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In this paper, two basic assumptions are introduced: (1) The number and length distribution of fractures in fractured rock mass are
in accordance with the fractal law. (2) Fluid seepage in the fractures satisfies the cubic law. Based on these two assumptions, the
fractal model of parallel seepage and radial seepage in fractured rock mass is established, and the seepage tensor of fracture
network which reflects the geometric characteristics and fractal characteristics of fracture network under two kinds of seepage is
derived. The influence of fracture geometry and fractal characteristics on permeability is analyzed, and the validity and accuracy
of the model are verified by comparing the calculated results of the theoretical model and physical model test. The results show
that the permeability coefficient K of fracture network is a function of the geometric (maximum crack length Lmax, fractured
horizontal projection length L0, diameter calculation section porosity Φ, fracture strike α, and fracture angle θ) and fractal
characteristics (fracture network fractal dimension Df and seepage flow fractal dimension DT). With the increase of fractal
dimension Df , the permeability coefficient increases. With the increase of DT, the permeability coefficient decreases rapidly. And
the larger the Df (Df > 1:5), the greater the change of permeability coefficient K with DT.

1. Introduction

A large number of fractures are distributed in the natural
rock mass and artificially disturbed rock mass, which provide
channels for fluid seepage. To determine the permeability
characteristic of fractured rock is important in the field of
geology, geotechnical engineering, petrochemical resource
exploitation, groundwater resource development and protec-
tion, nuclear waste disposal, and storage of carbon dioxide
and others [1–9]. Generally, it is assumed that the fluid flows
only in the interconnected fractures, and the permeability
characteristics of equivalent fracture network is determined
by analyzing the permeability characteristics of the different
characteristic fractures [10, 11]. This method is called the dis-
crete fracture network (DFN) method, which has been widely
used and developed in recent decades [12–16].

The permeability characteristics of the fracture network
mainly depend on the fracture characteristics (spatial distri-
bution, density, connectivity, etc.) at the macroscopic level
and the fracture characteristics (length, gap width, directiv-

ity, roughness, etc.) at the microscopic level. Liu et al. [8]
reviewed the current research on the influence of geometrical
characteristics of fractured rock mass on the permeability of
two-dimensional discrete fracture network and summed up
nine parameters which have great influence on the perme-
ability of fracture network. It is the length and distribution
of fractures, the width and distribution, fractured surface
roughness, dead fracture, fracture cross point, hydraulic gra-
dient, stress condition, anisotropy, and size effect and listed
the analytical expressions of the relationship between the rel-
evant fracture parameters and permeability. de Dreuzy and
Philippe [17] studied the effect of fracture length and gap
width distribution on the infiltration characteristics of two-
dimensional random fracture networks. Based on the fractal
network statistics and fractal characteristics, a practical
method to determine the permeability of fracture network
was proposed by Jafari and Babadagli [18, 19]. Sensitivity
analysis of the permeability of each parameter was carried
out. The results showed that the fracture density and length
have the greatest influence on the permeability of fracture
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network. The permeability of fracture network with expo-
nential distribution was studied by Rossen and Gu [20]. It
is found that the single large scale fracture plays a major role
in the permeability of the fracture network. The permeability
of the study area increases with the increase of the study size.
Under normal circumstances, it is very difficult to quantita-
tively describe the fracture characteristics of the fracture net-
work due to its complexity [21, 22]. Studies have shown that
natural fractures have fractal properties that have the same
effect on the permeability of fracture networks as well as frac-
ture geometries [18, 23–26].

A series of studies have been made on the influence of
geometric characteristics and fractal features of fractures on
permeability. A two-dimensional random fracture network
model considering the characteristics of fracture network
(density, length, gap width, directionality, and connectivity)
was established. The fracture network statistics and the rela-
tionship between fractal characteristics and fracture network
permeability were obtained through the multiple regression
analysis and artificial neural network processing. An estima-
tion method was proposed to estimate the permeability of
multilayer complex fracture network, in order to obtain a
good estimate result, which was recommended for compre-
hensive utilization of drill core data (1D), bedrock exposed
data (2D), and drilling test data (3D). Another key factor that
affects the permeability of fracture network is the connectiv-
ity between fractures. Based on the fractal geometry and per-
colation theory, the two-dimensional fracture network
connectivity was defined, and the relationship between frac-
ture network permeability and fractal dimension and dimen-
sionless fracture density and percolation threshold was given
and analyzed. It is pointed out that the estimated value
obtained by fractal dimension of fractured network was more
accurate than that of fractal dimension of fracture intersec-
tions, fracture connectivity rate, and intersection fractal
dimension in the X-direction and Y-direction.

In recent years, many scholars have established the fractal
model of pore and fractured media based on the fractal char-
acteristics of porosity and fractures and have made great
achievements in studying fluid seepage, solute transport,
and heat conduction [27–32]. Zheng and Yu [33] deduced
the seepage characteristics of the gas in the porous media
model composed of porous rock and fractal tree fractures.
It is shown that the pore fractal dimension, pore bending
degree, porosity, the ratio of maximum pore diameter to frac-
tal tree fracture network length, diameter ratio, bifurcation
angle, and bifurcation level are the key factors that have sig-
nificant effects on gas permeability. Yun et al. [34] analyzed
the plane radial seepage and parallel seepage of Newtonian
fluid in porous media and deduced the permeability coeffi-
cient and flow rate and velocity expression in the two seepage
cases. The fractal theory and the Monte Carlo method were
used to establish the probability model of radial percolation
in porous media by Xu et al. [35]. The results showed that
the effective radial permeability coefficient decreased drasti-
cally with the radial distance increase and the porosity and
pore fractal dimension of the radial seepage interface had a
significant effect on the effective permeability coefficient.
Based on the fractal geometry theory and the laminar cube

law of fluid in fractures, a fractal model of seepage in frac-
tured rock mass was deduced byMiao et al. [36]. The theoret-
ical model showed that the permeability coefficient of
fractured rock mass was a function of fracture fractal dimen-
sion, porosity, fracture density, maximum fracture length,
gap width, fracture direction, and inclination angle. Miao
et al. [37] assumed that the fractures in the fractured rock
mass were randomly distributed, the fluid flow in the fracture
was in accordance with the law of cube, the pores in the rock
mass connected into tortuous channels, the fracture length
and pore diameter distribution had fractal characteristics,
and a fractal model of seepage flow in a two-hole media
model was established. The Monte Carlo method was used
to generate the fractured network, and a fractal flow model
was established to reflect the geometrical characteristics of
fractured rock mass. It is revealed that the bending degree,
the gap width and the random number that reflects fractal
regularity of fracture length distribution, had a significant
influence on the permeability of fracture network [38]. The
seepage fractal model of discrete fracture network was estab-
lished by using the fractal dimension of fracture geometrical
distribution and the fractal dimension of flow line which
reflects the surface roughness of fractures. By simulating and
calculating the equivalent permeability coefficient of fluid
flowing through different geometric characteristics of discrete
fractures, it was found that when the fractal dimension of the
fractured network is less than 1.5, the seepage of the fracture
network is mainly controlled by the small fracture with the
length less than the width of the fracture network. With the
increase of fractal dimension, the effect of long fractures on
fracture network seepage is increasing [7, 8].

The permeability of fractured rock mass is influenced
by the heterogeneity of fracture direction, inclination,
and length distribution, which lead to the fact that the
permeability of the fractured rock mass is directional,
and many scholars have carried on fruitful research in this
area [9, 10, 12, 13, 39, 40]. Based on the previous research,
this paper is aimed at establishing a parallel seepage and
radial seepage fractal model of fractured rock mass consid-
ering the effect of fracture surface roughness in Section 2
and deducing the seepage tensor of the fracture network
which reflects the geometrical and fractal characteristics
of fracture network in Section 3. The influence of fracture
geometry and fractal characteristics on the permeability is
analyzed in Section 4. The validity and accuracy of the
model are verified by comparing the theoretical model
and the physical model water injection test in Section 5.

2. Fractal Characteristics of Fractured
Network of Rock Mass

Studies have shown that the cumulative surface area distribu-
tion of the Earth’s surface islands is subject to power distribu-
tion [36, 41], i.e.,

N A > að Þ∝ a−D/2, ð1Þ

where N is the total number of islands with area A greater
than constant a and D is the fractal dimension representing

2 Geofluids



the area distribution of the island. On this basis, amax is
used to represent the area of the largest island [42]. Equation
(2) is given:

N A > að Þ = amax
a

� �D/2
: ð2Þ

The relationship between the equivalent gap width and
the crack length can be expressed [36, 43–45]:

e = βln, ð3Þ

where e is the equivalent gap width; β is the proportional
coefficient, which is related to the mechanical properties
of the surrounding rock and in the range of 0.001-0.1
[37, 44]; l is the fracture length; and n is a constant that
reflects the fracture characteristics, which ranges from 0.5
to 2.0 [37, 44, 45]. When n = 1, it indicates that the equiv-
alent gap width and the length of the fracture are linearly
distributed. The fractured network has self-similarity and
fractal characteristics [37, 38, 43, 45]. Equation (3) can
be written as follows:

e = βl: ð4Þ

Many studies have shown that the fracture length dis-
tribution satisfies the fractal law [15, 36, 45–49]. There-
fore, equation (2), which describes the distribution law of
island area, is used to describe the distribution of fractures
area in fractured media:

N A ≥ að Þ = emaxlmax
el

� �Df /2
, ð5Þ

where emax and lmax are the maximum gap width and
maximum length, respectively, and e and l are the fracture
width and length, respectively. Equation (4) is substituted
into equation (5), and equation (6) is given as follows:

N L ≥ lð Þ = lmax
l

� �Df

, ð6Þ

where Df is the fractal dimension of the fracture length,
for the two-dimensional problem 0 <Df < 2 and for the
three-dimensional problem 0 <Df < 3. By substituting l in
equation (6) with lmin, the total number of fractures in
the fracture network can be expressed as follows:

N t L > lminð Þ = lmax
lmin

� �Df

: ð7Þ

In general, the number of fractures in the fracture net-
work is large, so equation (6) can be approximated as a
continuous differential equation and equation (8) can be
obtained by solving differential l in equation (6):

−dN lð Þ =Df l
Df
maxl

− Df +1ð Þdl: ð8Þ

Equation (8) indicates the number of fractures in
[l, l + dl], and the negative sign indicates that the number
of fractures decreases with increasing fracture length.
Equation (8) divided by equation (7) is equal to the fol-
lowing equation:

−
dN
N t

=Df l
Df
minl

− Df +1ð Þdl = f lð Þdl, ð9Þ

where f ðlÞ =Df l
Df
minl

−ðDf +1Þ is the probability density func-
tion, which is satisfied by equation (10) by the definition
of the probability function:

ð+∞
−∞

f lð Þdl =
ð lmax

lmin

f lð Þdl = 1 −
lmin
lmax

� �Df

≡ 1: ð10Þ

Therefore, equation (11) is given as follows:

lmin
lmax

� �Df

≅ 0: ð11Þ

In general, lmin<<lmax in equation (11) is a necessary
condition for the fractal network to show fractal character-
istics. Many researchers [22, 38] used lmin/lmax ≤ 0:001 as a
threshold for the fractal model considering the two-
dimensional fracture network seepage. This criterion is
also used in this paper.

The relationship between porosity and fractal dimension
can be expressed [37, 50, 51]:

Df = dE +
ln∅

ln lmax/lminð Þ , ð12Þ

where Df is the fractal dimension of the fracture length; Φ is
the porosity of the fracture network; lmin and lmax are the
minimum and maximum values of the fracture length; dE is
the European dimension, in which for the two-dimensional
problem dE = 2 and for the three-dimensional problem
dE = 3.

According to the definition of porosity, the following
equation is available:

ϕ =
Af
A0

, ð13Þ

whereΦ is the porosity of the fracture network, A0 is the area
of the cross section, and Af is the pore area.

Af = −
ð lmax

lmin

eldN lð Þ = βDf l
2
max

2 −Df
1 −

lmin
lmax

� �2−Df
" #

: ð14Þ

By solving simultaneously equations (12) and (14), the
following equation becomes available:

Af =
βDf l

2
max

2 −Df
1 − ϕð Þ: ð15Þ
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By substituting equation (13) into equation (15), the fol-
lowing equation becomes available:

A0 =
βDf l

2
max

2 −Df

1 − ϕð Þ
ϕ

: ð16Þ

3. Fractal Model of Permeability of Fractured
Rock Mass

3.1. Formula Derivation. In a three-dimensional space, the
direction of the fracture is determined by the direction and
inclination, as shown in Figure 1. The x-axis and the y-axis
are the two coordinate directions of the horizontal plane,
which is in the same direction as the geodetic coordinate; that
is, the x-axis is N and the y-axis is E; α is the angle between
the trend line and the y-axis, θ is the angle between the frac-
ture plane and the horizontal plane (inclination), l is the frac-
ture length, e is the fracture width, Lft is the seepage length of
the fluid in the fracture considering the fracture roughness,
Lf is the linear length in the direction of fracture seepage, J f
is the tangential component of the hydraulic gradient in the
fracture, and Jn is the normal component of the hydraulic
gradient in the fracture. L0 is the linear length of Lf projected
to the x-axis direction.

Usually, there are a large number of cracks in the frac-
tured rock mass, and it is impossible to determine the direc-
tion and inclination of the fractures one by one. Studies have
shown that the directionality of many fractures in a given
area is not exactly the same but can usually show a tendency
[36, 52]. For example, the results of 1878 fractures in the
study showed an average inclination of 70° and an average
orientation of N-S [53]. Furthermore, the fracture network
studied at present is only caused by mining. Compared with
the natural fracture networks affected by complex geological
factors, the fracture network studied here is more regular.
Therefore, we take the trend and dip angle in the calculation
model for a certain range of statistical average.

It is assumed that the flow of fluid in the fracture can be
described by the cubic law [39, 44, 54]:

q lð Þ = e3l
12μ

ΔP
Lft

, ð17Þ

where qðlÞ is a single fracture flow, μ is the dynamic viscosity
coefficient, e is the fracture width, l is the fracture length, Lft is
the length of the seepage of the fluid in the fracture consider-
ing the fracture roughness, and ΔP is the pressure difference
across the fracture.

Because of the rough surface of the fracture, the fluid flow
path in the fracture is a curve, which leads to the extension of
the flow path and the decrease of the effective flow capacity,
as shown in Figure 1. The relationship between Lft and Lf
can be expressed as follows:

Lft = e1−DTLDT
f , ð18Þ

where DT is the fractal dimension of the flow line of the seep-
age flow. DT reflects the nonlinearity of the streamline, and
the streamline is a straight line when DT = 1, Lft = Lf .

By substituting equations (4) and (18) into equation (17),
the following equation becomes available:

q lð Þ = β2+DT l3+DT

12μ
ΔP

LDT
f

=
β2+DT l3+DT

12μDTL
DT−1
f

dP
dLf

: ð19Þ

In a three-dimensional space, the hydraulic gradient is
divided into normal and tangential components along the
fracture, as shown in Figure 1. Only the tangential hydraulic
gradient produces the seepage flow, that is,

q lð Þ = β2+DT l3+DT

12μDTL
DT−1
f

Jf: ð20Þ

By substituting L0 = Lf sin a into equation (20), the fol-
lowing equation becomes available:

q lð Þ = β2+DT l3+DT

12μDT

L0
sin α

� �1−DT

Jf: ð21Þ

It is assumed that the angle between the normal direction
of the fracture surface and the coordinate axes is α1, α2, and
α3, respectively. The normal direction vector of the fracture
surface can be expressed as

nn = cos α1i + cos α2 j + cos α3k: ð22Þ

At the same time, the hydraulic gradient vector is decom-
posed along the fracture plane normal and tangential compo-
nents [55]:

Streamline

Strike line

Aperture
z(Z)

y(E)

x(N)

Jn

L ft

e

l

J

Lf

𝛼

𝛼
𝛼

𝛼

𝜃

Jf

Figure 1: Three-dimensional fracture seepage diagram.
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J = Jf + Jn: ð23Þ

Taking equation (24) into consideration,

Jn = J∙nnð Þnn: ð24Þ

The hydraulic gradient is decomposed in the direction of
the coordinate axis; equation (25) is available.

J = Jx + Jy + Jz = Jxi + Jy j + Jzk: ð25Þ

According to theorem of vector operation, equation (26)
is available.

Jf = J − Jn: ð26Þ

Equations (22), (23), (24), (25), and (26) are simulta-
neously solved; equation (27) is available.

Jf = Jx 1 − cos α1 cos α1ð Þ − Jy cos α2 cos α1
�

− Jz cos α3 cos α1�i + −Jx cos α1 cos α2½
+ Jy 1 − cos α2 cos α2ð Þ − Jz cos α3 cos α2�j
+ −Jx cos α1 cos α3 − Jy cos α2 cos α3
�

+ Jz 1 − cos α3 cos α3ð Þ�:

ð27Þ

Equation (27) is written in a matrix form:

Jf =
1 − cos2α1 −cos α2 cos α1 −cos α3 cos α1

−cos α1 cos α2 1 − cos2α2 −cos α3 cos α2
−cos α1 cos α3 −cos α2 cos α3 1 − cos2α3

2
664

3
775

Jx
Jy
Jz

2
664

3
775:

ð28Þ

The total seepage flow can be obtained by integrating
seepage flow of single fracture along the fracture length on
the calculated cross section.

Q = −
ðlmax

lmin

q lð ÞdN lð Þ: ð29Þ

By substituting equations (8), (21), and (28) into equa-
tion (29), equation (30) becomes available:

Q =
ð lmax

lmin

β2+DT l3+DT

12μDT

L0
sin α

� �1−DT

JfDf l
Df
maxl

− Df +1ð Þdl

=
β2+DT l3+DT

max
12μDT

L0
sin α

� �1−DT Df
3 +DT −Df

1 −
lmin
lmax

� �3+DT−Df
" #

�
1 − cos2α1 −cos α2 cos α1 −cos α3 cos α1

−cos α1 cos α2 1 − cos2α2 −cos α3 cos α2

−cos α1 cos α3 −cos α2 cos α3 1 − cos2α3

2
6664

3
7775

Jx
Jy
Jz

2
6664

3
7775:

ð30Þ

Considering lmin<<lmax, 1 <DT < 2, 1 <Df < 2,
ðlmin/lmaxÞ3+DT−Df <<1, equation (30) is simplified and rewrit-
ten as a matrix:

qx
qy
qz

2
6664

3
7775 =

β2+DT l3+DT
max

12μDT

L0
sin α

� �1−DT Df
3 +DT −Df

�
1 − cos2α1 −cos α2 cos α1 −cos α3 cos α1

−cos α1 cos α2 1 − cos2α2 −cos α3 cos α2

−cos α1 cos α3 −cos α2 cos α3 1 − cos2α3

2
6664

3
7775

�
Jx
Jy
Jz

2
6664

3
7775:

ð31Þ

Figure 1 shows that the relationship between the direc-
tion cosine of fracture normal plane and the direction and
inclination of the geodetic coordinate is as follows:

cos α1 = − sin θ cos α,

cos α2 = − sin θ sin α,

cos α3 = cos θ:

8>><
>>:

ð32Þ

By substituting equation (32) into equation (31), equa-
tion (33) can be obtained as follows:

qx
qy
qz

2
6664

3
7775 =

β2+DT l3+DT
max

12μDT

L0
sin α

� �1−DT Df
3 +DT −Df

�
1 − sin2θ cos2α −sin2θ sin α cos α sin θ cos θ cos α

−sin2θ sin α cos α 1 − sin2θ sin2α sin θ cos θ sin α

sin θ cos θ cos α sin θ cos θ sin α sin2θ

2
6664

3
7775

�
Jx
Jy
Jz

2
6664

3
7775:

ð33Þ

The permeability coefficient can be expressed as

K =
μQ
A0 J

: ð34Þ

By substituting equations (16) and (33) into equation
(34), equation (35) is obtained as follows:
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K =
β1+DT l1+DT

max
12DT

L0
sin α

� �1−DT 2 −Df
3 +DT −Df

∅
1−∅

�
1 − sin2θ cos2α −sin2θ sin α cos α sin θ cos θ cos α

−sin2θ sin α cos α 1 − sin2θ sin2α sin θ cos θ sin α

sin θ cos θ cos α sin θ cos θ sin α sin2θ

2
6664

3
7775:

ð35Þ

3.2. Radial Seepage. In a three-dimensional space, the radial
flow diagram is shown in Figure 2. Map coordinates and
parameter definitions are consistent with Figure 1. The x-
and y-axes are two coordinate directions, which are consis-
tent with the direction of geodetic coordinates. It is assumed
the x-axis is N , the y-axis is E. α is the angle between the
strike line and the y-axis, and θ is the angle between the
fracture plane and the horizontal plane (inclination). l is
the fracture length, e is the fracture width, ra is the seep-
age length of the fluid in the fracture considering the frac-
ture roughness, r is taken as the straight line length along
fracture seepage direction, rw is radius of the hole, J f is the
tangential component of the hydraulic gradient in the frac-
ture, and Jn is the normal component of the hydraulic gradi-
ent in the fracture.

It is assumed that the flow of fluid in the fracture
can be described by the cubic law [39, 44, 54]. Equation
(17) can be rewritten as follows under the condition of
radial flow:

q lð Þ = e3l
12μ

dp
dra

, ð36Þ

where qðlÞ is a single fracture flow, μ is the dynamic
viscous coefficient, e is the fracture width, l is the frac-
ture length, and p is the water pressure. Due to the rug-
ged surface of the fracture, the fluid seepage path in the
fracture is a curve, resulting in a decrease in the flow
path and an effective overcurrent capacity, as shown in
Figure 2.

The relation between ra and r can be rewritten according
to equation (18) as follows:

ra = e1−DTrDT : ð37Þ

Equation (38) can be obtained by substituting equations
(4) and (37) into equation (36) as follows:

q lð Þ = β2+DT l3+DT

12μDTrDT−1
dp
dr

: ð38Þ

Similarly, the hydraulic gradient vector will be decom-
posed along the fracture plane in normal and tangential com-
ponents [55]. Only the hydraulic gradient along the
tangential direction of the fracture will produce seepage flow
[12], i.e.,

q lð Þ = β2+DT l3+DT

12μDTrDT−1
Jf: ð39Þ

On the inner side of the radial hole wall, the seepage flow
of single fracture is integrated along the fracture length, and
the total seepage flow can be obtained.

Q =
2πrwh
A0

ð lmax

lmin

q lð ÞdN =
πhrwβ

2+DT l3+DT
max

6μDTA0rDT−1
Df

3 +DT −Df

�
1 − sin2θ cos2α −sin2θ sin α cos α sin θ cos θ cos α

−sin2θ sin α cos α 1 − sin2θ sin2α sin θ cos θ sin α

sin θ cos θ cos α sin θ cos θ sin α sin2θ

2
6664

3
7775

�
Jx
Jy
Jz

2
6664

3
7775:

ð40Þ

Equation (16) is substituted into equation (40) and is
rewritten in a matrix form:

y(E)

x(N)

rw

z(Z)

r

h

(a)

x(N)

rw

ra

h

y(E)

z(Z)

r e

𝜃

Streamline

Strike line

Aperture

𝛼

(b)

Figure 2: Radial flow diagram: (a) elevation view and (b) section view.
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qx
qy
qz

2
6664

3
7775 =

πhrwβ
1+DT l1+DT

max
6μDTrDT−1

2 −Df
3 +DT −Df

∅
1−∅

�
1 − sin2θ cos2α −sin2θ sin α cos α sin θ cos θ cos α

−sin2θ sin α cos α 1 − sin2θ sin2α sin θ cos θ sin α

sin θ cos θ cos α sin θ cos θ sin α sin2θ

2
6664

3
7775

�
Jx
Jy
Jz

2
6664

3
7775:

ð41Þ

Combining equations (41) and (34) and A0 being
replaced by Ar = 2πrh, equation (42) is obtained as follows:

K rð Þ = rwβ
1+DT l1+DT

max
12DTrDT

2 −Df
3 +DT −Df

Φ

1 −Φ

�
1 − sin2θ cos2α −sin2θ sin α cos α sin θ cos θ cos α

−sin2θ sin α cos α 1 − sin2θ sin2α sin θ cos θ sin α

sin θ cos θ cos α sin θ cos θ sin α sin2θ

2
6664

3
7775:

ð42Þ

The permeability coefficient can be expressed as follows
at the inner side of the radial hole wall:

1.0 1.1 1.2 1.3 1.4 1.5

DT

1.6 1.7 1.8
0.0E+00

2.0E-07

4.0E-07

6.0E-07

8.0E-07

1.0E-06

K
xx

 (m
2 )

1.2E-06

1.4E-06

1.6E-06

Df = 1.4
Df = 1.5

Df = 1.6
Df = 1.7

Figure 5: The relationship between Kxx and DT (β = 0:01, θ = π/6,
and α = π/2).
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Table 1: List of calculation parameters.

Parameter Value Parameter description

Df 1.1-1.8 Fractal dimension of fracture

DT 1.0-1.7 Fractal dimension of seepage streamline

β 0.001-0.1 Ratio of fracture width and length

α 0-π Trend

θ 0-π/2 Dip angle

lmax 3-30m Maximum fracture length

lmin/lmax 0.001
Minimum fracture length/maximum

fracture length

L0 3-180m Computational element length

0.0
0 10 20 30

r/rw
40 50

0.2

0.4

0.6

K
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DT = 1.0
DT = 1.2

DT = 1.4
DT = 1.6

Figure 3: The relationship between K+ and r/rw .
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Kw =
β1+DT l1+DT

max

12DTr
DT−1w

2 −Df
3 +DT −Df

Φ

1 −Φ

�
1 − sin2θ cos2α −sin2θ sin α cos α sin θ cos θ cos α

−sin2θ sin α cos α 1 − sin2θ sin2α sin θ cos θ sin α

sin θ cos θ cos α sin θ cos θ sin α sin2θ

2
6664

3
7775:

ð43Þ

From equations (42) and (43), the dimensionless perme-
ability coefficient is obtained as follows:

K+ =
Kr
Kw

=
rw
r

� �DT
: ð44Þ

Equation (44) shows that the dimensionless permeability
coefficient is closely related to DT and r/rw. It decreases with
the increase of DT and decreases with the increase of r/rw, as
shown in Figure 3.

3.3. Parameter Impact Analysis. This section mainly analyzes
the influence of the parameters of equations (35) and (42) on
the permeability coefficient K , and the values of each param-
eter are shown in Table 1.

Figure 4 shows the relationship between the fractal
dimension Df and the permeability coefficient Kxx in the
case of different DT, and the other parameters are β = 0:01,
θ = π/6, and α = π/2. As shown in Figure 4, the permeability
coefficient increases with the increase of fractal dimensionDf .
And with the increase of DT, the permeability coefficient Kxx
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Figure 8: The relationship between Kxx and Df (DT = 1:1, β = 0:01,
and α = π/4).
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decreases. The results show that the increase of the fracture
surface roughness leads to the increase of the flow path and
the decrease of flow velocity.

Figure 5 shows the relationship between DT and perme-
ability coefficient Kxx in the case of differentDf , and the other
parameters are β = 0:01, θ = π/6, and α = π/2. As shown in
Figure 5, with the increase of DT, the permeability coefficient
decreases rapidly. The overall permeability coefficient
increases with the increase of Df , and the larger the Df
(Df > 1:5), the greater the change rate of Kxx with DT, which
means that when Df > 1:5, the weakening effect of the frac-
ture surface roughness on the permeability of the fracture
network increases rapidly.

As can be seen from Figures 4 and 5, Df and DT have a
significant effect on the permeability of the fracture network,
but they have different physical meanings and influences.
The larger the value of Df , the more complex the fractured
network, the higher the fracture density [18], and the greater
the permeability coefficient. DT reflects the flexural degree of
the fluid seepage path in the fracture due to fracture surface
roughness. With the increase of DT, the seepage path is
lengthened and the effective overcurrent capacity of the frac-
ture is reduced, which leads to the decrease of the permeabil-
ity coefficient of the fracture network.

Figure 6 shows the relationship between porosity Φ and
permeability coefficient Kxx in the case of different DT, and
the other parameters are β = 0:01, θ = π/6, and α = π/2. As
shown in the figure, the permeability coefficient increases
with the increase of porosity Φ. In general, it can be seen
from Equation (12) and Figure 7 that, assuming lmin/lmax =
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Figure 11: The relationship between Lmax and Kxx (DT = 1:1,
β = 0:01, θ = π/6, and α = π/2).
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0:001, Φ is positively correlated with Df , and thus the
increase of porosity Φ and Df increase have identity, and all
reflect the increase of seepage cross section. It also shows in
Figure 6 that the overall permeability coefficient decreases
with the increase of DT, and the larger the DT (DT > 1:2),
the smaller the change rate of Kxx with Φ, which indicates
that when DT > 1:2, the roughness of the fracture surface will
greatly offset the effect of increased permeability of the frac-
ture network due to the increase of the seepage area.

Figure 8 shows the relationship between fractal dimen-
sion Df and permeability coefficient Kxx of the fracture net-
work under the condition of the change of the fracture dip
angle θ, and the other parameters are DT = 1:1, β = 0:01,
and α = π/4. As shown in the figure, the permeability coeffi-
cient increases with the increase of porosity Df , which is the
same as that of Figure 4. At the same time, as the fracture
dip angle θ increases, the permeability coefficient Kxx
decreases.

Figure 9 shows the relationship between the fracture dip
angle θ and the permeability coefficient Kxx, and the other
parameters are Df = 1:4, DT = 1:1, β = 0:01, and α = π/4. As
shown in Figure 9, the permeability coefficient Kxx decreases
with the increasing of fracture dip angle θ from 0 to π/2.
Figure 10 shows the relationship between the fracture strike
α and the permeability coefficient Kxx, and the other param-
eters are Df = 1:4, DT = 1:1, β = 0:01, and θ = π/4. As shown
in Figure 10, the permeability coefficient Kxx increases as

the dip angle α of fracture increases from π/18 to π/2. The
variation of the permeability coefficient component with
the fracture strike and dip angle reflects the nonuniformity
and seepage directivity of fractured rock mass.

Figure 11 shows the relationship between the maximum
fracture length Lmax and permeability coefficient Kxx under
condition of different Df . The other parameters are DT =
1:1, β = 0:01, θ = π/6, and α = π/2. As shown in Figure 11,
the permeability coefficient increases with the increase of
Lmax. At the same time, with the increase of Df , the overall
permeability coefficient will increase, and with the increase
of Df (Df > 1:5), the change rate of Kxx with Lmax get sharply
greater, indicating that when Df > 1:5, with the increase of
fractal dimension, the influence of long fractures on fracture
network seepage is increasing, which is consistent with the
results of Li et al. [22].

Figure 12 shows the relationship between β and the
permeability coefficient Kxx, and the other parameters are
Df = 1:4, DT = 1:01, θ = π/6, and α = π/2. As shown in
Figure 12, the permeability coefficient increases with the
increase of β. Considering equation (4), this also reflects
the relationship between the fracture width and the per-
meability coefficient to a certain extent.

Figure 13 shows the relationship between L0 and perme-
ability coefficient Kxx, and the other parameters are Df = 1:4,
DT = 1:1, β = 0:01, θ = π/4, and α = π/2. As shown in
Figure 13, the permeability coefficient decreases gradually
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Figure 14: Physical model (partial) profile.

10 Geofluids



with the increase of L0. This is because the increase in L0
is the growth of the seepage path, which means that the
seepage resistance increases and the hydraulic gradient
decreases.

4. Experimental Verification

4.1. Physical Model Test. Figure 14 shows a large physical
model (partial) profile. According to the generalized strati-
graphic parameters shown in Table 2, the similar materials
arranged according to a similarity ratio are poured up and
down, and the bottom pouring height of no. 2 coal seam
and no. 5 coal seam was 2.25m and 0.5m, respectively. The
thickness of the layer is 0.05 meters, the net length of working
face is 2.1 meters, and the reserved pillar width is 0.3 meters.
The displacement and stress changes of the overlying strata
and the expansion and evolution of the fractures are studied
under the conditions of different burial depth and mining
speed. Figure 15 shows the distribution of the fractures of
the overlying strata after the mining of no. 5 coal seam.

4.2. Water Injection Test in the Physical Model. In order to
obtain the permeability parameters of the rock mass in differ-
ent fracture zones and verify the fractal model of the frac-
tured rock mass, the water injection test in the physical
model was carried out after the physical model excavation
was completed. In order to compare with the evolution of
fracture expansion, the working face is divided into seven
zones along the excavation direction, and the width of each

zone is 30 cm. In order to reduce the interaction of the
boundary effect and the water injection holes, the water injec-
tion holes were arranged in plum blossom in the middle of
the partition, as shown in Figure 16.

The location of water injection test sites is carried out at
the top of the model in accordance with Figure 16 when con-
structing, and then the hydraulic drill is set up to conduct
drilling construction, as shown in Figures 17 and 18. The
water injection test is carried out by the top-down stratified
water injection method to obtain the permeability parame-
ters of different plane positions and different elevation rocks
in the mining face. Meanwhile, the corresponding fracture
distribution images are obtained by drilling imaging an ana-
lyzer, and the fracture images are processed digitally to obtain
the fracture expansion images, as shown in Figure 19. The
fracture expansion images are analyzed to extract the fracture
geometric characteristic parameters, and thus the fractal

Figure 15: Distribution map of mining-induced fractures of no. 5
coal seam mining.

Table 2: Generalized stratigraphic parameters.

No. Stratum Thickness (m) σ (MPa) ρ (kg/m3)

1 Aeolian sand and loess 30 2000

2 Mudstone 15 34.86 2304

3 Fine sandstone and siltstone (aquifer no.1) 10 50.00 2550

4 Mudstone 20 25.22 2204

5 Fine sandstone and siltstone (aquifer no.2) 10 5.26 2133

6 Mudstone 15 25.22 2204

7 Coal seam no. 2 5 20.07 1233

8 Mudstone 15 34.86 2304

9 Fine sandstone and siltstone 20 5.26 2133

10 Mudstone 15 34.86 2304

11 Medium-thick grained sandstone (aquifer no.3) 20 50.00 2550

12 Mudstone 20 25.22 2204

13 Fine sandstone and siltstone 10 5.26 2133

14 Mudstone 10 25.22 2204

15 Medium-thick grained sandstone (aquifer no.4) 20 50.00 2550

16 Mudstone 20 25.22 2204

17 Medium-thick grained sandstone 20 5.26 2133

18 Coal seam no. 5 5 20.07 1233

19 Mudstone 15 34.86 2304

20 Medium-thick grained sandstone 15 50.00 2550

21 Mudstone 10 34.86 2304

22 Medium-thick grained sandstone 10 50.00 2550
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characteristic parameters, DT and Df , are calculated by the
box counting method [51, 56–59].

5. Analysis and Discussion

According to the field test conditions, the continuous head
water injection test is used to determine the seepage per unit
time in the case of constant water head and then calculate the

permeability coefficient of the simulated strata according to
equation (44).

K =
0:423Q
lH

lg
2H
r

, ð45Þ

where K is the permeability coefficient of the soil layer
(cm/s), Q is the stable water flow (cm3/s), H is the test water
head (cm), l is the length of the water injection section (cm),
and r is the water injection test hole radius (cm).

Fracture development images are analyzed in the previ-
ous section; then the fractal characteristic parameters are
extracted, and the relevant parameters are substituted into
equation (42). The calculated results are compared with the
Kxx values calculated by equation (43), as shown in Table 3.
And the fractal characteristics are calculated, as shown in
Figure 20. The relevant parameters are substituted into equa-
tion (41); then the calculated results are compared with the
measured Q values for the water injection test, as shown in
Figure 21. The calculated values of Kxx and Q are compared
with the measured values of water injection, as shown in
Figure 22. From Figures 20–22, it shows that the theoretical
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(a) Inner view in ZS3-6 (60-75 cm)

(b) Fractures developed pattern in ZS3-6 (55-65 cm)

(c) Fractures developed pattern in ZS3-6 (65-75 cm)

(d) Inner view in ZS3-6 (175-191 cm)

(e) Fractures developed pattern in ZS3-6 (175-191 cm)

(f) Inner view in ZS3-6 (225-240 cm)

Figure 19: Continued.
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(g) Fractures developed pattern in ZS3-6 (225-235 cm)

(h) Fractures developed pattern in ZS3-6 (235-245 cm)

(i) Inner view in ZS3-4 (170-185 cm)

(j) Fractures developed pattern in ZS3-4 (175-185 cm)

Figure 19: Inner view of different holes and their fractures developed pattern in different depth.

Table 3: List of theoretical models and water injection test.

Df
Kxx calculated value

(cm/s)
Kxx test value

(cm/s)
Kxx calculated value/Kxx

test value
Q calculated value

(L/min)
Q test value
(L/min)

Q calculated value/Q
test value

1.266 0.16 0.15 107.26% 13.16 13.68 96.19%

1.324 0.36 0.36 101.06% 19.20 21.46 89.48%

1.306 0.10 0.10 98.36% 21.90 20.00 109.51%

1.313 0.15 0.16 96.41% 32.37 29.53 109.61%

1.401 1.26 1.18 106.76% 175.53 157.95 111.13%

1.451 2.31 2.22 103.95% 322.91 298.43 108.21%

14 Geofluids



calculation is in good agreement with the experimental
results, which proves the validity of the theoretical model.

6. Conclusions

In this paper, a fractal model for characterizing hydraulic
properties of fractured rock mass under mining influence
considering fracture surface roughness is established, and
the infiltration tensor of fracture network is deduced under
two kinds of seepage conditions. The effects of fractal geom-
etry and fractal characteristics on the permeability are ana-
lyzed. The validity and accuracy of the model are verified
by comparing the theoretical model with the physical model
water injection test. The results show the following:

(1) The permeability coefficient K of the fracture net-
work is a function of the geometric of fracture
network. In general, the maximum fracture length
Lmax, calculation section porosity Φ and fracture net-
work fractal dimension Df reflect the related indica-
tors of the calculation section, such as the fracture
length, discharge area, and density, which play a role
in promoting permeability. The horizontal projection
length L0 and the fractal dimension DT of the seepage
flow line reflect the obstacle of the surface roughness
and the increase of the seepage path to the seepage
fluid, which inhibit the permeability

(2) With the increase of fractal dimensionDf , the perme-
ability coefficient increases. While with the increase
of DT, the permeability coefficient decreases rapidly,
and the larger the Df (Df > 1:5), the greater the
change of permeability coefficient K with DT, which
indicates that when Df > 1:5, the weakening effect of
fracture surface roughness on the permeability of
fracture network increases rapidly

(3) Df and DT have a greater impact on the permeability
of the fracture network, but their physical meanings
and influences are different. The larger the Df value,
the more complex the fractured network in the cross
section, and the higher the fracture density, thus the
higher the permeability coefficient. DT reflects the
rupture degree of the fluid seepage path in the frac-
ture due to the rough surface of the fracture. With
the increase of DT, the seepage path is lengthened
and the effective overcurrent capacity of the fracture
is reduced, which leads to the decrease of the perme-
ability coefficient of the fracture network

(4) With the increase of porosity Φ, the permeability
coefficient increases. While with the increase of DT,
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the permeability coefficient decreases. The higher the
DT (DT > 1:2), the smaller the change of permeability
coefficient K with the change of Φ, which shows that
when DT > 1:2, the fracture surface roughness will be
greatly offset due to the increase of water seepage area
leading to increasing effect on permeability coefficient

(5) With the increase of Lmax, the permeability coefficient
increases. Simultaneously, with the increase ofDf , the
overall permeability coefficient will increase, and
with the increase of Df (Df > 1:5), the rate of perme-
ability coefficient K with Lmax change sharply
increases, which shows that when Df > 1:5, with the
increase of fractal dimension, the influence of long
fractures on fracture network seepage is increasing
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