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Abstract

Permeability assessment of naturally fractured rocks and fractured rocks after fracturing is critical to the development of oil
and gas resources. In this paper, based on the discrete fracture network (DFN) modeling method, the conventional discrete
fracture network (C-DFN) and the rough discrete fracture network (R-DFN) models are established. Through the seepage
numerical simulation of the fractured rocks under different DFN, the differences in permeability of the fractured rocks under
different parameters and their parameter sensitivity are analyzed and discussed. The results show that unconnected and
independent fractures in the fracture network may weaken the seepage capacity of the fractured rocks. The fractured rock
permeability increases with increase in connectivity and porosity and decreases with increase in maximum branch length and
fracture dip. The use of C-DFN to equate the fracture network in the fractured rocks may underestimate the connectivity of
the fracture network. For the more realistic R-DFN, the promotion of gas flow by connectivity is dominant when connectivity
is high, and the hindrance of gas flow by fracture roughness is dominant when connectivity is low or when it is a single
fracture. The permeability of the fractured rocks with R-DFN is more sensitive to the parameters than that of the fractured
rocks with C-DFN. The higher the connectivity and porosity of the fractured rocks, the more obvious the difference between
the permeability of the fractured rocks evaluated by C-DFN and R-DFN.
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Ly True length (rough tortuous fracture length), m
Macroscopic length of the fracture,
(conventional straight fracture length), m

lymax Maximum branching length, m
Lymin Minimum branching length, m
N Number of the I-nodes

Ny Number of the X-nodes

Ny Number of the Y-nodes

AP Pressure gradient, Pa

|4 Set of disordered growth vectors
\%4 Gas flow rate, m/s

v; Local growth vector

VMacro ~ Macroscopic growth vector

Vs Set of ordered growth vectors

p Aperture proportionality coefficient
0 Fracture dip angle, °

T Tortuosity

A Gas molecular free range, m

u Gas viscosity, Pa-s

p Gas density, kg/m®

¢ Porosity

Cim(x, ¥)  Model matrix image function value

oQ

Introduction

Due to the demand for unconventional oil and gas reservoirs
energy development, fracture modification of reservoirs is
often required (Nguyen et al. 2022; Lin et al. 2021; Lavrov
2021). Reservoir modification makes the natural and
artificial fractures in the reservoir gradually expand, thus
forming a complex network of interconnected fractures.
Fractures provide a dominant channel for fluid flow in
a reservoir and are considered a key property affecting
reservoir permeability (Jia et al. 2022; Abdelazim 2020;
Zarin et al. 2023). Reservoir permeability is critical for

Fig.1 a Two-dimensional and b
three-dimensional conventional
discrete fracture network
models (Li et al. 2020)
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engineering fields such as oil and gas extraction, subsurface
energy storage and geothermal energy development.
Therefore, assessing the fractured rock permeability by
characterizing the fracture network and thus predicting
the reservoir permeability has been an important research
direction in reservoir development (Hosseinzadeh et al.
2023; Ji et al. 2023).

The traditional fracture network model assumes that
the fractures are parallel panels embedded in the rocks
and the fluid flows between the flat planes, which is called
the parallel panel model (Hosseini et al. 2021; Li et al.
2019). Based on this assumption, some researchers have
developed discrete fracture network (DFN) models (Fig. 1)
in two-dimensional planes and three-dimensional spaces
according to the statistical characteristics and distribution
laws of reservoir fractures (Ringel et al. 2021; Dong
et al. 2019). In these models, randomly distributed linear
fractures or flat fractures constitute fracture networks with
different morphologies. In this case, the fractured rock
permeability is generally evaluated using the cubic law
(Witherspoon et al. 1980) according to the characteristic
parameters characterizing the fracture network (Wu et al.
2020; Yang et al. 2021). With the application of fractal
theory (Mandelbrot 1982; Yu and Li 2011) in fracture
characterization, the study of bifurcation fracture network
characterization and its permeability based on reservoir
fracture extension has gradually gained attention (Khodaei
et al. 2021). However, in most research on bifurcation
fractures, it is still assumed that the fractures at all levels
are flat or linear fractures. This is not consistent with the real
morphology of fractures in actual reservoirs.

In reality, the fracture of a reservoir is not a straight
line or a flat panel, but often undulates along the strike,
and its real form is tortuous and rough (Ni et al. 2021; Wu
et al. 2021; Sun et al. 2023). However, the characteristics
and structure of fracture networks in real reservoirs are
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very complex. Embodying the roughness characteristics
of fractures is very difficult for constructing complex
fracture networks. As a result, a series of studies have been
developed on the characterization of rough fractures, such
as point cloud data processing by fracture rock morphology
scanning so as to reconstruct rough fracture surfaces
(Daghigh et al. 2022; Lu et al. 2022), characterization and
assessment of fracture surfaces roughness using the JRC
method (Abe and Deckert 2021), numerical simulation
of fractures using numerical manifold method (Ning
et al. 2022; Hu and Rutqvist 2022), etc. Also, in studies
assessing the fractured rock permeability, researchers have
incorporated the fracture roughness, such as assuming the
fractures as tortuous circular tubes or tortuous traces with
fractal characteristics for theoretical derivation (Gao et al.
2021), setting the roughness coefficients of the fractures
in the DFN model (Yao et al. 2020), generating fractal
surfaces with different roughness (Wang et al. 2022)
for numerical simulation, etc. Recently, a pixel fracture
reconstruction method that can be used for fracture
evolution simulation has been proposed (Wu et al. 2020).
Using this method, the real fracture surface of the rock
can be successfully reconstructed for fracture geological
model reconstruction, and the fractal dimension of the real
fracture surface can be reasonably evaluated (Wu et al.
2021). In addition, based on this reconstruction method,
the stochastic DFN model (Xia et al. 2021) and real
fractured coal rock model (Luo et al. 2021) that conform
to the reservoir fracture statistics have been developed.
In the above study, fracture length is one of the
key parameters necessary to assess the fractured rock
permeability. However, the fracture length in the network
is not unique because the terminating end of the fracture
trace is often difficult to determine. Therefore, branch
lengths in topology theory are introduced to avoid this
uncertainty (Lahiri 2021). In addition, topology theory
can also characterize the difference in the connectivity of
the fracture network due to the different fracture structures
(Sanderson and Nixon 2018; Ji et al. 2023). Topological
connectivity is expressed as the ratio of the number of
connected fractures to the total number of fractures, whereas
branch length refers to the fracture segments connecting any
two nodes in a fracture network. Topological connectivity
and branch length together reflect the degree of connectivity
of a network. Therefore, using topological theory,
permeability equations and DFN models based on geometric
and structural parameters of fracture networks have been
developed to assess the fractured rock permeability (Lahiri
2021; Zhu et al. 2021; Zhang et al. 2022). However, although
many permeability assessment models have been proposed
and developed based on fractal and topology theories (Shi
et al. 2023, 2022; Wu et al. 2022; Al-Dujaili et al. 2021;
Fang et al. 2023; Luo et al. 2023), the differences between

different fracture network models in the permeability
assessment of fractured rocks are rarely mentioned.

In this paper, conventional DFN (C-DFN) and rough
DFN (R-DFN) models are established by using the DFN
modeling method. The theoretical model of permeability
from previous studies is embedded in COMSOL, and the
simulation results of the permeability of fractured rocks
with different DFNs are compared by numerical simulation
of seepage in fractured rocks. Moreover, the differences
in the permeability assessment of conventional and rough
fractured rocks and their sensitivity to different parameters
are analyzed. Subsequently, the differences in fracture
network connectivity and permeability of fractured rocks
under different DFNs are discussed.

Numerical simulation of seepage
in fractured rocks with C-DFN or R-DFN

Modeling theory for different DFNs

To construct a fracture network in the two-dimensional
plane, it is first necessary to solve the problem of quantitative
characterization and stochastic reconstruction of individual
fractures. For rough fractures, Barton (Barton 1973) found
the JRC (joint roughness coefficient) parameter values of
rock fractures and the corresponding ten standard fracture
morphology images. As an example, the standard joint
profiles for JRC =8-10 are shown in Fig. 2a. Enlarging this
joint profile, it can be seen that the rough fracture can be
regarded as consisting of (n-1) line segments connected by
n discrete points f (solid red circles) in an orderly manner,
as in Fig. 2b. In Fig. 2b, F denotes a rough fracture, f; is
the coordinate of the ith point, and the starting and ending
points are f; and f,,, respectively. Therefore, when the ordered
discrete points are determined, a completely determined
rough fracture can be obtained. At this point, for the whole
rough fracture, a path with direction and length (blue arrow)
can be formed from its starting point to the endpoint. This
path indicates the macroscopic direction of the whole rough
fracture. It is named here as the macroscopic growth vector
VMacro- And the path with direction and length connecting
the discrete points f; and f; | indicates the microscopic
direction of the rough fracture locally, thus naming it as the
local growth vector v;. For conventional fracture assumption
in the two-dimensional plane, the path and direction of its
linear fracture are often consistent with this macroscopic
growth vector, i.e., the fracture is assumed to be a straight
line connecting the starting point f; and the ending point
f,- Comparison with Fig. 2a reveals that this assumption is
clearly lacking in fidelity. Assuming that the discrete point
f; has coordinates (x;, y;) in the two-dimensional coordinate
plane, the macroscopic growth vector Vyy, ., Of this rough
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Fig. 2 a Standard joint profile curve JRC =8-10), b Quantitative characterization based on vector statistics, ¢ Pixel point of a rough fracture in a
two-dimensional plane, d Eight-neighborhood determination and eight growth vectors

fracture and the local growth vector v; of the ith segment can
be given by the following equation, respectively:

Vitacro = (%0 = X130 = V1) )

v, = (xl-+1 — X Yit1 _yi)’

2

Thus, for the two modes of conventional and rough
fractures, the macroscopic length Ly, of the fracture
(conventional straight fracture length) and its true length Ly
(rough tortuous fracture length) can be expressed as follows,
respectively.

LMacro = \/(xn _xl)2 + (yn _yl)z’

3

n—1
Ly = Z:; \/(xi+1 =5)" + (i =) “)

Thus, a set of ordered growth vectors Vg={v;} (i=1,
2,3, ..., n—1) can be obtained with respect to this rough

@ Springer

fracture. At this point, a rough fracture can be identified by
the starting point f] and the set Vg of ordered growth vectors.
And the conventional fracture corresponding to this rough
fracture can be determined by the macroscopic vectors, i.e.,
the starting point f; and the ending point f, of the rough
fracture.

It can be observed from Fig. 2b that if the order of the
local growth vectors v; is changed, rough fractures with
different morphologies are formed, but the statistical classes
and numbers of these rough fracture growth vectors are the
same. Thus, identical similar rough fractures with the same
vector statistics can be uniformly represented as Fp = (f,,d4oms
V)= (frandom> 1i}), i€I[1, 2, ..., n—1]. The corresponding
similar conventional fractures Fo=({f;}, {f,}), n€[1, 2,
..., n], where f., 4om 1S the random starting point, V is the
set of disordered growth vectors, and f; and f, are the sets
of disordered starting and ending points, respectively. At
this point, once the set of growth vectors is determined, a
similar class of rough fractures and conventional fractures
can be obtained. However, if the original order of the growth
vectors is not considered, when the number of growth vectors
n— oo, the quantitative characterization using Fy requires
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a huge amount of data and storage resources. Therefore, it
is also necessary to limit the number of different growth
vectors in order to accommodate practical applications.

In the two-dimensional pixel plane, a rough fracture
consisting of multiple line segments can be regarded as
multiple pixels connected sequentially, as shown in Fig. 2c.
At this point, any pixel point of the fracture has at most
8 neighboring pixels and there exist eight possible growth
vectors (Wu et al. 2023), as in Fig. 2d. As a result, the growth
vectors can be limited. The set D of its growth vectors can
be expressed as

0111 0 —1-1-1
D_{di}‘{110—1—1—10 1}’ )

where d; denotes the jrh growth vector.

Then, in the two-dimensional pixel plane, identical
similar rough fractures Fg = (fanqoms 1vi})s i€I[1, 2, ...,
n—1], where v,ED, i.e., any growth vector v; of a rough
fracture can be found in set D of different growth vectors.
After determining the set of different growth vectors, it is
possible to characterize identical similar rough fractures
in the two-dimensional pixel plane as long as the set D
of different growth vectors and the set S of growth vector
subscripts are determined. Following this, the corresponding
conventional fractures can also be characterized. Since the
different growth vectors in the pixel plane are known, the
number of identical repeated subscripts can be obtained
statistically to obtain the set C= {cj} of the cumulative
number of subscripts of different growth vectors, where
¢ denotes the cumulative number of the jzh growth vector
(G=1,2,...,8). Thus, identical similar rough fractures in the
two-dimensional pixel plane can be characterized by using
the following equation:

FS = (frandom’D’ C)’ (6)

According to Egq. (6), it is necessary to determine the
growth vector d; and its corresponding cumulative number
of subscripts ¢; for each fracture when generating multiple
rough fractures with the same statistical characteristics
in a specific pixel plane, where d; can be obtained from
Eq. (5). Therefore, to establish the DFN, the first step is
to obtain the set C of the cumulative number of different
growth vector subscripts. The curves and point sets of
ten standard joint profiles (Barton 1973) can be obtained
by image processing techniques and mathematical
morphology methods (Wu et al. 2020). In this paper, this
method is used to obtain the point sets of the joint profiles
and to determine set C of the cumulative number of growth
vectors of the fracture points along the eight directions.
Therefore, firstly, the Python program is used to set the
fractures to be randomly distributed in the reservoir (i.e.,

random fracture starting point f,,, 4,n)- Then, the number of
fractures, distribution function, morphological parameters,
etc., are input into the DFN generation program, so as to
obtain the cumulative number set C under the established
fracture characteristic parameters. By the obtained
growth vector set and accumulated number set, a certain
number and range of ordered rough fracture point sets are
finally output, thus generating the R-DFN model. And by
finding the starting and ending points corresponding to
the fractures from the output rough fracture point set, the
same number and range of ordered conventional fracture
point sets can be output, thus generating the C-DFN model
corresponding to the aforementioned R-DFN model.

Numerical model setup

The gas flow in the real reservoir is very complex, and
considering the limitations of the simulation conditions,
the following assumptions are made:

(1) The gas is a single-phase flow.

(2) The saturated Darcy’s law of seepage is followed.

(3) The gas flow is steady-state and isothermal.

(4) The volume change of the fracture is not considered and
the effect of convection flow is neglected.

Then, the continuity equation (Shi et al. 2022) of the
gas flow can be expressed as

A-(pV)=0 -
V=-KAP/u |’
where p, is the gas density, V is the gas flow rate, K is
the total permeability of the fractured rocks, u is the gas
viscosity, and AP is the pressure gradient. And the total

permeability K of the fractured rocks can be expressed as
(Luo et al. 2021)

K= Kt(l - Qim(xvy)) + Kpcim(x9y)7 (8)

where K is the fracture network permeability; K|, is the
matrix permeability; and {im(x, y) is the model matrix image
function value.

The fracture distribution in fractured rocks usually
follows the fractal theory and topological structure
distribution pattern. Meanwhile, in the real fracture
network, the fractures also have significant tortuous
characteristics, i.e., the actual reservoir fractures are
rough fractures (Shi et al. 2022). Therefore, permeability
estimation considering the connectivity of complex
fracture networks is a challenging task. In a previous
study, we proposed a fractal permeability model for
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rough fracture networks that integrates fracture network
geometric parameters, fluid flow patterns and topological
connectivity (Eq. (9)), and verified the reasonableness and
validity of the model (Shi et al. 2023).

(g0 (1 —sin’ 0) gL,
®= 12

Blomax (2= Dg)(c + 1)

o-o0fi-(2)”]

®
where f is the aperture proportionality coefficient, c¢ is
the topological connectivity, ¢ is the porosity, L, is the
characteristic length, 1 is the gas molecular free range, 7 is
the tortuosity, € is the fracture dip angle, D is the tortuosity
fractal dimension, Dy is the fractal dimension of the fracture
network, /,; is the minimum branching length, and /. is
the maximum branching length.

When the values of fracture tortuosity and tortuosity
fractal dimension are taken as 1, it is a parallel panel
model, assuming that the fractures are smooth straight
lines or flat panels. That is, Eq. (9) can be translated into
the conventional flat panel fracture network permeability
Eg. (10).

Fig.3 Schematic diagram of the
boundary conditions

B(1—sin*0)pLy |  Blomx (2 —Dy)(c + 1)

12 (3-Dy) [1 - (’lﬁy—m] +

Kic =

(10)

The boundary conditions of the simulation are set as
shown in Fig. 3. The left boundary of the fractured rock
is the gas inlet with pressure P;=2 MPa and the right
boundary is the gas outlet with pressure P,=0 MPa.
The pressure gradient from the inlet to the outlet is kept
constant and the gas is driven by the pressure. The upper
and lower boundaries of the model are no-flow boundaries,
i.e., no gas flow. The fractured rock size Ly=1 m, matrix
permeability K,=0.02 mD. The simulation sets the flowing
gas in the fractured rock as CH,, and then, the gas viscosity
u=1.1067E -5 Pa*s, gas density p,=0.648 kg/m?, and gas
molecular free range 1=2.815x 10~ m.

Simulation results comparison
Existing studies (Huang et al. 2021; Yang et al. 2023) show

that the statistical law of reservoir fractures conforms to
the length power-law distribution (the range of exponent

No flow boundary
L=1m

Inlet (2MPa)

Oulet (0 MPa)
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is 1.3-3.5 (Bonnet et al. 2001)) and the angular Fisher
distribution. Therefore, referring to the related studies of
DFN (Hyman et al. 2015; Luo et al. 2021), the DFN model
in this paper adopts the length distribution with power-
law exponent of 2.5 and the angle distribution with Fisher
coefficient of 6, and includes 300 fractures. Through the
modeling method for different DFNs, the DFN model images
generated by the program are binarized to build a total of
nine groups of fractured rock models with different DFNSs,
as in Fig. 4, where each group of models includes a fractured
rock model with C-DFN and a fractured rock model with
R-DFN. For example, C1 and R1 are a group of fractured
rock models, C2 and R2 are a group of fractured rock models
and so on. In addition, according to the existing fractal
permeability studies of fractured rocks (Luo et al. 2021;
Klimczak et al. 2010), the fracture aperture proportionality
coefficient f is taken in the range of 0.001-0.1. Therefore,
the intermediate value of £ is taken as 0.03 in this paper. Due
to randomness, the generated DFN models have different
network structures, i.e., the structural parameters of each
group of DFNs are different. For example, the connectivity

of C1-C9 is 2.832, 2.325, 2.468, 3.175, 2.22, 3.792, 2.644,
3.575 and 3.363, respectively; and the connectivity of R1-R9
is 3.439, 3.039, 3.108, 3.591, 2.891, 4.035, 3.222, 3.859
and 3.736, respectively. The other geometric parameters of
fractured rocks are shown in Table 1.

The established fractured rock model and Eqgs. (8),
(9) and (10) were implanted into COMSOL, and the
simulation conditions and parameters were used for
numerical simulation to obtain the simulation results
of fractured rock permeability for different DFNs, as
shown in Fig. 5a. The results show that with the increase
in connectivity, the fractured rocks with different DFNs
all have gradually increased in permeability, and the
connectivity and permeability of the fractured rocks with
R-DFN are significantly higher than those with C-DFN.
The connectivity differences demonstrated in Fig. 5b
indicate that there are more Y-type nodes and X-type
nodes in R-DFN. According to the topology theory, these
two types of nodes are formed by the interconnection
or crossover between the fractures. This indicates more
frequent connectivity between fractures and higher

R7

Fig.4 Fractured rock models: C-DFN and R-DFN

Table 1 Geometric parameters of fractured rock models

Property Dy ¢ T Dy

C1-C9 1.936-1.963 0.131-0.224 1 1

RI-R9 1.940-1.965 0.152-0.245 1.169-1.267 1.040-1.077
Property lymax/M lymin/m c (4

C1-C9 0.262-0.448 0.032-0.042 2.220-3.792 47.4°-52.1°
RI1-R9 0.264-0.362 0.032-0.045 2.891-4.035
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Fig.5 a fractured rock Cr
permeability (the subscripts 28 31 34 37 4 43
C and R denote C-DFN and 7.5 . . . .
R-DFN, respectively) and b
fracture network connectivity - - - C-DFN —e —R-DFN ’
of C-DFN and R-DEN (N, is the /
number of the I-nodes, Ny is the 6 /
number of the Y-nodes, and Ny // i
is the number of the X-nodes) /d
~ 45| ),_t/
£ J/ ¢
o P
Ao _ V4 e---®
x - .-
3t T e
/ _ .
e /‘( gl
150 9-*
0 1 L 1 1 L
21 24 27 3 33 36 39
Cc
(a)
C-DFN R-DFN

N, 01359, N, 11215, N, : 281

N, :1703, N, : 3151, N, : 637
c:3.039

connectivity in R-DFN. Therefore, not considering
the roughness of the fractures, i.e., using the C-DFN
equivalent fracture network in the fractured rock, may
underestimate the connectivity of the fracture network. In
the same group of fractured rocks, the fracture angle and
length distribution of C-DFN and R-DFN are the same, the
difference is the fracture roughness of R-DFN. The rough
fractures in turn improve the connectivity of the fracture
network. And the results show that the fractured rock with
R-DFN has higher permeability than the fractured rock

@ Springer
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| node Y node X node
(b)

with C-DFN. This phenomenon implies that the inhibiting
effect of roughness on gas flow is less than the promoting
effect of connectivity on the gas flow. In addition, the
difference in fractured rock permeability under the
influence of C-DFN and R-DFN increases gradually with
the increase in connectivity. Therefore, the simulation
results of the two groups of fractured rocks with the
smallest difference in permeability (C5 and R5) and the
largest difference (C6 and R6) selected from Fig. 5a are
shown in Fig. 6.
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Fig.6 Comparison of simulation results of fractured rock with different DFNs: a C5 and R5, b C6 and R6

Figure 6a shows the gas velocity and streamlines of
fractured rocks C5 and RS in Fig. 4, respectively. The
simulation results show that the gas velocity cloud of the
fractured rock with C-DFN has a slightly darker color and a
slightly sparse and more uniform distribution of streamlines.
This suggests that the gas velocity of the fractured rock with
C-DFN is lower and the difference in gas flow rate within
the rock is not significant. A careful comparison of the gas
velocity clouds shows that a large number of independent
or unconnected fractures (red hollow circles) exist in the
fractured rock with C-DFN, while tortuous fractures connect
some of the unconnected or independent fractures (red
rectangular boxes) in the fractured rock with R-DFN. As
a result, the color of the cloud diagram at these locations
in the fractured rock with R-DFN is brighter than that of
the fractured rock with C-DFN, i.e., the gas velocity is
higher. In addition, the streamlines of fractured rock with
R-DFN are dense (red rectangular box) at the above position
of the streamline diagram. And the density of streamlines
also reflects the magnitude of the flow rate. Therefore, it
can be concluded that the fractured rocks with R-DFN have
a higher degree of inter-fracture connectivity (i.e., better
connectivity) and higher gas velocity and permeability.
However, although the roughness of R-DFN connects part
of the fractures, there are still quite a number of independent
fractures (red hollow circles) in Fig. 6a. And these fractures
contribute little to the seepage of the fractured rock and
even weaken the seepage capacity of the fractured rock.

Therefore, the difference in connectivity of this group of
fractured rocks shown in Fig. 6a is more obvious, while the
difference in permeability is smaller.

Figure 6b shows the gas velocity and streamlines of
fractured rocks C6 and R6 in Fig. 4, respectively. Similar
to Fig. 6a, the gas velocity cloud diagram of the fractured
rock with R-DFN in Fig. 6b has a brighter color, i.e., the gas
velocity is higher. However, it is different from Fig. 6a that
the area of the brightly colored gas velocity cloud is larger,
i.e., the gas velocity is generally higher in the fractured rock
with R-DFN. Especially, in the middle of the fractured rock
body (red rectangular box), it can be observed that the fracture
network in the fractured rock with R-DFN is more complicated
due to the tortuous characteristic of fractures. It is easy to form
wider flow channels when multiple fractures are connected
to each other, i.e., the area of gas flow channels is increased.
Therefore, the gas will flow more easily in the middle of the
fractured rock R6. It can also be seen from the streamline
diagram in Fig. 6b that the streamlines are densest in the
middle of the fractured rock R6 compared to the fractured
rock C6 (red rectangular box), i.e., the gas velocity is highest
in the middle of the fractured rock R6. Therefore, even though
a small number of unconnected fractures (red ellipses) exist
in the fractured rock R6, the fractured rock R6 still has a
high permeability due to the high connectivity of its fracture
network. Comparing Figs. 6 a and b, it can be found that the
fractured rocks in Fig. 6a have a large number of independent
fractures and unconnected fractures, and the connectivity of
their fracture networks is low. The difference in permeability
between fractured rocks C6 and R6 is also small. In contrast,
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the fractured rocks C5 and RS in Fig. 6b are the opposite.
Therefore, it can be inferred that independent fractures,
unconnected fractures and fracture network connectivity
significantly affect the differences in the permeability
assessment of fractured rocks.

Influence of different parameters
on the permeability of fractured rocks
under different DFNs

Connectivity, porosity, maximum branch length and
fracture angle are model parameters common to both
C-DFN and R-DFN. However, the results of permeability
assessment under the influence of the above parameters
may differ when C-DFN and R-DFN are used for modeling,
respectively. Therefore, a comparative study of fractured
rock permeability under the influence of different DFN
parameters is presented in this section. Considering that
the simulation results in previous section contain only nine
groups of fractured rock models, this section adopts the
aforementioned reconstruction method and the simulation
settings to supplement the simulation results of multiple
groups of fractured rock permeability to improve the
reliability of the results (the geometric parameters are
shown in Table 2). This section compares the effects of the
connectivity of different DFNs on the assessment results
of fractured rock permeability, firstly. Then, the simulation
results are used to compare the effects of the porosity of
different DFNs on the assessment results of fractured rock
permeability. Finally, this section compares the effects
of maximum branch length and fracture dip angle of
different DFNs on the assessment results of fractured rock
permeability, respectively.

Connectivity

Connectivity reflects the degree of connectivity between
fractures in a fracture network (Sanderson and Nixon 2018).
The simulation results in the previous section show that the
connectivity has a significant effect on the gas flow rate

Table 2 Geometric parameters of fractured rocks (f=0.03)
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Fig.7 Relationship between connectivity and permeability of
fractured rocks with different DFNs

and permeability of the fractured rocks. The relationship
between connectivity and permeability of fractured rocks
with different DFNSs is shown in Fig. 7. The results show that
the fractured rock permeability increases with the growth of
connectivity regardless of whether the R-DFN model or the
C-DFN model is used. The permeability and connectivity
are significantly positively correlated with a linear fit, which
is consistent with the relationship between connectivity and
permeability in Egs.(9)(8) and (10)(9). This indicates that
connectivity has a non-negligible effect on the permeability
of fractured rocks with complex fracture networks. The
increase in connectivity indicates that the connection,
intersection and overlap between fractures increase, which
provides more convenient channels for gas flow and makes
it easier for gas to flow toward the outlet of the fractured
rocks, thus increasing the gas flow rate and enhancing the
fractured rock permeability (Xu et al. 2006). From the fitting
results, it can be seen that the slope of the fitting function of
the permeability of the fractured rocks with R-DFN is larger.

Property Dy ¢ T Dy

C-DFN 1.810-1.969 0.071-0.230 1 1

R-DFN 1.810-1.971 0.079-0.250 1.133-1.267 1.030-1.077
Property lymax/M lymin/m c (4

C-DFN 0.237-0.524 0.029-0.060 2.471-4.177 46.4°-69.3°
R-DFN 0.245-0.415 0.029-0.063 3.074-4.215
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With the growth of connectivity, the growth of permeability
of fractured rocks with R-DFN is more significant than the
growth of permeability of fractured rocks with C-DFN.
This suggests that the permeability of fractured rocks with
R-DFN is more sensitive to the change of connectivity. For
the fractured rocks with high connectivity, using the C-DFN
model to evaluate the fractured rock permeability will make
the evaluation result low.

The gas velocity clouds of the fractured rocks
corresponding to the minimum (cqi, =2.471, cgppin=3.074)
and maximum (ccp. =4.177, Crpax =4.215) values of
connectivity in Fig. 7 are selected and displayed in Fig. 8,
respectively. It can be clearly seen that the gas velocity clouds
of the fractured rocks with the highest connectivity are very
bright and have the highest flow velocities at the gas inlet

c, =3.074

Rmin

and outlet compared to the fractured rocks with the lowest
connectivity. The conventional and rough fracture networks
with the highest connectivity are dense, and their fractures
cross, connect and overlap each other more frequently, so
their fracture networks have higher connectivity. In the
fracture network with the lowest connectivity, although
there is some crossover between fractures, there are still
more unconnected fractures, so there are fewer flow channels
connecting the entrance to the exit, which reduces the gas
flow velocity, and therefore the corresponding gas velocity
cloud map of the fractured rock is darker. This indicates that
the connectivity between fractures will significantly increase
the fluid velocity and promote gas flow, thus improving the
fractured rock permeability. Therefore, enhancing fracture
network connectivity by modifying reservoir fractures can
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Fig.8 Gas velocity clouds of fractured rocks with different connectivities: a C-DFN, b R-DFN
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effectively promote reservoir gas flow and improve reservoir
permeability, thereby contributing to reservoir development
and production capacity enhancement.

In addition, similar to the simulation results in the
previous section, the differences in permeability and
gas velocity of fractured rocks with different DFNs are
larger when the connectivity is higher, while the opposite
is true when the connectivity is lower. And based on the
fitting function in Fig. 7, it can be inferred that when the
connectivity is smaller, the permeability of fractured rocks
with different DFNs in the same group may be the same,
and even the permeability assessment result of fractured
rocks with C-DFN will be higher than that of fractured rocks
with R-DFN. This may be due to the fact that the smaller
the connectivity, the more independent and unconnected
fractures in the fractured rocks. This can be observed in both
Fig. 6 and Fig. 8. At this time, the hindering effect of rough
fractures on gas flow is more obvious than the promoting
effect of connectivity on the gas flow. Therefore, the
permeability of the fractured rock with R-DFN will become
lower and lower, even lower than that of the fractured rock
with C-DFEN. This is also the reason why the permeability
of fractured rocks with rough fractures is lower in most
studies of single fractures. It can be concluded that when the
fracture network in the fractured rocks is complex and dense,
the role of connectivity in promoting gas flow is dominant.
In contrast, when the fracture network in the fractured rocks
is simple and sparse, or when the fractured rocks are single-
fractured, the role of fracture roughness in hindering gas
flow is dominant.

Porosity

Porosity refers to the ratio of the volume of channels allowed
for fluid flow within the rock mass to the volume of the
rock mass, and reflects the proportion of seepage channels
in the rock mass (Luo et al. 2021). Therefore, porosity has
been of interest to researchers as an important parameter
for assessing the permeability of rock masses (Sheng et al.
2019). In this section, we show the simulation results of
permeability of conventional and rough fractured rocks
in Fig. 9 in order to specifically analyze the relationship
between porosity and permeability under different DFNSs.
The results show that the permeability of both fractured
rocks with R-DFN and those with C-DFN increases with
increase in porosity in a polynomial fit. This is consistent
with the regularity shown in the past study (Shi et al.
2022). The increase in porosity indicates that the fracture
network provides more flow channels for the gas, resulting
in increased gas flow in the fractured rock at the same time
(Li et al. 2016). Therefore, the gas flow rate increases and
the fractured rock permeability is enhanced. In addition, it
can be observed that the difference in permeability between
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Fig.9 Relationship between permeability and porosity of fractured
rocks with different DFNs

fractured rocks with R-DFN and fractured rocks with C-DFN
increases with increase in porosity. This may be due to the
more adequate connection between the rough fractures,
while the interconnection between the rough fractures
produces a larger area of dominant flow channels. With the
increase in porosity, the gas dominant flow channels in the
fractured rocks with R-DFN also gradually increase. As a
result, the difference in permeability of fractured rocks with
the different DFNs also gradually increases. Analyzing the
result data, it can be found that the porosity of the fractured
rocks with C-DFN and the fractured rocks with R-DFN
increased by 2.24 times and 2.16 times, respectively,
while the permeability of both increased by approximately
20 times and 21 times, respectively. Therefore, it can be
believed that the permeability of fractured rocks using
the R-DFN model is more sensitive to porosity. When the
fractured rocks have high porosity, using C-DFEN to evaluate
the permeability of the fractured rocks can underestimate the
actual permeability of the fractured rocks more obviously.
The gas velocity clouds of the fractured rocks
corresponding to the minimum (¢cpi,=0.071,
Prmin =0.079) and maximum (P =0.23, Primax =0.25)
values of porosity in Fig. 9 are extracted, as in Fig. 10.
The simulation results show that the gas flow rate of the
fractured rock with the largest porosity is significantly
larger than that of the fractured rock with the smallest
porosity, and the difference between them is one order of
magnitude. The fracture network with fewer fractures and
less complexity has smaller porosity and lower gas flow rate.
The smaller the porosity of the rock, the fewer channels are
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Fig. 10 Simulation results of fractured rocks with different porosity: a C-DFN, b R-DFN

provided for gas flow, and the smaller the possibility of
interconnection between fractures. As a result, the narrower
the dominant gas flow channel formed, the more the gas
flow is limited. Therefore, the slower the gas flow rate, the
lower the permeability of the corresponding fractured rocks.
In addition, the morphological structure and porosity of the
fracture network in the fractured rocks corresponding to the
minimum and maximum porosity are significantly different.
In addition, there are a large number of independent fractures
and unconnected fractures in the fractured rocks with
minimum porosity. Thus, the gas velocity and permeability
of their corresponding fractured rocks are lower.

Maximum branch length

The fracture length controls the length of the main seepage
channel in fractured rocks. Studies have shown that the

longer the fracture length, the higher the permeability
and the better the seepage capacity of the fractured rocks
(Zhu and Cheng 2018). However, the fracture length in
the fracture network has a large uncertainty, while this
uncertainty can be avoided by using fracture branch length.
The relationship between permeability and maximum branch
length of fractured rocks with different DFNs is shown in
Fig. 11. The results show that the longer the maximum
branch length, the lower the fractured rock permeability.
The maximum branch length of the fracture network reflects
the level of connectivity of the network to a certain extent
(Lahiri 2021). When the fracture length is constant, the
longer the maximum branch length indicates that there are
fewer nodes dividing the fracture, and the connectivity of
the fracture network is smaller (Loza Espejel et al. 2020).
According to the results in Section connectivity, the smaller
the connectivity of the fracture network, the lower the
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Fig. 11 Relationship between permeability and maximum branch
length of fractured rocks with different DFNs

permeability of the fractured rocks. That is, the longer
the maximum branch length, the lower the fractured rock
permeability. The simulation results of fractured rocks
with different DFNs in Fig. 11 also corroborate the above
inference. Further analysis of the results data shows that
the maximum branch length of the fractured rocks with
C-DFN increases by 121% and the permeability decreases
by 86%, while the maximum branch length of the fractured
rocks with R-DFN increases by 69% and the permeability
decreases by 86%. In addition, the fitted curves show that
the decrease in permeability is gradually slow with the
increase in the maximum branch length. This means that
the smaller the maximum branch length, the more obvious
the effect on the permeability of the fractured rocks. In
other words, for fractured rocks with a high connectivity
degree, the maximum branch length has a significant
effect on the permeability. Therefore, it can be believed
that the permeability of fractured rocks with R-DFN is
more sensitive to the change of maximum branch length.
On the other hand, it also implies that the permeability of
fractured rocks with R-DFN is also more sensitive to the
connectivity, which is consistent with the conclusion in
Section connectivity.

Fracture dip angle
To analyze the effect of fracture dip angle (the angle between
the gas flow direction and the fracture) on the fractured rock

permeability, we extracted the average fracture dip angle
(45°-70°) and its corresponding fractured rock permeability
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Fig. 12 Relationship between permeability and fracture dip of
fractured rocks with different DFNs

for multiple groups of fracture networks. Figure 12 shows
the relationship between the average fracture dip angle
and the fractured rock permeability. The results show
that the effect of fracture dip angle on the fractured rock
permeability is significant. This is because gas flows mainly
in the fracture network, and the fluid resistance flowing
through the fractures increases with the increase in fracture
dip angle (Xia et al. 2021; Liu et al. 2021). Therefore, the
fractured rock permeability decreases with the increase
in fracture angle. In each group of fractured rocks, each
conventional linear fracture of C-DFN is determined by
the starting and ending points of its corresponding rough
fracture in R-DFN. Therefore, the dip angle and distribution
of fractures in the same group of fractured rocks with
C-DFN and those with R-DFEN are the consistent, which can
also be clearly observed from Fig. 4. Therefore, the average
fracture dip angles of fractured rocks with different DFNs in
the same group are also the equal. The result data show that
the permeability of the fractured rocks with R-DFN (about
4.5x 1077 m?) is larger than that of the fractured rocks with
C-DFN (about 3.5 x 1077 m?) when the fracture dip angle is
around 45°. However, the permeability of both decreases
to about 0.5 10~7 m? at the same time when the fracture
dip angle is around 70°. Therefore, it can be believed that
the permeability of the fractured rocks with R-DFN is more
sensitive to the change of fracture dip angle. This may be
because the increase in fracture dip angle enhances the
degree of resistance to fluid flow by the tortuosity of the
rough fracture, which makes the gas flow more slowly and
thus reduces the fractured rock permeability more greatly.
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Discussion

The simulation results of the fractured rocks in previous
chapter are extracted and their fracture network connectivity
is shown in Fig. 13a and the corresponding permeability
is shown in Fig. 13b. The results show that the fracture
network connectivity and permeability of the fractured rocks
with R-DFN are higher. The tortuous characteristics of rough
fractures increase the crossings, overlaps and connections
between fractures, thus improving the connectivity of the
fracture network, and thus the connectivity of R-DFN
will be better than that of C-DFN. The results in section
connectivity show that fracture network connectivity has
a significant positive correlation with the permeability of
fractured rocks, and the permeability increases with the
increase in connectivity. In previous studies (Xia et al. 2021;
Shi et al. 2022), the tortuosity (roughness) of rough fractures
has an inhibiting effect on the gas flow in the fracture
network, which decreases the fractured rocks permeability
and thus weakens its seepage capacity. And the results in
Fig. 13 show that the permeability of the fractured rocks
with R-DFN which has higher connectivity will be greater
than that of the fractured rocks with C-DFN. Therefore,
for the permeability of fractured rocks with complex
fracture networks, the promoting effect of fracture network
connectivity is greater than the hindering effect of rough
fracture tortuosity, i.e., the contribution of connectivity to
the fractured rock permeability is dominant. Comparing
the fracture network connectivity and permeability of
the fractured rocks in each group, it can be found that the
fracture network connectivity of the fractured rocks in the

12th group model differs greatly, but their corresponding
fractured rock permeability is very similar. In contrast, the
fracture network connectivity of fractured rocks in the 15th
group model is very close, but their corresponding fractured
rock permeability has a significant difference. To explore
this phenomenon, we extracted the gas velocity clouds of
the above two groups of fractured rocks separately, as shown
in Fig. 14.

Comparing C-DFN and R-DFN in Fig. 14a, it can be
found that the interaction between fractures in R-DFN
is more frequent. The originally unconnected straight
fractures in C-DFN are interconnected in R-DFN to form
through tortuous fractures (red rectangle). Thus, the
connectivity of R-DFN is significantly higher than that of
C-DFN. However, it can also be observed that there are still
a large number of independent fractures and unconnected
fractures in the C-DFN and R-DFN of Fig. 14a. These
fractures significantly decrease the permeability of the
fractured rocks. Therefore, the difference in permeability
between the two fractured rocks is small, even though the
straight fractures and rough fractures form the two DFNs
with very different connectivities, respectively. Comparing
the C-DFN and R-DFN in Fig. 14b, it is observed that
both fracture networks are very dense and complex, and
the degree of connectivity is significantly higher than
that in Fig. 14a. Since the rough fractures are more easily
connected with their surrounding neighboring fractures,
there are more connected fractures at the exit boundary of
the fractured rock with R-DFN, and thus the gas flow at
the exit boundary of the fractured rock with R-DFN will
be significantly larger than that of the fractured rock with
C-DFN. The gas velocity cloud at the exit boundary of
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Fig. 14 Simulation results of fractured rocks with different DFNs: a Model 12, b Model 15

the fractured rock with R-DFN in Fig. 14b is lighter and
brighter (red rectangle), i.e., the gas velocity at the exit
of this fractured rock is larger, and thus the permeability
of the fractured rock with R-DFN is larger than that of
the fractured rock with C-DFN. It is thus clear that the
evaluation of fractured rock permeability is a complex
problem, where parameters such as exit boundary,
connectivity, porosity, branch length and fracture dip angle
not only affect each other but also jointly influence the
fractured rock permeability.

Conclusions

In this paper, based on the discrete fracture network
(DFN) modeling method, the fractured rock models with
conventional DFN (C-DFN) and rough DFN (R-DFN) are
established. The differences in permeability assessment and
parameter sensitivities of fractured rocks resulting from the
fracture network characterization using C-DFN and R-DFN
are analyzed by numerical simulation of fractured rock
seepage. The differences in fracture network connectivity
and permeability of fractured rocks with C-DFN and R-DFN

@ Springer

are discussed. The main conclusions obtained from this
study are as follows.

(1) The unconnected fractures and independent fractures
in the fracture network contribute less to the fractured
rock permeability, and even weaken the seepage
capacity of the fractured rocks. The fractured rock
permeability increases with increase in connectivity
and porosity, and decreases with increase in maximum
branch length and fracture dip angle.

(2) Ignoring the roughness of the fractures, i.e., using
C-DFN to equivalent the fracture network in the
fractured rocks, may underestimate the connectivity
of the fracture networks. For the fractured rocks with
high fracture network connectivity, using the C-DFN
model to assess the fractured rock permeability may
underestimate the assessment result. In contrast,
when the connectivity is very low, the permeability
assessment results of fractured rock with C-DFN may
overestimate the fractured rock permeability.

(3) For the fractured rocks with R-DFN, when the fracture
network in the fractured rocks is more complex and
denser, the positive influence of connectivity on
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gas flow is dominant. In contrast, when the fracture
network in the fractured rock is simpler and sparser,
or when it is a single-fractured rock, the inhibiting
effect of fracture roughness on gas flow is dominant.
Compared with the fractured rocks with C-DFN, the
permeability of the fractured rocks with R-DFN is more
sensitive to the parameters of connectivity, porosity,
maximum branch length and fracture dip angle.

(4) The higher the fracture network connectivity and
porosity of the fractured rocks, the faster the gas flow
rate in the fractured rocks, and the more obvious
the difference in the permeability assessment of the
fractured rocks using C-DFN and R-DFN. However, the
current study is limited to two-dimensional DFNs, and
how to establish three-dimensional DFNs conforming
to the actual morphology for fracture networks in three-
dimensional space still needs to be further explored.
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