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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 L ., fractured
horizontal projection length L, diameter calculation section porosity @, fracture strike «, and fracture angle 8) and fractal
characteristics (fracture network fractal dimension D; and seepage flow fractal dimension Dy). With the increase of fractal
dimension Dy, the permeability coeflicient increases. With the increase of Dy, the permeability coeflicient decreases rapidly. And

the larger the D; (D; > 1.5), the greater the change of permeability coefficient K with Dr.

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

Geofluids

law of fluid in fractures, a fractal model of seepage in frac-
tured rock mass was deduced by Miao et al. [36]. The theoret-
ical model showed that the permeability coeflicient 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 coeflicient 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>a)oca??, (1)

where N is the total number of islands with area A greater
than constant g and D is the fractal dimension representing
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the area distribution of the island. On this basis, a,,, is
used to represent the area of the largest island [42]. Equation
(2) is given:

N(A>a)= (%) " (2)

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

e=pI", (3)

where e is the equivalent gap width; 8 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]; I 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=pfl (4)

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:

where e, and [, are the maximum gap width and
maximum length, respectively, and e and [ are the fracture
width and length, respectively. Equation (4) is substituted

into equation (5), and equation (6) is given as follows:

N(L=1l)= <lml) Df, (6)

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

N(L>L,)= (éﬂm) 7 7)

min

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 / in equation (6):

—dN(1) = D> (P g, (8)

max

Equation (8) indicates the number of fractures in
[I,1+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:

AN DY I

] Di+1) g7 _
Nt min dl f(l> dl’ (9)

where f(I) :Dflﬁ‘inl_(Df“) is the probability density func-

tion, which is satisfied by equation (10) by the definition
of the probability function:

| " smar- jl

—00 I

Fihdi=1- (fmin)Df _1. (10)

max

min

Therefore, equation (11) is given as follows:

(lmin) b
lmax

In general, [ ; <<, in equation (11) is a necessary
condition for the fractal network to show fractal character-
istics. Many researchers [22, 38] used [, /I, <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]:

n

0. (11)

Ing

D, = =
! dE ' ln (lmax/lmin)

(12)

where D is the fractal dimension of the fracture length; @ is
the porosity of the fracture network; [, and /. are the
minimum and maximum values of the fracture length; d; is
the European dimension, in which for the two-dimensional
problem d;=2 and for the three-dimensional problem
dg =3.

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

p="0 (13)

where @ is the porosity of the fracture network, A, is the area
of the cross section, and Ay is the pore area.

()] o

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

lmax 2
Ag= —J eldN (1) = PPrTmax
. 2- Dy

min

_ ﬂDflimx

A
t~ 2-Dp;

(1-9). (15)
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FIGURE 1: Three-dimensional fracture seepage diagram.

By substituting equation (13) into equation (15), the fol-
lowing equation becomes available:

B (1=
Aoz—gl)_flf;jx—(l(p‘b). (16)

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; « is the angle between
the trend line and the y-axis, 0 is the angle between the frac-
ture plane and the horizontal plane (inclination), [ is the frac-
ture length, e is the fracture width, Ly, is the seepage length of
the fluid in the fracture considering the fracture roughness,
L; is the linear length in the direction of fracture seepage, J;
is the tangential component of the hydraulic gradient in the
fracture, and ], is the normal component of the hydraulic
gradient in the fracture. L, is the linear length of L; 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.

Geofluids

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

_ el AP
2Ly

q(l) (17)

where g(1) is a single fracture flow, y is the dynamic viscosity
coefficient, e is the fracture width, [ is the fracture length, L is
the length of the seepage of the fluid in the fracture consider-
ing the fracture roughness, and AP 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 L and L
can be expressed as follows:

Lg=e i, (18)

where Dy is the fractal dimension of the flow line of the seep-
age flow. Dy reflects the nonlinearity of the streamline, and
the streamline is a straight line when Dy =1, Ly = L.

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

ﬁ2+DT l3+DT AP ~ ﬁ2+DT l3+DT dp

q(h)= = — .
& L2 17 12uDL " dly

(19)

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,

ﬁ2+DT l3+DT

Hh=—17. 20
A= e (20)

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

a0-Fo e () e e

12uDy \sin «

It is assumed that the angle between the normal direction
of the fracture surface and the coordinate axes is «;, a,, and
a5, respectively. The normal direction vector of the fracture
surface can be expressed as

n, = cos a;i+ cos a,j + cos oz k. (22)

At the same time, the hydraulic gradient vector is decom-
posed along the fracture plane normal and tangential compo-
nents [55]:
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Taking equation (24) into consideration,
Jo=(Jony)my,. (24)

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

J=)+)y+),=Jdi+]j+ ]k (25)

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

Je=T = Ja- (26)

Equations (22), (23), (24), (25), and (26) are simulta-
neously solved; equation (27) is available.
Je= []x(l —cos a; cos &y ) — ], cos a, cos a;
—J, cos a3 cos a;]i+ [/, cos a; cos a,
+J,(1—cos a, cos a,) — ], cos a; cos a,j (27)
+ [—]x COS @] COS a3 — ], COS @, COS &3

+J,(1 - cos ay cos az)].

Equation (27) is written in a matrix form:

2
1-cos’a —COoS @, cos &y  —cos a3 cos & | | Jy
J¢= | —cos a; cos a, 1 - cos’a, —cosazcosa, | |Jy
2
—COS (& COS &3 —COS (& COS (3 1 - cos“a;, ).
(28)

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

Lnax
Q=-| "aan(, (29)

I

‘min

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

flnax 32+Dr 34Dy 1-Dy
Q=J u( Lo ) Je D2 7Pl gl

. 12uDy \sina« ma
1 3+Dy—Dy
1— ( min>
lmax

‘min

i (& ) D,

12uD;  \sina 3+D; - Dy
1 - cos’a; —COS @, COS &  —Cos a3 cos a | | Jx
—COS () COS @y 1 - cos’a, —cosazcosa, | |y
—COS (] COS (3  —COS & COS 03 1 - cos’ay J.
(30)

Considering [, <<I 1<D;<2, 1<D;<2,
(Lin/Low) 27721 equation (30) is simplified and rewrit-
ten as a matrix:

max’>

Ix
2+Dr 13+D. 1-D.
q — IB TlmaxT LO ! Df
v 12uDy \sin « 3+Dy— Dy
q,
2
1—cos“w, —COS @, COS (]  —COS O3 COS &,
2
—COS @ COS &, 1 —cos”a, —COS o3 COS O,
2
| —COS @] COS @3 —COS (&, COS (3 1—cos”a,
Jx
Jy
I,

(31)

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 &, = — sin 0 cos a,
cos a, = — sin 0 sin a, (32)

cos a5 = cos 0.

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

Ix
| EEE 1\

¥ 12uD;  \sin« 3+ Dy — Dy
q,

1-sin%0 cos’a  —sin0 sin « cos @ sin O cos O cos

—sin’@ sin « cos 1 - sin’0 sin’a sin 6 cos 0 sin «

| sin@cosfcosa  sin 6 cos O sin « sin’0
L
]Y
L.
(33)
The permeability coefficient can be expressed as
= B . (34)
AJ

By substituting equations (16) and (33) into equation
(34), equation (35) is obtained as follows:
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FIGURE 2: Radial flow diagram: (a) elevation view and (b) section view.

B (1, \P 2-D, o
12Dy sin « 3+Dy - D 1-0
1 —sin8 cos’a

—sin?@ sin « cos @ sin O cos O cos

—sin’@ sin « cos 1 - sin0 sin*a sin 0 cos O sin «

sin@ cosOcosa  sin 6 cos 0 sin « sin%0

(35)

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. « is the angle between the
strike line and the y-axis, and 0 is the angle between the
fracture plane and the horizontal plane (inclination). [ is
the fracture length, e is the fracture width, r, 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, r,, is radius of the hole, J; is the
tangential component of the hydraulic gradient in the frac-
ture, and ] 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:

_eldp

q(l) = Tudr. (36)

where q(I) is a single fracture flow, y is the dynamic
viscous coeflicient, e is the fracture width, [ 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 r, and r can be rewritten according
to equation (18) as follows:

r,=e PrePr, (37)

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

2+Dr l3+DT d
an=£ % (38)
uDprPr=1 dr
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], ie.,

ﬁ2+DT l3+DT

= J. 39
q( ) IZMDTrDTfl If ( )

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.

Lnax 2+Dr 13+D. )
Q- 27rrth o q()dN = mhr, BT Dy
Dr—1 _
AO lmm 6‘UDTA07 T 3+ DT Df
1 -sin®0 cos’a  —sin®0 sin a cos @ sin 6 cos O cos «
—sin®0 sin « cos « 1 - sin®0 sin’a sin 0 cos 0 sin «
sin 0 cos 0 cos « sin 6 cos 6 sin « sin%6
Jx
Iy
L),
(40)

Equation (16) is substituted into equation (40) and is
rewritten in a matrix form:
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1.0
0.8
0.6
K
0.4
0.2 1
0.0 .
0 10 20 30 40 50
rir,
—a— D =10 —A—D,=14
—e—D =12 —*—D.=16
F1GURE 3: The relationship between K* and r/r,,.
TaBLE 1: List of calculation parameters.
Parameter Value Parameter description
Dy 1.1-1.8 Fractal dimension of fracture
Dy 1.0-1.7  Fractal dimension of seepage streamline
B 0.001-0.1 Ratio of fracture width and length
o 0- Trend
0 0-7/2 Dip angle
Lnax 3-30m Maximum fracture length
Il 0.001 Minimum fracture length/maximum
i max ’ fracture length
L, 3-180m Computational element length
9x
ol = mhr BP0 pp @
Y 6uDrPr~1 34D - D 1-@
q,

1 — sin%6 cos’a
—sin’@ sin « cos

| sin 6 cos 0 cos &

—sin?6 sin a cos & sin O cos O cos «
1-sin’@sina  sin O cos O sin

sin 6 cos 0 sin « sin®0

(41)

Combining equations (41) and (34) and A, being
replaced by A, = 27rh, equation (42) is obtained as follows:

2.5E-6

2.3E6 -
2.0E-6 4
1.8E-6 -
1.5E-6 1
1.3E-6 -

XX

K. (m?

1.0E-6
7.5E-7 ]
5.0E-7 ]
2.5E-7 §

—=— D,=10 —— D;=1.02

—e— D, =101 —v— D;=1.03

FIGURE 4: The relationship between K, and D; (=0.01, 0 = /6,
and a =7/2).

K. (m?)
S * s
(=)
e5]
o
~N
1

6.0E-07
4.0E-07 +
2.0E-07 ~
0.0E+00 . . . .
0 11 12 13 14 15 1.6 17 18
Dy
—&— D.=14 —&— D;=1.6
—e— D;=15 ¥ D;=17

F1GURE 5: The relationship between K,, and D (8=0.01, 0 = /6,
and a = 71/2).

TwﬁHDT l;:a[x)r 2- Df D

12Dy’ 3+Dp—D1-@

1-sin?0 cos’a —sin®0 sin a cos & sin @ cos O cos o

K(r)=

—sin6 sin « cos « 1-sin’0sin’a sin 6 cos O sin «

sin @ cos @ cosa  sin 6 cos O sin a sin’0
(42)

The permeability coefficient can be expressed as follows
at the inner side of the radial hole wall:
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FIGURE 7: The relationship between @ and D;.

ﬂl+D—rll+D—r 2- Df D

— max
K‘” 12D ™' 3+ Dy —D 1 =@

1 -sin?Q cos’a  —sin?@ sin aw cos @  sin O cos O cos «

—sin’@ sin « cos 1 - sin®@ sin’a sin 6 cos 6 sin «

sinf cos@ cosa  sin 6 cos O sin « sin%6

(43)

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

k=X (r_w) o (44)
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K
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F1GURE 8: The relationship between K, and D; (D =1.1, $=0.01,
and o = 1/4).
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Equation (44) shows that the dimensionless permeability
coeflicient is closely related to Dy and r/r,,. It decreases with
the increase of D and decreases with the increase of r/r, 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 D; and the permeability coefficient K, in the
case of different D, and the other parameters are §=0.01,
0 =m/6, and a = /2. As shown in Figure 4, the permeability
coefficient increases with the increase of fractal dimension Dy.
And with the increase of Dy, the permeability coefficient K,
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and K, (Dy=1.1,

X

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 Dy and perme-
ability coeflicient K, in the case of different Dy, and the other
parameters are 3=0.01, 0 =7/6, and o =7/2. As shown in
Figure 5, with the increase of Dy, the permeability coefficient
decreases rapidly. The overall permeability coeflicient
increases with the increase of Dy, and the larger the Dy
(Df > 1.5), the greater the change rate of K, with D, which
means that when D; > 1.5, the weakening effect of the frac-
ture surface roughness on the permeability of the fracture
network increases rapidly.
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F1GURE 12: The relationship between and K, (D; = 1.4, D =1.01,
0=m/6, and a =7/2).
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As can be seen from Figures 4 and 5, D; and D have a
significant effect on the permeability of the fracture network,
but they have different physical meanings and influences.
The larger the value of Dy, the more complex the fractured
network, the higher the fracture density [18], and the greater
the permeability coefficient. Dy reflects the flexural degree of
the fluid seepage path in the fracture due to fracture surface
roughness. With the increase of Dy, 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 coeflicient of the fracture network.

Figure 6 shows the relationship between porosity @ and
permeability coefficient K, in the case of different Dy, and
the other parameters are §=0.01, 0 =7/6, and o =71/2. As
shown in the figure, the permeability coeflicient increases
with the increase of porosity @. In general, it can be seen
from Equation (12) and Figure 7 that, assuming /

min / lmax =
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0.001, @ is positively correlated with Dy, and thus the
increase of porosity @ and D; 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 Dy, and the larger the D (D >1.2),
the smaller the change rate of K, with @, which indicates
that when Dy > 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 D; and permeability coeflicient K, of the fracture net-
work under the condition of the change of the fracture dip
angle 0, and the other parameters are Dy =1.1, §=0.01,
and a = 71/4. As shown in the figure, the permeability coeffi-
cient increases with the increase of porosity D;, which is the
same as that of Figure 4. At the same time, as the fracture
dip angle 0 increases, the permeability coefficient K
decreases.

Figure 9 shows the relationship between the fracture dip
angle 0 and the permeability coefficient K, and the other
parameters are Dy = 1.4, Dy =1.1, ,8: 0.01, and a = /4. As
shown in Figure 9, the permeability coefficient K, decreases
with the increasing of fracture dip angle 6 from 0 to /2.
Figure 10 shows the relationship between the fracture strike
a and the permeability coefficient K, and the other param-
eters are Dy = 1.4, Dy = 1.1, $=0.01, and 6 = 71/4. As shown
in Figure 10, the permeability coeflicient K, increases as

the dip angle « of fracture increases from 71/18 to /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 L. and permeability coeflicient K, under
condition of different D;. The other parameters are D =
1.1, $=0.01, 6 =7/6, and a=7/2. As shown in Figure 11,
the permeability coefficient increases with the increase of
L, .x- At the same time, with the increase of Dy, the overall
permeability coefficient will increase, and with the increase
of D; (Dg > 1.5), the change rate of K, with L, get sharply
greater, indicating that when D; > 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 f and the
permeability coefficient K., and the other parameters are
D¢=14, Dy=1.01, 0=n/6, and a=m/2. As shown in
Figure 12, the permeability coefficient increases with the
increase of 3. 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 L, and perme-
ability coefficient K, and the other parameters are D; = 1.4,
Dy=1.1, f=0.01, 0=n/4, and a=n/2. As shown in
Figure 13, the permeability coefficient decreases gradually
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TaBLE 2: Generalized stratigraphic parameters.
No. Stratum Thickness (m) o (MPa) P (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 2522 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 2522 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

with the increase of L,. This is because the increase in L,
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 0.5 m, 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

F1GURE 15: Distribution map of mining-induced fractures of no. 5
coal seam mining.

zone is 30cm. 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
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FIGURE 17: Water injection test profile.

characteristic parameters, Dy and Dy, 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

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
K, 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 K, 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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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.

D K,, calculated value K, test value K, calculated value/K Q calculated value Q test value  Q calculated value/Q
f (cm/s) (cm/s) test value (L/min) (L/min) 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% 32291 298.43 108.21%
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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:
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(1) The permeability coeflicient K of the fracture net-
work is a function of the geometric of fracture
network. In general, the maximum fracture length
L, .x> calculation section porosity @ and fracture net-
work fractal dimension Dy 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 L, and the fractal dimension Dy 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 dimension Dy, the perme-
ability coefficient increases. While with the increase
of Dy, the permeability coefficient decreases rapidly,
and the larger the D; (D; > 1.5), the greater the
change of permeability coefficient K with Dy, which
indicates that when D; > 1.5, the weakening effect of
fracture surface roughness on the permeability of
fracture network increases rapidly

(3) Dy and Dy have a greater impact on the permeability
of the fracture network, but their physical meanings
and influences are different. The larger the D; value,
the more complex the fractured network in the cross
section, and the higher the fracture density, thus the
higher the permeability coefficient. Dy 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 Dy, 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 @, the permeability
coeflicient increases. While with the increase of Dy,
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the permeability coefficient decreases. The higher the
Dy (Dy > 1.2), the smaller the change of permeability
coeflicient K with the change of @, which shows that
when Dy > 1.2, the fracture surface roughness will be
greatly offset due to the increase of water seepage area
leading to increasing effect on permeability coeflicient

(5) With the increase of L., the permeability coefficient
increases. Simultaneously, with the increase of D, the
overall permeability coefficient will increase, and
with the increase of D; (D; > 1.5), the rate of perme-
ability coefficient K with L, change sharply
increases, which shows that when D; > 1.5, with the
increase of fractal dimension, the influence of long
fractures on fracture network seepage is increasing

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors would like to acknowledge the support from the
National Key Research and Development Plan (Grant No.
2016YFC0501104), the National Natural Science Foundation
of China (Grant Nos. 51522903, 51479094, and 41772246),
and the Key Research and Development Plan of Ningxia
Hui Autonomous Region (Grant No. 2018BCG01003).

References

(1]

(2]

(3]

(6]

(7]

V. Cvetkovic, S. Painter, N. Outters, and J. O. Selroos, “Sto-
chastic simulation of radionuclide migration in discretely frac-
tured rock near the Aspd Hard Rock Laboratory,” Water
Resources Research, vol. 40, no. 2, article W02404, 2004.

H. Murphy, C. Huang, Z. Dash, G. Zyvoloski, and A. White,
“Semianalytical solutions for fluid flow in rock joints with
pressure-dependent openings,” Water Resources Research,
vol. 40, no. 12, 2004.

R. Juanes, E. J. Spiteri, F. M. Orr Jr., and M. J. Blunt, “Impact of
relative permeability hysteresis on geological CO, storage,”
Water Resources Research, vol. 42, no. 12, 2006.

A. Haugen, M. A. Ferng, A. Graue, and H. J. Bertin, “Experi-
mental study of foam flow in fractured oil-wet limestone for
enhanced oil recovery,” SPE Reservoir Evaluation & Engineer-
ing, vol. 15, no. 2, pp. 218-228, 2012.

A. Jafari and T. Babadagli, “Equivalent fracture network
permeability of multilayer-complex naturally fractured
reservoirs,” Transport in Porous Media, vol. 91, no. 1,
pp. 339-362, 2012.

A. Jafari and T. Babadagli, “Estimation of equivalent fracture
network permeability using fractal and statistical network
properties,” Journal of Petroleum Science and Engineering,
vol. 92-93, pp. 110-123, 2012.

R. Liu, B. Li, and Y. Jiang, “A fractal model based on a new gov-
erning equation of fluid flow in fractures for characterizing

(10]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Geofluids

hydraulic properties of rock fracture networks,” Computers
and Geotechnics, vol. 75, pp. 57-68, 2016.

R. Liu, B. Li, Y. Jiang, and N. Huang, “Review: mathematical
expressions for estimating equivalent permeability of rock
fracture networks,” Hydrogeology Journal, vol. 24, no. 7,
pp. 1623-1649, 2016.

R. Liu, L. Yu, and Y. Jiang, “Fractal of directional permeability
of gas shale fracture networks: a numerical study,” Journal of
Natural Gas Science and Engineering, vol. 33, pp. 1330-1341,
2016.

K. Min, L. Jing, and O. Stephansson, “Determining the equiv-
alent permeability tensor for fractured rock masses using a sto-
chastic REV approach: method and application to the field
data from Sellafield, UK,” Hydrogeology Journal, vol. 12,
no. 5, pp. 497-510, 2004.

A. Jafari and T. Babadagli, “Effective fracture network perme-
ability of geothermal reservoirs,” Geothermics, vol. 40, no. 1,
pp. 25-38, 2011.

J. C.S. Long, J. S. Remer, C. R. Wilson, and P. A. Witherspoon,
“Porous media equivalents for networks of discontinuous frac-
tures,” Water Resources Research, vol. 18, no. 3, pp. 645-658,
1982.

J. Long, P. Gilmour, and P. A. Witherspoon, “A model for
steady fluid flow in random three-dimensional networks of
disc-shaped fractures,” Water Resources Research, vol. 21,
no. 8, pp. 1105-1115, 1985.

J. Bear, C. F. Tsang, and G. de Marsily, Flow and Contaminant
Transport in Fractured Rocks, United States, Academic Press,
San Diego, CA, USA, 1993.

M. Sahimi, “Flow phenomena in rocks: from continuum
models to fractals, percolation, cellular automata, and simu-
lated annealing,” Reviews of Modern Physics, vol. 4, no. 65,
pp. 1393-1534, 1993.

M. Sahimi, Flow and Transport in Porous Media and Fractured
Rock: From Classical Methods to Modern Approaches, John
Wiley & Sons, 2011.

J. de Dreuzy D. Philippe et al., “Hydraulic properties of two-
dimensional random fracture networks following a power
law length distribution: 1. Effective connectivity,” Water
Resources Research, vol. 37, no. 8, pp. 2065-2078, 2001.

A. Jafari and T. Babadagli, “A sensitivity analysis for effective
parameters on fracture network permeability,” in SPE Western
Regional and Pacific Section AAPG Joint Meeting, Bakersfield,
CA, USA, 2008.

A. Jafari and T. Babadagli, “Relationship between percolation-
fractal properties and permeability of 2-D fracture networks,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 60, pp. 353-362, 2013.

W. R. Rossen, Y. Gu, and L. W. Lake, “Connectivity and per-
meability in fracture networks obeying power-law statistics,”
in SPE Permian Basin Oil and Gas Recovery Conference,
Midland, TX, USA, 2000.

R. Parashar and D. M. Reeves, “On iterative techniques for
computing flow in large two-dimensional discrete fracture net-
works,” Journal of Computational and Applied Mathematics,
vol. 236, no. 18, pp. 4712-4724, 2012.

B. Li, R. Liu, and Y. Jiang, “A multiple fractal model for
estimating permeability of dual-porosity media,” Journal of
Hydrology, vol. 540, pp. 659-669, 2016.

C. C. Barton and E. Larsen, “Fractal geometry of two-
dimensional fracture networks at Yucca Mountain,



Geofluids

(24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

Southwestern Nevada,” in Fundamentals of Rock Joints:
Proceedings of the International Symposium on Fundamentals
of Rock Joints, Bjorkliden, Lapland, Sweden, 1985.

P.R. La Pointe, “A method to characterize fracture density and
connectivity through fractal geometry,” International Journal
of Rock Mechanics and Mining Sciences ¢ Geomechanics
Abstracts, vol. 25, no. 6, pp. 421-429, 1988.

C. C. Barton and P. A. Hsieh, “Physical and hydrologic-flow
properties of fractures,” in 28th International Geological
Congress Field Trip Guidebook, 1989.

B. Berkowitz and A. Hadad, “Fractal and multifractal measures
of natural and synthetic fracture networks,” Journal of
Geophysical Research: Solid Earth, vol. 102, no. B6,
pp. 12205-12218, 1997.

B. Yu and P. Cheng, “A fractal permeability model for
bi-dispersed porous media,” International Journal of Heat
and Mass Transfer, vol. 45, no. 14, pp. 2983-2993, 2002.

B. Yu, M. Zou, and Y. Feng, “Permeability of fractal porous
media by Monte Carlo simulations,” International Journal of
Heat and Mass Transfer, vol. 48, no. 13, pp. 2787-2794, 2005.
P.Xu, B. Yu, Y. Feng, and Y. Liu, “Analysis of permeability for
the fractal-like tree network by parallel and series models,”
Physica A: Statistical Mechanics and its Applications, vol. 369,
no. 2, pp. 884-894, 2006.

J. Cai, B. Yu, M. Zou, and M. Mei, “Fractal analysis of invasion
depth of extraneous fluids in porous media,” Chemical
Engineering Science, vol. 65, no. 18, pp. 5178-5186, 2010.

P. Xu, “A discussion on fractal models for transport physics of
porous media,” Fractals, vol. 23, no. 3, article 1530001, 2015.
T. Miao, S. Cheng, A. Chen, and B. Yu, “Analysis of axial ther-
mal conductivity of dual-porosity fractal porous media with
random fractures,” International Journal of Heat and Mass
Transfer, vol. 102, pp. 884-890, 2016.

Q. Zheng and B. Yu, “A fractal permeability model for gas flow
through dual-porosity media,” Journal of Applied Physics,
vol. 111, no. 2, article 024316, 2012.

M. Yun, B. Yu, and J. Cai, “Analysis of seepage characters in
fractal porous media,” International Journal of Heat and Mass
Transfer, vol. 52, no. 13-14, pp. 3272-3278, 2009.

P.Xu, B. Yu, X. Qiao, S. Qiu, and Z. Jiang, “Radial permeability
of fractured porous media by Monte Carlo simulations,” Inter-
national Journal of Heat and Mass Transfer, vol. 57, no. 1,
pp. 369-374, 2013.

T. Miao, B. Yu, Y. Duan, and Q. Fang, “A fractal analysis of
permeability for fractured rocks,” International Journal of
Heat and Mass Transfer, vol. 81, pp. 75-80, 2015.

T. Miao, S. Yang, Z. Long, and B. Yu, “Fractal analysis of
permeability of dual-porosity media embedded with random
fractures,” International Journal of Heat and Mass Transfer,
vol. 88, pp. 814-821, 2015.

R. Liu, Y. Jiang, B. Li, and X. Wang, “A fractal model for
characterizing fluid flow in fractured rock masses based on
randomly distributed rock fracture networks,” Computers
and Geotechnics, vol. 65, pp. 45-55, 2015.

R. W. Parsons, “Permeability of idealized fractured rock,” Soci-
ety of Petroleum Engineers Journal, vol. 6, no. 2, pp. 126-136,
1966.

D. T. Snow, “Anisotropie permeability of fractured media,”
Water Resources Research, vol. 5, no. 6, pp. 1273-1289, 1969.
B. B. Mandelbrot, The Fractal Geometry of Nature, Freeman,
San Francisco, 1982.

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

(59]

17

A. Majumdar and B. Bhushan, “Role of fractal geometry in
roughness characterization and contact mechanics of sur-
faces,” Journal of Tribology, vol. 112, no. 2, pp. 205-216, 1990.
R. A. Schultz, R. Soliva, H. Fossen, C. H. Okubo, and D. M.
Reeves, “Dependence of displacement-length scaling relations
for fractures and deformation bands on the volumetric
changes across them,” Journal of Structural Geology, vol. 30,
no. 11, pp. 1405-1411, 2008.

C. Klimczak, R. A. Schultz, R. Parashar, and D. M. Reeves,
“Cubic law with aperture-length correlation: implications for
network scale fluid flow,” Hydrogeology Journal, vol. 18,
no. 4, pp. 851-862, 2010.

A. Torabi and S. S. Berg, “Scaling of fault attributes: a review,”
Marine and Petroleum Geology, vol. 28, no. 8, pp. 1444-1460,
2011.

J. Chang and Y. C. Yortsos, “Pressure-transient analysis of
fractal reservoirs,” SPE Reservoir Evaluation & Engineering,
vol. 5, no. 1, pp. 31-38, 1990.

K. Watanabe and H. Takahashi, “Fractal geometry characteri-
zation of geothermal reservoir fracture networks,” Journal of
Geophysical Research: Solid Earth, vol. 100, no. B1, pp. 521-
528, 1995.

E. Bonnet, O. Bour, N. E. Odling et al., “Scaling of fracture sys-
tems in geological media,” Reviews of Geophysics, vol. 39, no. 3,
pp. 347-383, 2001.

J. S. Andrade, E. A. Oliveira, A. A. Moreira, and H. J.
Herrmann, “Fracturing the optimal paths,” Physical Review
Letters, vol. 103, no. 22, article 225503, 2009.

B. Yu and J. Li, “Some fractal characters of porous media,”
Fractals, vol. 09, no. 3, pp. 365-372, 2001.

B. Yu, “Analysis of flow in fractal porous media,” Applied
Mechanics Reviews, vol. 61, article 050801, 2008.

M. Khamforoush, K. Shams, J. F. Thovert, and P. M. Adler,
“Permeability and percolation of anisotropic three-dimensional
fracture networks,” Physical Review E, vol. 77, no. 5, article
056307, 2008.

B. Massart, M. Paillet, V. Henrion et al., “Fracture characteri-
zation and stochastic modeling of the granitic basement in
the HDR Soultz Project (France),” in Proceedings World
Geothermal Congress 2010, Bali, Indonesia, 2010.

C. E. Neuzil and J. V. Tracy, “Flow through fractures,” Water
Resources Research, vol. 1, no. 17, pp. 191-199, 1981.

Q. Zhong, J. S. Chen, and L. Chen, “Symmetry certification of
permeability tensor and derivation of principal permeability of
fractured rock mass,” Journal of Rock Mechanics and Engineer-
ing, vol. 25, no. S1, pp. 2997-3002, 2006.

M. Madadi, C. D. Van Siclen, and M. Sahimi, “Fluid flow and
conduction in two-dimensional fractures with rough, self-
affine surfaces: a comparative study,” Journal of Geophysical
Research, vol. 108, no. B8, p. 2396, 2003.

M. Madadi and M. Sahimi, “Lattice Boltzmann simulation of
fluid flow in fracture networks with rough, self-affine sur-
faces,” Physical Review E, vol. 67, no. 2, article 026309, 2003.
A. Yazdi, H. Hamzehpour, and M. Sahimi, “Permeability,
porosity, and percolation properties of two-dimensional dis-
ordered fracture networks,” Physical Review E, vol. 84,
no. 4, article 046317, 2011.

T. A. Tafti, M. Sahimi, F. Aminzadeh, and C. G. Sammis, “Use
of microseismicity for determining the structure of the fracture
network of large-scale porous media,” Physical Review E,
vol. 87, no. 3, article 032152, 2013.



Advances in

Chemistry

Jourr)al of
- Environmental and
blic Health

JAES
Applied &
Environmental
Soil Science

Journal of

Forestry Research

International Journal of

Biodiversity

International Journal of

Agronomy

Hindawi

Submit your manuscripts at

www.hindawi.com

International Journal of

Analytical Chemistry

The Scientific
yilorld Journal

Meteorology

Journal of

Geological Research

ournal of

Marine Biology


https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/ijbd/
https://www.hindawi.com/journals/ijecol/
https://www.hindawi.com/journals/aess/
https://www.hindawi.com/journals/ijfr/
https://www.hindawi.com/journals/ijge/
https://www.hindawi.com/journals/jeph/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/aph/
https://www.hindawi.com/journals/aag/
https://www.hindawi.com/journals/ija/
https://www.hindawi.com/journals/amete/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/jgr/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/
https://www.hindawi.com/

