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In order to investigate the combined effect of contact area, aperture variation, and fracture connectivity on the fluid flow through a
fractured medium, a series of flow simulations were implemented on two types of three-dimensional discrete fracture network (3D
DFN) models constituting fractures having spatially variable apertures and parallel plates, respectively. The flow tortuosity within
the 3D DFN models was examined by changing the density, aperture distribution, and closure of fractures. The results show that
compared with the 3D DFN models constituting parallel plates, the model with variable apertures provides more pronounced 3D
preferential flow pathways. At the individual fracture scale, the preferential flow pathways mostly converge within the void spaces
of large aperture, and at the network scale, they are located in the most transmissive fractures within the connected networks. The
permeability of 3D DFNs depends not only on the contact area and aperture variation within individual fractures but also on the
fracture connectivity and the contact at fracture intersections within the fracture network. Increasing the fracture connectivity
tends to enhance the permeability, while increasing the contact at fracture intersections would significantly reduce the
permeability. A correlation between the equivalent permeability of 3D DFNs constituting fractures with spatially variable
apertures and parallel plates is proposed incorporating the effect of network-scale topology. A tortuosity factor for 3D DFNs is
defined based on the proposed model, and it can account for two competing effects when the model is upscaled from
individual fracture to fracture network: the permeability reduction induced by contact obstacles at fracture intersections and
permeability enhancement induced by increasing the fracture connectivity.

1. Introduction

For crystalline rock masses with low matrix permeability,
rock fractures are generally considered to be the main flow
channels for fluids or solutes. Fracture-dominated flows
have been a subject of interest in various fields of under-
ground engineering, particularly within the energy sector
such as development of geothermal and oil/gas reservoirs
[1–4]. Natural fractured media show a significant geometri-
cal complexity, which is induced by the surface roughness of
single fractures and their arrangements in complex systems

[5–9]. Precise modeling of geometries of both individual
fracture and fracture network is a prerequisite to accurately
predict the flow behaviors of fractured media. To mimic
the geometrical properties of a natural fractured rock mass,
the 3D discrete fracture network (DFN) model has been
developed, in which each fracture is described by an individ-
ual plate with different sizes, apertures, locations, and orien-
tations [10, 11]. As a result, contributions of each single
fracture to the total flows of the network can be accounted
for explicitly. However, in many previous studies, the frac-
tures in 3D DFN models are frequently represented by
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smooth parallel plates, despite the fact that the natural rock
fractures have heterogeneous apertures induced by rough
fracture walls. This simplification may introduce errors in
predicting the permeability of fractures and flow pathways
in them. Therefore, the DFNs constituting parallel plates
require further improvement of the heterogeneous apertures
to reveal the reality of the flow process in rock fracture
networks [12–16].

In the 3D DFN models, the basic geometric object is the
single fracture. The single rock fracture is typically charac-
terized by two rough surfaces in partial contacts [17–22].
When fluid passes through such fractures, it mainly flows
preferentially through large aperture channels. This phe-
nomenon of preferential flow pathways is well known as
channeling flow [23–27]. To model this flow process suc-
cessfully, the tortuosity induced by both contact obstacles
and aperture variations should be taken into account. Many
previous researches focused on quantifying the influence of
contacts and aperture variations on the permeability of
single fractures [24, 28, 29]. The results show that depend-
ing on how the contact areas and void spaces within frac-
tures are distributed, the permeability of rough-walled
fractures can be either larger or smaller than that of frac-
tures with the same average aperture, in which the cases of
reduction are more frequent than the ones of augmenting
[30–34]. The relationship between the permeability of the
rough-walled fracture and the parallel plate model has
been proposed by introducing different forms of tortuosity
factors as a function of contact ratio, joint roughness coef-
ficient (JRC), standard deviation of aperture distribution,
etc. [35–39].

The fluid flow behavior in single fractures is affected not
only by fracture geometry but also by stresses and resultant
deformation of fractures [40–49]. When a fracture is sub-
jected to normal or shear stress, its aperture may decrease
because of closure induced by normal stress or increase
because of dilation induced by shear stress. The variation
of fracture aperture will further affect its hydraulic charac-
teristics [50–53]. At moderate compressive stress levels, the
changes of aperture during fracture closure can cause as
much as three orders of magnitude change in permeability
[54]. The deviation of flow characteristics of rough-walled
rock fractures from that of the smooth parallel plates
increases with the closing of fractures.

When the flow modeling is upscaled from within the
single fractures to the fracture networks, fluids not only
select the flow pathway of least resistance within the single
fractures but also select the most transmissive fractures
within the networks, which gives rise to the significant
coupling effect of heterogeneous aperture distributions and
network topology. The fracture network topology deter-
mines the model connectivity providing some potential flow
pathways, and whether these potential flow pathways are
available or not is further determined by the aperture distri-
bution within the single fractures [55]. Numerous laboratory
tests [13, 56], computational simulations [57, 58], and field
studies [59, 60] of fluid flows in the rock fracture networks
have demonstrated that the DFN model characterized by
heterogeneous apertures could give more accurate perme-

ability estimation than the model with parallel plates. Jing
et al. [56] quantified that the permeability estimation based
on the DFN model characterized by heterogeneous apertures
provides fewer errors of 6.5% than that with the parallel
plates. However, to date, studies focusing on the flow tortu-
osity induced by both the topology of fracture networks and
the aperture variations in individual fractures for 3D DFNs
are still few. A direct linking between the permeability of
3D DFN models constituting fractures with spatially variable
apertures and parallel plates is still lacking.

The objective of the present study is to reveal the com-
bined effect of contact areas, aperture variation, and fracture
connectivity on the flow properties of 3D fracture networks.
Two kinds of 3D DFN models constituting fractures with
spatially variable apertures and the models having the same
fracture topology but uniform aperture were generated. The
flow behaviors through these DFN models were investigated
by systematically varying the fracture density, aperture
distribution, and fracture closure. A correction between the
permeability of the two types of DFN models was proposed
considering the influences of the contact area, aperture
variations, and the topological properties of the 3D DFNs.

2. Theoretical Backgrounds

In early studies, the single fracture is usually simplified as a
smooth parallel plate model having a fixed separation dis-
tance [61]. Laminar flow through this model obeys the cubic
law, written as

Q = −
ρgb3h
12μ w

∂h
∂x

, ð1Þ

where Q represents the flow rate, bh represents the hydraulic
aperture that equals to the mechanical aperture b (i.e., the
perpendicular distance between two parallel plates), w repre-
sents the fracture width, μ represents the dynamic viscosity,
ρ represents the fluid density, and h represents the hydraulic
head. However, a natural rough-walled rock fracture usually
has spatially variable apertures; thus, the assumption of
parallel plates is obviously oversimplified. The Reynolds
equation provides an approximate solution for flow through
rough-walled rock fractures by dividing the voids between
the upper and lower surfaces of the fracture into many con-
nected parallel plates and assuming that the cubic law is
valid locally within these small parallel plates. The Reynolds
equation that is also recognized as the local cubic law is
written as [62]

∂
∂x

ρgb3 x, yð Þ
12μ

∂h
∂x

 !
+ ∂
∂y

ρgb3 x, yð Þ
12μ

∂h
∂y

 !
= 0: ð2Þ

In Equation (2), bðx, yÞ is usually set as spatially variable
values to account for aperture distribution within natural
rough fractures. Due to the tortuosity induced by the
heterogeneity of void spaces and contacts between fracture
walls, the hydraulic aperture of rough fractures cannot be
directly geometrically measured. Its magnitude can be
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back-calculated based on laboratory tests or bore-hole pump
tests in the field [63, 64]. Zimmerman and Bodvarsson [65]
proposed the following equation to estimate the hydraulic
aperture:

b3h = bh i3 1 − 1:5 s
bh i

� �2
" #

, ð3Þ

where <b > is the arithmetic mean of apertures and s is the
standard deviation of apertures. Equation (3) implies that
bh becomes much smaller than <b > with the increasing
surface roughness.

When the two walls of the fracture are sufficiently close
to each other, they would touch resulting in contact points
with zero aperture. Equation (2) would break down at these
contact points; thus, the contact regions and the void spaces
should be treated separately in the flow calculations [66].
The parallel plate model with regularly distributed contact
regions has been proposed to solely investigate the influence
of contact areas on the permeability, without considering the
variations of apertures [67]. Walsh [68] assumed circular
cylindrical obstacles as the contacts between the parallel
plates and derived the following expression using the Max-
well effective medium approach:

b3h = b3n
1 − c
1 + c

, ð4Þ

where bn represents the separation distance of the parallel
plates and c represents the contact ratio between total con-
tact areas and apparent areas of the entire fracture plane.
Equation (4) indicates that the hydraulic aperture decreases
as the contact ratio increases. Later, Equation (4) is
extended to the following expression for the elliptical-
shaped obstacles [69]:

b3h = b3n
1 − βc
1 + βc

, ð5Þ

where β = ð1 + αÞ2/4α and α represents the aspect ratio that
is equal to the ratio of the minor to the major axis of the
ellipse. Considering the difficulty in determining α for
irregularly shaped contact barriers of natural rough-walled
fractures, the factor (1‐2c) proposed by Kirkpatrick [70] is
applied to account for the effect of irregularly shaped obsta-
cles. Combined with Equation (3), the following expression
is obtained to calculate the hydraulic aperture of single
fractures considering the influences of both aperture varia-
tions and contact obstacles [65]:

b3h = bh i3 1 − 1:5 s
bh i

� �2
" #

1 − 2cð Þ: ð6Þ

The equivalent permeability K of single rock fractures is
defined as [37, 71]

K = Qμ
Aρg∂h/∂x , ð7Þ

where A represents the cross area of rock fracture. Since the
equivalent permeability is proportional to the flow rate and
also proportional to the cube of aperture, Equation (6) can
be rewritten as

K = K0 1 − 1:5 s
bh i

� �2
" #

1 − 2cð Þ, ð8Þ

where K0 is the equivalent permeability of fractures having
an identical mean aperture.

3. Models and Methods

3.1. Model Generation. Since the natural fracture networks
have complex geometrical topology, it is usually difficult to
get an exhaustive description of the fracture properties such
as fracture sizes, orientations, and positions. The stochastic
DFN modeling approach can address this issue of uncer-
tainty by generating the fracture networks with the fracture
properties following given probability distributions [72, 73].
In this study, fractures are represented by circular disks
having randomly distributed locations and orientations in
the cubic domain of size L, which means that no position
or orientation is favored within the domain. The fracture size
l corresponding to the disk diameter is modeled by a power
law distribution in the following form:

n lð Þ = α · l−a, ð9Þ

where α represents the proportionality coefficient, nðlÞ · dl
represents the number of fractures with the size varying
in ½l, l + dl�, and a represents the power law exponent
varying in 2.0~4.5 [55]. The relative proportion of long
and short fractures in the model is determined by the
magnitude of a, in which a smaller value would generate
a set of longer fractures, and vice versa. The measure of
P32 defined as the total areas of fractures per unit vol-
ume is applied to represent fracture density. Four 3D
DFN models with P32 = 0:1, 0.2, 0.3, and 0.4m2/m3 are
generated as shown in Figure 1, and other detailed fracture
properties of the model are tabulated in Table 1. Since this
study focuses on the flow tortuosity induced by the aperture
variability, the fluid behavior of denser DFNs is not consid-
ered to improve the computational efficiency. It should be
noted that a single fracture model with P32 = 0:1m2/m3 as
shown in Figure 1(a) is specially generated, and this model
will be regarded as a comparison to illustrate the fluid flow
behavior through fracture networks.

3.2. Aperture Distributions. Large numbers of laboratory
measurements have indicated that the aperture field of natu-
ral rock fractures is frequently distributed following the
truncated Gaussian law [74, 75]. The frequency of truncated
Gaussian law f ðbÞ can be written as

f bð Þ =
1

s
ffiffiffiffiffiffi
2π

p e− b− bh ið Þ2/2s2 , if b ≥ 0,

0, if b < 0:

8><
>: ð10Þ
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The normal stress applied to the rock fractures will
induce the closure of two fracture walls, which reduces the
apertures and increases the contact areas. This study gener-
ates four aperture distributions with different means and
deviations as shown in Figure 2. For each aperture distribu-
tion, six fracture closures with cl = 0, 0.2, 0.4, 0.6, 0.8, and
1.0mm are considered, respectively. The aperture distribu-
tion under closure cl is equal to the aperture at zero closure
minus cl, in which a small positive value is substituted for
the negative value of the aperture to represent the contact.
Two types of 3D DFN models are established, i.e., the DFN
constituting fractures with heterogeneous apertures (denoted
as DFN-H model) and the DFN constituting fractures with
identical apertures (denoted as DFN-I model), to investigate
the influence of the aperture heterogeneity on the fluid flow
in fracture networks. The aperture field in the 3D DFN-H
model follows the truncated Gaussian law. For comparison,

the aperture of each fracture in the 3D DFN-I model is uni-
formly distributed, and its magnitude equals to the average
aperture of the same fracture in the 3D DFN-H model.

3.3. Flow Simulation Methods. Fluid flow through each indi-
vidual fracture in 3D DFNs is modeled by Equation (2).
Considering that the flow domain of 3D DFNs consists of
a number of fractures intersecting with each other, the flow
model of individual fractures should be supplemented by
the continuity equations on fracture intersections Si to arrive
at the overall flow of DFNs. The continuity equations on Si
are written as [10]

hi,k = hi,∀k ∈ Fi,

〠
k∈Fi

qi,kni,k = 0,

8><
>: ð11Þ

where hi,k represents the trace of the hydraulic head on Si in
a fracture k, hi represents the hydraulic head on Si, Fi repre-
sents the fracture set intersecting on Si, qi,k represents the
flow rate through Si of the fracture k, and ni,k represents
the unit vector of Si in the fracture k.

In this study, the density and viscosity of water at 10°C are
utilized with ρ = 9:997 × 102 kg/m3, μ = 1:307 × 10−3 Pa·s, and
g = 9:807m/s. Two fixed hydraulic head boundaries are
applied on the opposite surfaces (Γin andΓout) of the DFN
model, and other surfaces of the model are viewed as no flow
boundaries, which are written as

h = h1, onΓk ∩ Γin,
h = h2, onΓk ∩ Γout,
n∇h = 0, onΓk \ Γin ∪ Γoutð Þ,

8>><
>>: ð12Þ

where Γk represents the border of the fracture k.
The fluid flow through 3DDFNs is solved by using the cal-

culation procedure developed by the authors [76]. The 3D
DFN models are constructed according to the given probabil-
ity distributions of geometrical characteristics, in which the
fractures isolated from the fracture clusters are removed to
simplify the calculation. Then, the fractures in the model are
meshed individually, imposing the constraints that the trian-
gular grids are 2D in each fracture and the grid nodes match
in the intersection between fractures. These constraints allow
to easily implement the continuity conditions of Equations
(11). Finally, the Galerkin scheme is applied to solve the flow
equations combined with the continuity equations at fracture
intersections. The details of the modeling and solution proce-
dure are described in Huang et al. [76].

4. Results and Analysis

4.1. 3D Channeling Flow in DFNs. Figure 3 displays
examples of aperture fields within the fracture networks dis-
played in Figure 1, in which apertures of 3D DFN-H models
follow the truncated Gaussian law with <b > = 1:35mm, s
= 1:66mm, and cl = 0. The aperture distribution in the 3D
DFN-H model displays strong heterogeneity due to the wide

x
y

z

(a) (b)

(d)(c)

Figure 1: Generated 3D DFNs with different fracture densities:
(a) P32 = 0:1m2/m3, (b) P32 = 0:2m2/m3, (c) P32 = 0:3m2/m3, and
(d) P32 = 0:4m2/m3.

Table 1: Geometrical characteristics of the DFNs.

Parameter Distribution Value

Domain size (m) L = 20
Positions Uniform

Orientations Uniform

Length (m) Power law a = 2:5, 0:5 ≤ l/L ≤ 1

Fracture density (m2/m3)
P32 = 0:1, 0.2, 0.3,

and 0.4

Aperture (mm)
Gaussian

distribution
<b > = 1:35 and 1.65,
s = 1:66 and 1.96

Closure (mm)
cl = 0, 0.2, 0.4, 0.6, 0.8,

and 1.0
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range of local apertures and large numbers of contacts. On
the contrary, for the 3D DFN-I model, the apertures are
uniform within each individual fracture but vary among
different fracture planes. The resulting flow pathways in
the aperture fields displayed in Figure 3 are illustrated in
Figure 4. The color intensity in Figure 4 indicates the distri-
bution of the ratio (Fl/Q) between the local flow rate (Fl) at
each point and the total flow rate (Q) of whole fracture net-
works, reflecting the relative contribution of each point to
total flows. The contribution of points with ratios smaller
than 0.005 is assumed to be negligible.

Obvious localizations of colored channels are observed
in Figures 4(a)–4(d), which indicates the development of
significant preferential flows within the 3D DFN-H models.
At the individual fracture scale, the main flow channels are
concentrated in the void space of large apertures. At the
network scale, the flow pathways are located in most
transmissive fractures within the connected networks.
The comparison of flow fields in Figures 4(b) and 4(d)
indicates that main flow channels at both fracture and net-
work scales change with increasing the fracture density.
This is because the increment of fracture density would

–2 –1 0 1 2 3 4 5
0.000

0.003

0.006

0.009

0.012

Fr
eq

ue
nc

y

Aperture (mm)

<b> = 1.35, s = 1.66
<b> = 1.35, s = 1.96

<b> = 1.65, s = 1.66
<b> = 1.65, s = 1.96

Figure 2: Aperture distributions with different means and deviations. The negative values are set to be a very small positive value in the
calculation to represent the contacts between two fracture walls.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
b (mm)

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3: Aperture fields within 3D DFNs shown in Figure 1. The top side displays the DFN-H models in which the apertures follow the
truncated Gaussian law with <b > = 1:35mm, s = 1:66mm, and cl = 0. The bottom side displays the DFN-I models that are composed of
parallel plates of identical mean aperture.
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essentially increase the number of connected fractures,
thereby providing more potential flow pathways that allow
the fluid to reselect. The flow rates within the single
fracture of identical aperture are uniformly distributed
(Figure 4(e)). However, the phenomenon of channeling
flow is observed within the 3D DFN-I model as shown
in Figures 4(f)–4(h), despite the fact that the flow channels
are much less obvious than those within the DFN-H
model. This phenomenon mainly arises from the stochas-
tic fracture properties (i.e., the size, location, and orienta-
tion of fractures) and also from the aperture deviations
between different fractures.

Figure 5 displays the fluid flow within the aperture
fields having the same truncated Gaussian distribution
as that in Figure 4, but an increasing fracture closure of
cl = 1:0mm. The comparison of the flow fields in
Figures 4 and 5 shows that flow channels in the model
decrease with the increment of fracture closure owing to
two factors: (1) the decrease in fracture aperture due to
fracture closure and (2) the decrease in flow connectivity
and increase in flow tortuosity as a result of the increas-
ing contact areas. This phenomenon is similar to that
observed in single rock fractures under the closure
induced by stresses [26, 77].

0.005 0.015 0.04 0.10 0.25
F1/Q

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4: Fluid flows within the heterogeneous apertures (top) that follow the truncated Gaussian distribution with <b > = 1:35mm,
s = 1:66mm, and cl = 0, and the identical mean apertures (bottom).

0.005 0.015 0.04 0.10 0.25 0.63
F1/Q

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5: Fluid flows within the heterogeneous apertures (top) that follow the truncated Gaussian distribution with <b > = 1:35mm,
s = 1:66mm, and cl = 1:0mm and the identical mean apertures (bottom).
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Figure 6 illustrates the variations of contact ratio (c) and
the flow area ratio (cf , equaling to the ratio of areas of flow
channels with Fl/Q ≥ 0:005 to the apparent areas of all
fractures) during the closure for 3D DFN-H models. For all
cases, the contact ratio increases, and the flow area ratio
decreases as the fracture closure increases, showing consis-
tent results with the that obtained from Figures 4 and 5.
The flow area ratios significantly decrease when increasing
fracture density, while the change in contact ratios with
fracture density is not so obvious. Depending on the frac-
ture closure, fracture density, and aperture variation, con-
tact areas within the 3D DFN-H models are approximately
0~25% of total fracture planes. Correspondingly, flow
areas are approximately 70%~20% of total fracture planes,
which are much smaller than the noncontact areas. The
noncontact areas consist of flow areas and stagnant areas

[26]. As the fracture density increases, the stagnant areas
in the 3D DFN-H models significantly increase, indicating
an increasingly obvious phenomenon of preferential flow.

4.2. Permeability. The variations in equivalent permeability
with fracture density for the 3D DFN-H models under
different fracture closures are displayed in Figure 7.
Because the fractures in the 3D DFN-H model with P32 =
0:2m2/m3 less effectively contribute to the connectivity
than the model with a single fracture that connects the
inlet and outlet boundaries directly, the equivalent perme-
ability firstly decreases as the fracture density increases
from 0.1 to 0.2m2/m3. Then, the equivalent permeability
changes to increase with increasing fracture density, owing
to more alternative flow pathways within the 3D DFN-H
model with a larger fracture density. The equivalent

c cf P32 = 0.1 m2/m3

c cf P32 = 0.2 m2/m3

c cf P32 = 0.3 m2/m3

c cf P32 = 0.4 m2/m3

cl (mm)
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

Ra
tio

<b> = 1.65 mm, s = 1.66 mm

cl (mm)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

Ra
tio

<b> = 1.35 mm, s = 1.96 mm

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

cl (mm)

Ra
tio

<b> = 1.35 mm, s = 1.66

cl (mm)

Ra
tio

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

<b> = 1.65 mm, s = 1.96 mm

(a)

(c) (d)

(b)

Figure 6: Variations in contact ratio (c) and flow area ratio (cf ) represented by the solid and dashed lines, respectively, during fracture
closure.
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permeability consistently decreases with increasing the
fracture closure, in which the decrement is more obvious
under a larger fracture closure.

The equivalent permeability ratio (K/K0) between 3D
DFN-H models and 3D DFN-I models is estimated, and
its evolution during fracture closure is illustrated in
Figure 8. For all cases, K/K0 is less than 1.0, indicating that
the equivalent permeability of fracture networks is systemati-
cally reduced by the variations in local apertures. K/K0
decreases as the mean aperture decreases and/or the devia-
tion of apertures increases. In addition, K/K0 decreases with
increasing the fracture closure. This reduction of the perme-
ability ratio first comes from the influence of fracture closure-
enhanced flow tortuosity at a single fracture scale. Besides,
the decrease in apertures and/or increase in contact areas at
fracture intersections as a result of fracture closure may break
up the otherwise available flow pathways, thereby signifi-
cantly reducing the permeability of 3D DFN-H models.

4.3. A New Correlation between K and K0. Besides the
factors such as the aperture variations and contact areas
within single fractures, the fracture density and aperture dis-
tribution at fracture intersections also affect the permeability
of 3D DFNs. Increasing the fracture density would increase
the network connectivity, thereby providing more alterna-
tive flow pathways in the fracture network. However,
whether the connected pathways are available or not for
fluid flows would further depend on the fracture apertures.
The apertures within a fracture plane are commonly correl-
atively distributed, which tends to easily generate at least one
continuous flow pathway therein. But the aperture fields in
different fracture planes are independent, which may result
in closed areas at fracture intersections thus breaking up
the flow pathways between fractures. Therefore, the follow-
ing expression incorporating the factors of fracture connec-
tivity and contact ratio at fracture intersections is proposed
for 3D DFNs, written as

0.1 0.2 0.3 0.4

10–10

10–11

10–12

10–13

10–14

10–10

10–11

10–12

10–13

10–14

10–10

10–11

10–12

10–13

10–14

10–10

10–11

10–12

10–13

10–14

P32 (m2/m3)

(a)

P32 (m2/m3)

(b)

(c) (d)

P32 (m2/m3) P32 (m2/m3)

cl (mm) = 0.0 mm cl (mm) = 0.2 mm
cl (mm) = 0.4 mm cl (mm) = 0.6 mm
cl (mm) = 0.8 mm cl (mm) = 1.0 mm

0.1 0.2 0.3 0.4

K
 (m

2 )
K

 (m
2 )

K
 (m

2 )
K

 (m
2 )

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

<b> = 1.35 mm, s = 1.66 mm
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Figure 7: Variation in equivalent permeability with fracture density for 3D DFN-H models under different fracture closures.
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K = K0 1 − 1:5 s
bh i

� �2
" #

1 − 2cð Þ

· 2 − 2
1 + EXP LMIP32/4ð Þ 1 − 2cIð Þ2

� �
,

ð13Þ

where LMI is the mean length of fracture intersections
defined as LMI = LI/NI , in which LI represents total fracture
intersection length, NI represents the number of fracture
intersections, and cI is the contact ratio at fracture intersec-
tions defined as the ratio between the number of zero-
aperture nodes and total number of nodes at fracture
intersections. In Equation (13), the expression with LMIP32
accounts for the effect of enhancement of permeability
induced by the increase in the fracture connectivity, and
the expression with ð1 − 2cIÞ accounts for the effect of the
reduction of permeability induced by the contacts at fracture
intersections. For the single fracture with LMI = 0 and cI = 0,
Equation (13) can be simplified as Equation (8). LI ,NI , and

LMI for 3D DFNs with different densities are estimated.
Both LI andNI increase with increasing fracture density as
illustrated in Figure 9(a). LMI displayed in Figure 9(b)
decreases slightly as fracture density increases from 0.2 to
0.4m2/m3.

Figure 10 displays the comparison of simulated equiva-
lent permeability of the single fracture model (P32 = 0:1m2/
m3) with the results predicted using Equation (13). Equation
(13) could give a reasonable prediction of equivalent perme-
ability for the single fractures under a small closure. As the
fracture closure increases, the contact ratio c increases, and
Equation (13) tends to overestimate the equivalent perme-
ability of the single fracture model. This overestimation has
also been reported by Gale et al. [78] and Yeo [39]. They
suggested changing the constant of 2 before c in Equation
(8) as 2.4 to reflect the strong impact of contact areas on
the permeability by increasing the contact ratio. The
simulated equivalent permeability of 3D DFN-H models
(P32 = 0:2~0.4m2/m3) is compared to the results predicted
using Equation (13) as illustrated in Figure 11. The two data
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Figure 8: Variation in K/K0 during fracture closure for models with different fracture densities and aperture distributions.
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sets agree well with each other in the closure range studied
here, which indicates that Equation (13) can reasonably pre-
dict the effects of aperture variation and contact area on
permeability of the 3D DFN-H models. Equation (13) is
proposed based on the DFNs with random orientation and
location of fractures. However, the natural fracture orienta-
tion may form clusters around some statistically preferred
directions, which will influence the permeability of DFNs
significantly and should be studied in future works.

To quantify the tortuosity induced by the complex
geometry of void spaces and contact obstacles within frac-
tures and topology of fracture networks, the tortuosity fac-
tors τ1 and τ2 are defined, written as

τ1 = 1 − 1:5 s
bh i

� �2
" #

1 − 2cð Þ, ð14Þ

τ2 = 1 − 1:5 s
bh i

� �2
" #

1 − 2cð Þ

· 2 − 2
1 + EXP LMIP32/4ð Þ 1 − 2cIð Þ2

� �

= τ1 · 2 − 2
1 + EXP LMIP32/4ð Þ 1 − 2cIð Þ2

� �
:

ð15Þ

Besides the factors of contact ratio and aperture varia-
tion at the fracture scale that are incorporated in τ1, τ2 can
also account for the impact of fracture connectivity and con-
tact ratio at fracture intersections on the fluid flow at the
fracture network scale. The tortuosity of fluid flow through
the 3D DFN-H models is evaluated using Equations (14)
and (15), respectively. As shown in Figure 12, both τ1 and
τ2 are always smaller than 1 and decrease monotonically
with the fracture closure. For the single fracture model with
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Figure 11: Comparisons of simulated equivalent permeability of 3D DFN-H models with that predicted using Equation (13).
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P32 = 0:1m2/m3, τ1 and τ2 have the same magnitude. For
other cases with P32 varying from 0.2 to 0.4m2/m3, τ1 is
slightly smaller than τ2 at small fracture closure. However,
as fracture closure increases, τ1 becomes significantly larger
than τ2. The ratio of τ1 to τ2, written as α = τ1/τ2, is esti-
mated and illustrated in Figure 13. The value of α is a
measure of two competing effects when the model is
upscaled from individual fracture to fracture networks: the
permeability reduction induced by contact obstacles at frac-
ture intersections and permeability enhancement induced by
increasing the fracture connectivity. The value less than 1.0
implies that permeability enhancement induced by increas-
ing network connectivity is more remarkable than the reduc-
tion caused by the contact obstacles at fracture intersections.

Conversely, a value larger than 1.0 indicates that the
enhancement is less marked than the reduction. As shown
in Figure 13, α varies from 0.8 to 6.5 and systematically
increases with fracture closure except for the single fracture
model with a constant α = 1. Considering all DFN-H models
displayed in Figure 13, the cases with α > 1 are more frequent
than the ones with α < 1, which indicates that while increasing
fracture connectivity tends to increase the number of potential
flow pathways, the increased contact obstacles at fracture
intersections with fracture closure further break up some of
these flow pathways, thereby reducing the permeability. Since
the fracture intersection is usually mechanically damaged [79,
80], the aperture of fracture intersections is usually larger than
that of a single fracture. In this study, the fracture intersection
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has the same aperture as that of the two intersected fractures.
In future works, the aperture of the fracture and fracture
intersection will be assigned separately based on the field
observation, and its influence on the permeability of 3D
DFNs will be investigated.

5. Conclusions

In the present study, we have established a number of 3D
DFNs to analyze the combined effect of contact area, aper-
ture variation, and fracture connectivity on flow pattern
and permeability of rock fracture networks. The fracture
aperture within the models obeys the truncated Gaussian
distribution and varies with the fracture closure. For com-
parisons, the fracture networks having the same fracture
topology but uniform aperture were also generated. The
flow behaviors through fracture networks were numerically
investigated, and the roles of contact area, aperture varia-
tion, fracture density, and fracture intersection in the
hydraulic properties of 3D DFNs were illustrated.

The results show that an obvious channeling effect of
fluid flows is observed at both fracture and network scales
of 3D DFNs, which is induced by the stochastic geometrical
characteristics of single fractures (i.e., fracture size, orienta-

tion, location, and aperture) and aperture variations between
different fractures. When the contact area increases from 0
to 25% of total fracture planes during fracture closure, the
main flow area decreases from 70% to 20% of total fracture
planes. The ratio of the equivalent permeability of 3D DFN
models having spatially variable apertures to that having
an identical mean aperture is less than 1.0, indicating that
the permeability of fracture networks is systematically
reduced by the variations in local apertures. This reduction
of the permeability is controlled by the contact areas and
aperture variation within each single fracture, as well as by
the fracture connectivity and the contact at fracture intersec-
tions within the fracture network. A correlation between the
equivalent permeability of 3D DFNs constituting fractures
with spatially variable apertures and parallel plates is pro-
posed as a function of parameters of single fractures (i.e.,
mean and deviation of aperture distributions and contact
ratio) and fracture networks (i.e., contact ratio at fracture
intersections, mean length of fracture intersections, and frac-
ture density). This correlation is an extension of the expres-
sion for single fractures. A tortuosity factor for 3D DFNs is
defined based on the proposed correction, and it can account
for two competing effects when the model is upscaled from
individual fracture to fracture network: the permeability
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Figure 13: Variation in α during fracture closure for models with different fracture densities and aperture distributions.
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reduction induced by contact obstacles at fracture intersec-
tions and permeability enhancement induced by increasing
the fracture connectivity.
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