3ð Þn

� cos/m;n � cos
2pbn x2 þ y2

� �1=2

L

"(

cos tan�1 y

x

� 	
� pm

M

� 	
þ /m;n

io

ð1Þ

where D is the fractal dimension ( 2 � D\3); G0 is
fractal roughness; l is sample size; M0 is the super-
position ridge number, and its value is 20 in this
paper; and /m;n is the random phase angle, and the

range of its values is 0–2p.
Based on the Weierstrass–Mandelbrot fractal

function, nine different fractured shales were
reconstructed and shown in Figure 6. In this figure,

the symbols N and D represent fracture number and
fracture fractal dimension, respectively. The width
of all reconstructed fractures was 16 pixels. Fig-
ure 6a displays that a single fracture was added to
the reconstructed REV of the shale, and their frac-
ture fractal dimensions were 2.0, 2.1, 2.2, 2.3, 2.4, and
2.5, respectively. The reconstructed fracture net-
works are presented in Figure 6b. To simplify the
comparative study, the fractal dimension of every
fracture was set as 2.3 in these systems.

Through statistical analysis, the characteristic
parameters of the reconstructed pore-fracture
structures of shale are summarized in Table 2. The
inorganic matter has the largest proportion among
the three components. The proportion of the pore-
fracture increased slightly with increasing fracture
fractal dimension while it had a rapid increase with
increasing fracture number. The proportion of pore-
fracture is larger than that of organic matter when
the fracture number was more than 3.

GAS TRANSPORT MODEL FOR 3D REV

Generalized N–S Model and Darcy�s Modification

Based on the generalized N–S equation pro-
posed by Nithiarasu et al. (1997), the incompressible
isothermal fluid transported in a REV can be de-
scribed as:

r � ðuÞ ¼ 0 ð2Þ

@tðuÞ þ ðu � rÞ u
/
¼ � 1

q
rð/pÞ þ ter2ðuÞ þ Fb ð3Þ

where u is the fluid velocity vector, p is fluid pres-
sure, q is fluid density, / is porosity, te is effective
viscosity, and it can be calculated as te ¼ tJ, t is
shear viscosity, and J is the ratio of viscosity. Fb is
the total force, which includes the internal force
caused by the pore medium and the external force; it
can be expressed as:

Fb ¼ �/t
K

u� /F/ffiffiffiffi
K

p uj juþ /G ð4Þ

where G is the external physical force, K is perme-
ability, and F/ is the geometric function. The first

term in the right-hand side of Eq. 4 is the linear
Darcy drag force, the second term is the nonlinear
towing force, and the third term is the total external
force. For porous media with extremely low per-
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meability, the velocity of fluid is ultra-low, and an
ultra-low nonlinear drag force is induced (Javadpour
et al., 2007). Therefore, the second term in the right-
hand side of Eq. 4 can be ignored, and the expres-
sion of the total force can be simplified as:

Fb ¼ �/t
K

uþ /G ð5Þ

When the mean free path (MFP) of the mole-
cule is close to the characteristic length of a domain,
a slippage effect can be observed near the solid wall.
Klinkenberg (1941) was the first to study the phe-
nomenon of gas slippage in porous media and pro-
posed a linear relationship to correct gas
permeability. The modified expression is:

ka ¼ fckd ð6Þ

where ka and kd are the apparent permeability and
intrinsic permeability, respectively; their values are
related only to the internal pore space distribution
of the pore medium and are not affected by external
conditions. fc is the correction factor. There are
many kinds of expressions for the correction factor.
In this research, the second-order relations proposed
by Beskok and Karniadakis (1999) were selected to
describe the whole four flow regimes defined
according to Knudsen number (Kn), thus:

fc ¼ 1þ a Knð ÞKnð Þ 1þ 4Kn

1� b
0
Kn

� �
ð7Þ

where b
0
is the slip coefficient, and its value is equal

to -1 when gas flow shows a slip phenomenon. a Knð Þ
is a rarefaction effect coefficient of gas, which can be
expressed as (Civan, 2010):

a Knð Þ ¼ 1:358

1þ 0:170Kn�0:4348
ð8Þ

It can be seen from the above equations that the
value of the Knudsen number needs to be calcu-
lated. According to its definition, its value can be
determined by the ratio of the MFP and the char-
acteristic pore diameter of the pore medium. The
MFP can be given by Chen, Fang, et al. (2015):

k ¼ l
p

ffiffiffiffiffiffiffiffiffiffi
pRT
2M

r

ð9Þ

where T is temperature, R is the gas constant, M is
the gas molar mass, and l is the dynamic viscosity.
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According to Heid et al. (1950), the character-
istic pore size rd of porous media can be obtained as:

rd ¼ 8:886� 10�2

ffiffiffiffiffi
kd
/

s

ð10Þ

where the intrinsic permeability of pore media can
be obtained with the Kozeny–Carman (KC) equa-
tion (Carman, 1997), thus:

kd ¼ C0
/3

1� /ð Þ2
ð11Þ

where C0 is the KC constant. For a stacking balls

model, its value is equal to d2s
�
150, and ds is the

diameter of the stacking balls.
Besides, a gas adsorption layer exists on the

walls of organic pores. According to results of
molecular dynamic (MD) simulations by previous
researches (e.g., Li et al., 2016b; Hou et al., 2020),
the thickness of the adsorption layer depends on gas

pressure, and so the thickness of the gas adsorption
layer can be obtained as:

d ¼ p� p1
p2 � p1

d2 � d1ð Þ ð12Þ

where d1 and d2 are the thicknesses of the adsorption
layer at pressures p1 and p2, respectively. The
thicknesses of gas absorption layer are 0.4 nm and
0.6 nm at gas pressures of 5 MPa and 20 MPa,
respectively (Hou et al., 2020). Therefore, the
characteristic size of pore in organic matter can be
modified with rd � d.

Taking methane as an example, Figure 7 shows
the relationships of the Knudsen number, pore size,
correction factor, and porosity. The required
parameters for the calculation were set as

ds ¼ 30 nm, M ¼ 0:016 kgmol�1, T ¼ 313K. Four
different pressures (1 MPa, 5 MPa, 10 MPa, and
20 MPa) were selected to analyse their influence on
the Knudsen number. The viscosity of methane
corresponding to various pressures was obtained
through the Peace online software. From the figure,
it can be seen that the pore diameter was less than
10 nm when the porosity was less than 0.34, which is
consistent with the characteristic of shale pore
structure. With decrease in porosity, the Knudsen
number increased nonlinearly. The lower the gas
pressure, the larger the Knudsen number. As
porosity decreased further, the Knudsen number
was in the range from 0.1 to 10, which indicates that
the gas flow presents a transition flow region. Be-
sides, the correction coefficient also increased non-
linearly with decrease in porosity, which is similar to
the variation of the relationship between the
Knudsen number and porosity. At the same time,
the correction coefficient reached a maximum value
of 52 when the gas pressure was 1 MPa. However,
the maximum value of the correction coefficient was
only 3 at gas pressure of 20 MPa. The results indi-
cate that the gas pressure plays a key role in the
micro-scale flow field.

Figure 5. Pore structure in the shale sample�s (a) organic

matter and (b) inorganic matter.

Table 1. Porosity in organic matter and inorganic matter of shale.

Component Porosity (%)

Sample 1 Sample 2 Sample 3 Mean value

Organic matter 15.28 12.75 14.19 14.07

Inorganic matter 2.81 4.34 3.07 3.41
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REV-Scale LBM Model

The pore size of shale matrix was in nanoscale,
and the connectivity of pores was extremely poor.
The induced fracture was generally larger than the
micro-scale, and so the fractured shale is a typical

multi-scale system. Thus, the pore-scale LB model is
hard to deal in the multi-scale problem due to the
huge demand for computational resource. However,
the REV-scale LB model does not require paying
attention to the details of gas flow inside real pores,
and it provides an effective way to solve the multi-

Figure 6. Reconstructed pore-crack structure of shale: (a) single fracture and (b) multi-fractures.

Table 2. Basic parameters in reconstructed pore-crack structure of shale.

Parameter Fractal dimension of fracture Fracture number

2.0 2.1 2.2 2.3 2.4 2.5 2 3 4

Pore-fracture (%) 7.40 7.41 7.48 7.45 7.53 7.66 14.00 19.88 25.34

Organic matter (%) 17.16 17.16 17.12 17.13 17.07 17.02 16.33 15.22 14.17

Inorganic matter (%) 75.44 75.43 75.40 75.42 75.40 75.32 69.67 64.90 60.49
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scale problem. In the REV-scale LB model, it is only
necessary to input the basic statistical parameters of
shale, such as porosity and permeability that can be
obtained by experimental methods or theoretical
models.

In this study, a 3D REV-scale LB model was
developed to solve the above generalized N–S
equations for gas flow with Klinkenberg�s effect and
gas absorption in tight porous media based on the
work of Guo and Zhao (2002). The governing
equation of the density distribution can be expressed
as:

fr;iðxþ eiDt; t þ DtÞ � fr;iðx; tÞ

¼ � 1

sr;t
fr;iðx; tÞ � f

eq
r;i ðx; tÞ

h i
þ DtFr;i ð13Þ

where fr;i x; tð Þ is the distribution function at the

lattice site x and time t, f
eq
r;i is the equilibrium dis-

tribution function of i direction, Fi is the discrete
distribution function of the external force term,
c = Dx/Dt is the lattice speed with Dx and Dt as the
lattice spacing and time step, respectively, and s is
the dimensionless relaxation time. The subscript r
represents the different components. When its value
is equal to 1, it represents the component of pore-

crack, 2 for inorganic matter, and 3 for organic
matter. To balance the computational speed and the
accuracy of the results (Bauer & Rüde, 2018), a
D3Q19 was used for the lattice model in this simu-
lation, and the discrete lattice velocity ei is given by:

To consider the local porosity of each compo-
nent in the model, the equilibrium distribution
function can be modified as:

f eqr;i ¼ wiqr 1þ 3
ei � ur
c2

þ 9

2

ðei � urÞ2

/rc
4

� 3

2

ur � ur
/rc

2

" #

ð15Þ

where /r represents the porosity of different com-
ponents, and the weight factors xi are given by:

xi ¼
1=3 e2i ¼ 0
1=18; e2i ¼ 1
1=36; e2i ¼ 2

8
<

:
ð16Þ

For the term Fr;i in Eq. 13, the gravity of the gas
was ignored in this study. Therefore, the force in this
model mainly refers to the total force Fb. Based on
the external force scheme proposed by Guo et al.
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(2002), the local porosity of three different compo-
nents can be considered as:

Fr;i ¼ wiqr 1� 1

2s

� �
3
ei � Fr;b

c2s
þ 9

ðei � urÞðei � Fr;bÞ
/rc

4
s

� 3
ur � Fr;b

c2s

� �

ð17Þ
Similarly, the macroscopic density qr and

velocity ur of the gas in each component were,
respectively:

qr ¼
X

i

fr;i ð18Þ

qrur ¼
X

i

fr;iei þ
Dt
2
qrFr;b ð19Þ

By combining Eqs. 5 and 19, the macroscopic
velocity of the gas in each component can be ob-
tained as:

ur ¼
P

i fr;iei þ Dt
2 qr/rGr

qr þ Dt
2
/rv
kr;a

qr
ð20Þ

It can be seen from the above equation that the
REV-scale LB model is very similar to the pore-
scale LB model. When porosity is equal to 1, the
REV-scale LB model is the same as the pore-scale
LB model. In the REV-scale LB model, the con-
tinuous boundary is automatically satisfied in the
interfaces between different components, which
greatly reduces the computational cost and has the
advantage to run simulations of large-scale geo-
metric models.

Model Validation

To verify the effectiveness of the REV-scale LB
model, the flow of one-component gas in the 2D
model was simulated firstly. A porous medium with
porosity of / was filled into the two parallel plates.
Gas flows from the left inlet to the right outlet. A
pressure boundary was applied at the inlet and
outlet boundary. The gas flow was driven by the
pressure difference between the inlet and outlet. In
this model, the gas flow can be described by the
Brinkman-extended Darcy equation (Gao et al.,
2014), thus:

ve
/
@2u

@y2
� v

K
uþG ¼ 0 ð21Þ

The non-slip boundary u x; 0ð Þ ¼ u x;Dð Þ ¼ 0
was employed on the upper and lower boundaries,
where the direction of the x-axis was the same as the
direction of gas flow; D is the distance between the
two parallel plates, and G is the external force. By
solving Eq. 21, the analytical solution of fluid
velocity can be obtained as:

u ¼ GK

v
1� cosh a y�H=2ð Þ½ �

cosh ah=2ð Þ

� �
; a ¼

ffiffiffiffiffiffiffiffiffi
v/
veK

s

ð22Þ

where cosh fð Þ ¼ ef þ e�f
� ��

2, and G can be ob-

tained by pressure difference G ¼ Dp= Lqð Þ, and L is
the length of the plate in the x-direction. In addition,
a hypothesis was made as follows: ve ¼ v.

Based on the above model, the simulation re-
sults and analytical solutions of the gas flow velocity
between two parallel plates are shown in Figure 8.
In the LB model, the gas adsorption was ignored.
The size of the model was 200 9 100. The upper and
lower plate walls were set as the non-slip boundary.
The porosity was set to 0.5. Two gas pressures
(10 MPa and 20 MPa) were set in this model. It can
be seen that the simulation results of the LB model
were consistent with the analytical solutions indi-
cating that the established model is effective. At the
same time, this model also can characterize the
influence of Klinkenberg�s effect on the gas flow.
The smaller the gas pressure, the thicker the
boundary layer.

To further verify the reliability of this model,
the LB model was used to calculate the permeability
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of the 3D reconstructed shale matrix, and then cal-
culated values were compared with the results of the
experiments. Due to the low permeability charac-
teristics of the shale, conventional seepage testing
methods were not valid. Therefore, the seepage
experiments were completed by using the PDP-200,
which is a pulse attenuation gas seepage measure-
ment system. The lowest permeability measured by
the PDP-200 is 0.00001 mD.1 The shale core size
used in the gas seepage experiment was
U25 9 50 mm, and the reconstructed REV of the
shale matrix was employed in the LB simulation.
Five different outlet pressures (1, 2, 3, 4, and 5 MPa)
were set in the LBM simulations and gas seepage
experiments. In the LB model simulations, the inlet
and outlet were set on the top and bottom of the
core, respectively. The pressure boundary was ap-
plied to the inlet and outlet through the non-equi-
librium extrapolation boundary condition. A
periodic boundary was applied to the front, back,
right, and left sides of the 3D geometric model. A
pressure gradient of 0.1 MPa/m between the inlet
and outlet was set. The temperature was set to
298.15 K. The porosities of the shale organic matter,
inorganic matter, and inter-granular pore were set as
0.1407, 0.0341, and 1.0, respectively. The conver-
gence criterion in the simulation was established
based on the standard deviation of average energy.
The simulation stopped when the mean energy
standard deviation of the last two times was less than
10�6. The shale permeability obtained by LB model
simulation and seepage experiment is shown in
Figure 9.

It can be seen from Figure 9 that the results
obtained from the LB model simulations and
experiments were close, but the permeability of the
shale in the LBM simulations was generally larger
than that in the experiments. This error was induced
mainly by the existence of gas flow in the isolated
pore in the LBM simulations. However, the devia-
tion was smaller than 20%, indicating that the
established model still can be used effectively to
describe the permeability of the shale.

SIMULATION RESULTS

Fracture Roughness

In this section, the influence of the single frac-
ture roughness on gas flow is studied. In the LBM
simulation, the inlet and outlet of the core were set
at the top and bottom, respectively. The pressure of
the outlet was fixed at 5 MPa, and the pressure
gradient between the inlet and outlet was set as
0.1 MPa/m. The porosity of the fracture and inter-
granular pores was 1.0. The other settings were the
same as the validation section. The 3D velocity
distribution of gas flow was obtained and shown in
Figure 10.

It can be seen in Figure 10 that the main flow
path of gas was located inside the crack. The gas
velocity in the shale matrix that was near the frac-
ture wall had a significant increase due to the gas
seepage from the induced crack. With increase in
fractal dimension of the fracture, the gas velocity
decreased obviously. The larger the fractal dimen-
sion of the fracture was, the rougher the fracture
surface was, and the greater the gas flow resistance
was. The gas velocity in other components was much
smaller than that in the crack, while the gas velocity
in the inter-granular pores was larger than that in
the organic and inorganic matter. Compared with
fracture, the seepage resistance in the shale matrix
was greater, so that the gas was more likely to mi-
grate in the fracture channel. It is impossible to
characterize visually the gas seepage state in the
shale matrix in Figure 10 because the gas velocity in
the fracture was relatively large. Therefore, a 2D
slice of the shale matrix (y = 200 lm) that was near
the fracture wall in the fractured shale was ex-
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tracted, and the gas velocity distribution in the ex-
tracted structure is shown in Figure 11. It can be
seen that gas velocity in the shale matrix was almost
10 times lower than that in the fracture. The fracture
fractal dimension also had an obvious influence on
gas velocity in the shale matrix, and gas velocity in
the shale matrix decreased with increase in fracture
fractal dimension owing to the influence on gas
velocity in the fracture space.

Based on Darcy�s law and gas velocity in each
component of the fractured shale, the permeability
of the fractured shale can be calculated. The
enhancement ratio of permeability is defined as the
ratio of the permeability of the fractured shale to the
permeability of the raw shale. Figure 12 displays the
change in permeability of the fractured shale with
fracture fractal dimension. As can be seen in the
figure, the permeability of the fractured shale and
the enhancement ratio of permeability both de-
creased significantly with increasing fracture fractal
dimension. The permeability was reduced from 0.24
mD in the fractal dimension 2.0–0.18 mD in the
fractal dimension 2.5. This reduction was 25%, but
the minimum enhancement ratio of permeability
still reached 270, which will be a great achievement

for effective extraction of shale gas from low per-
meability shale reservoirs.

Complexity of Fracture Network

Gas flow in the fractured shale with different
fracture networks was simulated. The fracture
number was used to denote the complexity of the
fracture network in this study. With increase in
fracture number, the fracture network became more
complex, and the intersections of the fractures also
increased. The parameters and settings in the simu-
lations were kept the same as in the previous section.

Figure 13 presents the gas velocity distribution
in the fractured shale with different fracture num-
bers. As shown in the figure, gas velocity increased
gradually with increase in the complexity of the
fracture network, and this increasing trend was
especially obvious at the intersection of the cracks.
At the same time, the specific surface area of cracks
increased rapidly with increase in fracture numbers,
which resulted in much more pores being connected
with the fracture wall and the gas velocity around
the fractures also increased significantly. To clearly
display the gas velocity distribution in the fractured

Figure 10. Velocity distribution in shale with single fracture.
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shale and accurately analyse the influence of the
fracture network complexity on the gas flow law, the
central slice perpendicular (z = 250 lm) to the gas
flow direction in the 3D velocity distribution field

was extracted and presented in Figure 14. It can be
seen from the figure that the more the fracture
numbers were, the more the fracture intersection
regions were formed, resulting in the increasing
number of local high-intensity velocity fields. The
good connectivity between the fractures can reduce
resistance to gas flow and be more likely to decrease
the probability of collision between internal gas
molecules in the fracture wall, resulting in the in-
crease of macroscopic gas velocity in the fracture.

The influence of the complexity of fracture
network on permeability and permeability
improvement ratio of the shale is shown in Fig-
ure 15. With increase in fracture numbers, the per-
meability and permeability improvement ratio of the
fractured shale increased linearly. Compared with
the shale with single fracture, the permeability
improvement ratio of the shale with four fractures
was increased by 194.57%, where the permeability
and permeability enhancement ratio of the shale
reached 0.61 mD and 925, respectively. The high

Figure 11. Effect of fracture fractal dimension on gas velocity distribution in the shale matrix, (a)–(f): 2.0, 2.1, 2.2,

2.3, 2.4, 2.5.
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connectivity fracture network was conducive to
reduction of resistance of gas transport and increase
of gas flow passages. As a result, the more complex
the fracture network was, the more obvious
enhancement in the permeability was.

Gas Pressure

The pore pressure in shale gas reservoirs is
significantly different under different geological
conditions and exploitation cases. Therefore, in this
section simulation studies about the influence of gas
pressures on gas transport in the fractured shale
were performed. The REV of the shale with single
fracture was selected as the geometry domain of the
LBM simulation (Fig. 6), and the fracture fractal
dimension was 2.3. The outlet gas pressure was set
with five different values: 5 MPa, 10 MPa, 20 MPa,
30 MPa, and 40 MPa. The density, viscosity, and
molecular mass of gas under different gas pressures

were obtained by the Peace software. The other
parameters and settings in the simulations kept
consistent as in the previous simulations.

The 3D velocity distributions under different
gas pressures are shown in Figure 16. Gas velocity in
the crack and shale matrix decreased with increase
in gas pressure, which cannot be explained by clas-
sical continuum fluid mechanics. Firstly, the gas
rarefaction effect in micro-porous media plays a key
role in gas flow at low gas pressure (Chen, Fang,
et al., 2015). In this case, the collision of gas mole-
cules with the pore/fracture wall becomes more
frequent than internal gas molecules collision,
resulting in the non-equilibrium distribution of gas
molecules and the high slippage velocity near the
gas–solid boundary (Wang et al., 2017). Secondly,
higher viscosity can be induced by higher gas pres-
sure, which leads to the increase in friction between
the gas molecules and the pore/crack surface and to
the decrease in the gas migration rate. On the other
hand, the collision between gas molecules and the

Figure 13. Velocity distribution in shale with different fracture numbers.
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pore/fracture wall surface becomes more violent
with increasing gas pressure and further aggravates
the loss of energy along the flow channel (Chen,
Fang, et al., 2015).

The distributions of the stream-wise velocity
magnitude in the shale matrix were extracted and
shown in Figure 17. As shown, the gas velocity in the
shale matrix was about one magnitude order lower
compared with that in the fracture. However, similar

to the gas velocity in the fracture, the gas velocity in
the shale matrix also decreased obviously with in-
crease in gas pressure. The peaks on the velocity
profile became narrower. At low pressure, gas–solid
interaction begins to dominate gas flow, and this
unstable state results in increase of gas velocity in
micro-porous media (Wang et al., 2017).

The permeability and permeability enhance-
ment ratio of the fractured shale under different
pore pressures are shown in Figure 18. As the gas
velocity decreased with increasing gas pressure, the
permeability of the fractured shale decreased
monotonously with increase in gas pressure and the
decrease was faster at low pressure. Its permeability
reduced from 0.21 mD of 5 MPa to 0.09 mD of
40 MPa, with 57.14% reduction. The permeability
enhancement ratio decreased from 314 of 5 MPa to
133 of 40 MPa. However, as shown in Figure 9, the
permeability of the shale without the fracture de-
creased by 84.04% when the gas pressure increased
from 1 MPa to 5 MPa, indicating that the presence
of the fracture can weaken the influence of gas
pressure on the permeability of the fractured shale.
The fracture, as the main channel of gas flow, had a
relatively large size, which resulted in reducing the
influence of Klinkenberg�s effect. However, the
Klinkenberg�s effect becomes serious in micro/nano
pores of shale, especially at the low-pressure range.
Therefore, the permeability of the fractured shale
increased less than that of intact shale with decrease
in gas pressure.

DISCUSSION

Base on the above results, the gas rarefaction
effect induced by the gas pressure is serious in the
fractured shale. From the study of Wang et al.
(2017), the gas rarefaction effect is also highly
dependent on the morphology of porous media. To
evaluate quantitatively the effect of fracture mor-
phology on the gas rarefaction effect, gas transport
in the shale with different fracture structures was
simulated under different gas pressures (5 MPa,
10 MPa, 20 MPa, 30 MPa, and 40 MPa). The per-
meability of the fractured shale as a function of gas
pressure is shown in Figure 19.

As shown in Figure 19, similar to the results for
permeability in section Gas Pressure above, at dif-
ferent fracture fractal dimensions and fracture
number conditions, the permeability also increased
monotonously with decreasing outlet gas pressure

Figure 14. Velocity distribution in the middle slice of

fractured shale with different crack numbers, (a)–(d): 1, 2, 3, 4.
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and the increase was faster at the low gas pressure
range. The result indicates that the permeability of
the fractured shale was more sensitive at low-pres-
sure condition. As gas pressure decreased, the gas–
solid interaction became gradually significant for gas
flow in pores/micro-fractures. At low pressure, high
gas velocity was induced, which further gave rise to

high gas permeability. In addition, the changes in
permeability with gas pressure were more sensitive
to the rougher fracture and the lower fracture
numbers, which implies that the gas rarefaction ef-
fect became more significant in these conditions. For
the shale with trough fracture or low fracture con-
nectivity, the local bounded space size of the gas
molecules was more easily close to the local MFP.
As a result, the non-equilibrium status of the gas

Figure 16. Effect of gas pressure on velocity distribution in fractured shale.
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molecules was easier to be induced in these condi-
tions, which further gave rise to the relative larger
difference in the gas slippage velocity between the
different gas pressures.

CONCLUSIONS

In this study, a REV-scale LB model consider-
ing the Klinkenberg�s effect and gas absorption was
developed and applied to simulate gas flow in frac-
tured shale. The 3D multi-scale structures of the
fractured shale were reconstructed by the REV of
the intact shale and the fracture fractal function. The
REV-scale LB model was verified with analytical
solution and experiment data. The effects of fracture
morphology and gas rarefaction on the gas velocity
distribution and permeability were simulated and
analyzed. The conclusions reached are as follows.
The fracture morphology in the fractured shale plays
a prominent role in controlling gas flow behavior.
Gas velocity and permeability in the fractured shale
significantly decrease with increasing fracture fractal
dimension due to the resistance to gas flow in rough
fracture space. The permeability of the fractured
shale had an obvious increase with increase in the
complexity of the fracture network. The good con-
nectivity of the fracture network generally con-
tributes to forming local high-intensity velocity fields
and increasing gas velocity in the shale matrix. The
gas rarefaction effect had a significant influence on
gas flow in the fractured shale. A large slippage
velocity was easily induced due to the dominance of
gas–solid interaction. The velocity slippage in the
shale became more obvious, and the permeability of

the fractured shale increased markedly at the low-
pressure range, which indicates that the permeability
of the fractured shale must be regarded as a dynamic
shale reservoir parameter and updated based on the
shale reservoir status. The gas flow behaviors of the
fractured shale are more sensitive at low-pressure
condition, and the gas rarefaction effect is more
sensitive to the shale with highly rough fracture or
low fracture connectivity.
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