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Abstract
In fractured reservoirs, the fracture network provides the main path for fluid flow. Appropriate estimation of the fracture 
permeability influences the precise prediction of the reservoir’s future performance. Commonly, for a known geometry of 
natural or induced fracture, the permeability is estimated by applying local cubic law. One major drawback of this approach 
is that the fracture surface roughness, which has a significant effect on fracture permeability, is not considered. Moreover, 
the knowledge about the impact of fracture surface roughness on fracture permeability is not currently sufficient. In this 
research, the fluid flow in fractures with rough-walled surfaces was studied using computational fluid dynamics. For this 
purpose, the fluid flow through fractures was simulated by applying appropriate roughness for fracture walls. Furthermore, 
two correlations, based on response surface methodology and power-law models, were proposed to predict fracture perme-
ability as a function of four independent variables (surface roughness, fracture aperture, angle, and porosity). The results 
of the two presented correlations were validated, and the statistical analysis indicates that both models are appropriate to 
predict fracture permeability. The findings of this study will be of great assistance with understanding and characterization 
of the fluid flow in rough fractures and can be used in future works.

Keywords Fracture permeability · Surface roughness · Computational fluid dynamics · Local cubic law · Response surface 
methodology

List of symbols

Latin letters
a  Amplitude (m)
a
1
  Power-law parameters

b  Fracture aperture (μm)
ci  Power-law parameter i
D

f
  Fracture dimension

Et  Relative error
fi  Frequency
g  Gravitational acceleration (m/s2)
h  Matrix height (m)
H  Hurst exponent
k  Fracture permeability (D)
L  Length of fracture (m)

L
sinewave

  Actual length of the fracture (m)
P  Pressure (Pa)
R2  Coefficient of determination
rf   Geometric sequence ratio
u  Fluid velocity (m/s)
V
fracture

  Fracture volume  (m3)
V
matrix

  Matrix volume  (m3)
WL  Wavelength (m)
WL

max
  Maximum wavelength (m)

x  Abscissa (m)
x
0
  Phase of the sine wave (m)

xi.0  Random phase of the sinewave (m)
y  Ordinate (m)

Greek letters
�
0
  Interception coefficient

�i  Coefficient of independent variable i
�ii  Quadratic coefficients
�ij  Interaction terms
�  Angle between the fracture and flow direction 

(°)
�  Porosity
ρ  Fluid density (kg/m3)
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�  Fluid viscosity (Pa.s)
Φ  Fluid potential (pa)

Abbreviations
AAD  Absolute average deviation
ANOVA  Analysis of variance
CCD  Central composite design
CFD  Computational fluid dynamics
FMI  Formation micro imager
FZI  Flow zone indicator
LCL  Local cubic law
LBM  Lattice Boltzmann methods
MAE  Mean absolute error
NSE  Navier-Stokes equation
Re  Reynold’s number
RSM  Response surface methodology
RMSE  Root mean square error
SRF  Surface roughness factor

Introduction

A high percentage of world reservoirs are naturally frac-
tured reservoirs and these reservoirs contain a significant 
amount of oil and gas in the world (Ghaedi et al. 2015). 
Also, it is common to use artificial hydraulic fracturing in 
tight reservoirs to improve oil recovery (Xu et al. 2021). 
Hydraulic fracturing is one of the main methods to increase 
the recovery factor of shaly reservoirs by artificial fractures, 
which increase the permeability of the shale zone (Guo et al. 
2020; Zhang and Hascakir 2021). The presence of natural 
or induced fractures significantly affects the mechanical 
properties of rocks, such as permeability (Li et al. 2021). 
Moreover, in tight rocks such as clay, fluid flow through 
pores is insignificant compared with fractures. Also, in the 
reservoirs, fractures act like microchannels and are the flow 
path of the fluid (Abbasi et al. 2016). Thus, proper charac-
terization of fluid flow in these channels is a priority in the 
oil industry, geology, and hydrogeology and can be benefi-
cial in artificial hydraulic fracturing and naturally fractured 
reservoir production (Lei et al. 2022).

Due to the great impact of fracture permeability on 
fluid flow in porous media, the proper determination of 
this parameter is of great importance (Hou et al. 2021) to 
reduce the geological uncertainty in the model (Yousefza-
deh and Ahmadi 2023; Yousefzadeh et al. 2023). Patel et al. 
(2018) took benefit from the diffusion equation to estimate 
the hydraulic fracture permeability based on recorded 
pressure data just after the breakdown during hydraulic 
fracturing. Well testing and well logging are two of the 
conventional methods used for estimating the fracture per-
meability (Laongsakul and Dürrast 2011; Mazaheri et al. 
2015; Shalaby and Islam 2017). Bagheri and Falahat (2022) 

used conventional well logs and flow zone indicator (FZI) 
to estimate facture permeability. In this method, first, the 
properties of open fractures such as their aperture, density, 
porosity, and permeability are approximated by Formation 
Micro Imager (FMI) logs. Then, conventional logs (density, 
micro-resistivity, sonic, and caliper logs) are used to esti-
mate the fracture index log, which is used to estimate the 
fracture permeability from the FZI equation. Freites et al. 
2019) used well testing results to derive the permeability of 
natural fractures with disconnected and heterogeneous frac-
tures. However, well testing and well logging are expensive 
and time-consuming. Thereby, other analytical and numeri-
cal methods have been in the focus of researchers.

Local cubic law (LCL) has been used frequently to relate 
the fracture permeability to fracture opening, thickness, 
and angle. However, many studies have shown that the LCL 
cannot correctly estimate fracture permeability (Tsang and 
Witherspoon 1981; Madadi and Sahimi 2003; Deng et al. 
2018). This is because many complexities of fracture geom-
etry are not considered in LCL. The main problem with LCL 
is that it fails to take surface roughness into account. Sev-
eral studies have been performed to investigate the effect of 
fracture roughness. Gutfraind and Hansen (1995) studied the 
permeability of rough fractures using Lattice Gas Automata. 
They modeled the fractures with a channel that was bounded 
with a rough and the other side with a smooth plane paral-
lel to the flow direction. Due to the symmetry effect, they 
showed that the internal surface should be a mean smooth 
plane. (Zhang et al. 1996) simulated the fluid flow through 
3D fractures and found that the effective permeability ( k) 
and mean aperture ( b) have a relationship of k ∼ b� where � 
is a power varying from 2 to 6.

Along with numerical simulations, (Skjetne et al. 1999) 
computed fluid flow through fractures using the finite differ-
ence method for a wide range of Reynold’s Numbers (Re). 
They concluded that the narrowest aperture perpendicular 
to the flow would controls the effective permeability in low 
Re values. Based on LCL, Talon et al. (2010) widened the 
bottleneck effect. They noticed that the fracture permeability 
must be described for different flow regimes by considering 
the ratio of roughness to mean aperture. The size and the 
shape of the roughness irregularities will affect the whole 
flow characteristics with respect to the fracture aperture 
(Tsang et al. 1988; Murata and Saito 2003). Moreover, Wang 
et al. (2016) studied the impact of the multi-scale surface 
roughness on fluid flow through rough fractures by using 
Lattice Boltzmann Methods (LBM). Their results showed 
that the roughness dominates the flow direction and pres-
sure distribution.

Recently, Deng et al. (2018) have investigated the effect 
of fracture roughness on reaction rate and concluded that by 
increasing the surface roughness, the hydraulic tortuosity 
increases, and fracture permeability reduces. According to 
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fracture models analyzed via computational fluid dynamics 
(CFD) by COMSOL simulations, Sarkar et al. (2004) have 
proposed some modifications for LCL for parallel and series 
fracture networks separately. For inclined fractures concern-
ing the flow direction, they observed that the fracture perme-
ability would be multiplied by a factor of cosine and not by 
a factor of  cosine2. Wang et al. (2022) coupled the PFC2D 
with COMSOL Multiphysics to investigate hydraulic frac-
turing on coal seam permeability. Their results showed that 
by increasing the fracturing time, the difference between the 
vertical and horizontal fractures increases as well. COMSOL 
Multiphysics is solver, finite element analysis, and simula-
tion software package that can be used to solve different 
physics and engineering problems, especially coupled phe-
nomena and multiphysics.

Guo et al. (2020) investigated experimentally the fluid 
flow through artificially rough-walled fractures and observed 
that fracture roughness creates eddies in fluid flow. The 
eddies result in shrinking the effective channel and making 
the fluid flow nonlinear. In addition, Liu et al. (2016) inves-
tigated the effect of fracture roughness on fluid flow experi-
mentally and numerically. They concluded that the origin 
of the nonlinearity of fluid flow is the inertia effect due to 
the surface roughness. Briggs (2014) studied the impact of 
the roughness on fluid flow by simulating two-dimensional 
rough fracture fluid flow using LBM. The results of LBM 
showed a significant deviation from the results of conven-
tional cubic law. Additionally, using CFD simulations, a new 
model, which suggests a polynomial expression like Forch-
heimer’s law, was proposed for nonlinear fluid flow through 
rough fractures (Javadi et al. 2010). The non-Darcy flow 
thorough single rough fracture simulation results indicates 
that the cubic law fails to predict the flow compared with 
experimental and LBM results (Ju et al. 2017).

Based on the performed simulation studies on fracture 
flow, it was observed that LCL overestimates the flow rate 
in rough fractures and also the surface roughness geome-
try should be considered in the studies (Wang et al. 2015; 
Toghraie et al. 2019). Wang et al. (2015) proposed a modi-
fied LCL, which includes roughness, to predict the fluid flow 
through real fractures. The experimental results confirmed 
the superiority of the modified LCL to general LCL.

As mentioned previously, LCL could not be applied to 
estimate the fracture permeability since the fracture surface 
roughness is not considered. Therefore, to investigate the 
effect of roughness on fracture permeability, comprehensive 
studies and statistical analyses are required. For this purpose, 
Response surface methodology (RSM) can be used. Because 
RSM is a useful modeling method that is applied as a statis-
tical approach to design experiments and to develop a pol-
ynomial-based model (Feilizadeh et al. 2015a). Moreover, 
insignificant parameters of this model can be easily found 
(Mohammadi et al. 2014).

Although the previous studies give a valuable vision 
into the fluid flow through rough fractures, this situation 
has not been comprehensively studied. Also, fracture per-
meability in the presence of rough fracture has not been 
studied accurately. Therefore, this study has explored fluid 
flow through rough apertures in detail using COMSOL Mul-
tiphysics, and all the parameters such as gravity, porosity, 
and fracture opening that can affect fracture permeability 
were examined. Due to the fact that the studied model is 2D 
and parameters like tortuosity need to be defined in a 3D 
model, these kinds of parameters’ effects were not examined. 
Finally, new correlations to precisely calculate the perme-
ability of rough fractures have been proposed after verify-
ing the main parameters. Moreover, the performance of the 
proposed correlations was tested by some new models and 
was compared with the estimated permeabilities from LCL.

Theory

The following assumptions were considered in constructing 
the model and simulations in this study:

• The flow was laminar and single phase.
• The model was two-dimensional, and the effect of tortu-

osity on fluid flow was not considered.
• The flow was considered dual porosity and single perme-

ability (i.e., it was assumed that fluid flow only occurred 
in fractures).

• Block to block interactions were ignored.

Governing equations

The governing equations for laminar flow through micro-
channel are Navier–Stokes Equation (NSE) and mass con-
servation, which are (Versteeg 1995):

where ρ is the fluid density, u is fluid velocity, P is pressure, 
and � is fluid viscosity. It is common to assume two sepa-
rated smooth parallel plates with a constant aperture when 
modeling fluid flow through fractures (Snow 1969). Under 
this assumption and using lubrication theory, the LCL can 
be derived from NSE, which takes the form of (Zimmerman 
et al. 1991; Wang et al. 2018):

(1)�(u ⋅ ∇)u = −∇P + �∇2u

(2)∇ ⋅ u = 0

(3)∇ ⋅

[

�gb3

12�
∇Φ

]

= 0
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where g is the gravitational acceleration, b is fracture aper-
ture, and Φ is fluid potential.

Using the Darcy equation and LCL; fracture permeability 
in a matrix–fracture system would be resulted in (Golf-Racht 
1982):

where k is fracture permeability, � is the angle of fracture 
with the flow direction, and h is the matrix height.

On the other hand, Sarkar et al. (2004) simulated fluid 
flow through fractures using COMSOL Multiphysics and 
observed that for smooth fractures, the permeability formula 
would be:

Methodology

Rough profiles generation

Previous studies have pointed out some techniques to char-
acterize wall roughness (Barton and Choubey 1977; Cran-
dall et al. 2010). Three main methods are the joint rough-
ness coefficient, the fractal dimension (Df), and the surface 
roughness factor (SRF). The Hurst exponent (H) is the frac-
tal dimension which is in relation to the fractal dimension 
as (Deng et al. 2018):

where H can be calculated via the variable-bandwidth tech-
nique. In this study, the SRF method has been used to char-
acterize aperture surface roughness. In the following, this 
method is discussed in detail (Deng et al. 2018).

2D matrix–fracture systems for single fractures can be 
considered to simulate fluid flow through rough fractures. 
2D rough profiles are obtained by overlaying a series of sine 
waves. Each fracture is formed from a rough profile and 
its mirror symmetry. By considering the sine waves, three 
rough profiles would be produced, which are single sine 
wave, self-similar, and self-affine (Fig. 1) (Li et al. 2008; 
Deng et al. 2018).

A single sine wave creates an ideal rough profile and is 
generated via the below equation (Deng et al. 2018):

where x is abscissa, y and a represent the ordinate and ampli-
tude, respectively. WL indicates the wavelength, and x

0
 is 

the phase of the sine wave. This simple profile is applied 

(4)k =
b3 cos2 �

12h

(5)k =
b3 cos �

12h

(6)D
f
= 2 − H

(7)y = a × sin

(

2�

WL

(

x − x
0

)

)

extensively and observed that is extremely applicable to 
investigate flow through rough fractures (Bouquain et al. 
2012; Sund et al. 2015).

The second and third profiles are known as fractal profiles 
generated by overlaying a series of sinewaves. It is common 
to use fractal profiles to describe rough fractures and faults 
in oil fields and laboratories (Power and Tullis 1991; Meakin 
1993; Glover et al. 1998; Renard et al. 2013). These profiles 
can be generated via the below equation:

where fi =
2�

WLi

 is the frequency and xi.0 is the random phase 
of the sinewave.

In Eq. (3), if fi follows a geometric sequence, the gener-
ated profile will be self-similar, and if fi follows an arithme-
tic sequence, the generated profile will be self-affine (Deng 
et al. 2018). In this study, self-similar profiles were used to 
create rough apertures that the frequencies follow a geomet-
ric sequence as below (Deng et al. 2018):

where WL
max

 is the maximum wavelength and rf  is the 
geometric sequence ratio. It is necessary to notice that all 
the parameters that control the rough profiles are generated 
randomly. To ensure that the rough aperture is open, only 
profiles are considered that y

max
<

b

2
 (Renard et al. 2004).

As mentioned previously, to characterize fractures rough-
ness, the SRF method was used, which is defined as the ratio 

(8)y =
∑

i

ai × sin
(

fi
(

x − xi.0
))

(9)fi =
2�

WL
max

ri−1
f

Fig. 1  A scheme of three types of rough profiles a Single sine wave 
rough profile with a WL = 50 μm and a = 30μm b self-similar rough 
profile (lower half of the aperture) c self-affine rough profile (lower 
half of the aperture) (Deng et al. 2018)
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of the actual length of the fracture ( L
sinewave

 ) to the geometric 
length of fracture ( L ) (Deng et al. 2018):

Model set‑up

Matrix with a length of 2000 microns was considered to gen-
erate models of the matrix–fracture system. Since porosity, 
opening, and fracture angles were considered as the main 
parameters, the matrix height was calculated from the follow-
ing equation (Golf-Racht 1982):

where � indicate fracture opening and the porosity in per-
cent. Because in the studied model the matrix zone is imper-
meable and only the fracture contributes to the flow, the 
porosity in this study refers to the fracture porosity. Hereby, 
the definition of fracture porosity would be as below (Golf-
Racht 1982):

where V
fracture

 and V
matrix

 show fracture and matrix volumes, 
respectively. The matrix–fracture system was considered 

(10)SRF =
L
sinewave

L

(11)h =
100 × b

� × cos �

(12)� =
V
fracture

V
matrix

+ V
fracture

× 100

an element of a fracture network (Golf-Racht 1982), so the 
entrance domain to the fracture itself is also a vertical frac-
ture. Since the matrix zone was assumed as an impermeable 
zone, the matrix zone was deleted in the final geometry. For 
example, the geometry of a matrix–fracture geometry with 
SRF = 2.0, b = 150 µm, φ = 11%, and θ = 30 ◦ is shown in 
Fig. 2.

After generating the geometry, the fluid type or properties 
should be defined. Except for gas flow near the wellbore, the 
fluid flow for most of the cases in the reservoirs is laminar 
(Tarek 2010). Therefore, in this study, water, which is an 
incompressible liquid and the laminar flow, was considered 
to simulate the fluid flow through the fracture. A steady-
state regime was used, as the conditions of the fluid are 
constant in this situation. For the boundary conditions, the 
inlet boundary was defined as a normal inflow velocity with 
a velocity of 1 ft/d, and the outlet boundary was defined as 
a constant pressure boundary with a pressure of 4000 psi. 
The other boundaries (which illustrate fracture-matrix fluid 
exchange) were defined as the no-slip boundary because of 
the impermeable matrix assumption.

Finally, after generating the model in the COMSOL Mul-
tiphysics, the fluid flow through fracture was simulated. As 
instance, Figs. 3 and 4 demonstrate the pressure and velocity 
distributions for different fracture characteristics.

After the simulation, the averaged fluid velocity and the 
average fluid pressure at the inlet and outlet boundaries were 
calculated. Then, using the Darcy equation and the calculated 

Fig. 2  The meshed geometry for a fracture with SRF = 2.0, b = 150 µm, φ = 11%, and θ = 30°
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Fig. 3  a Contour plot of pres-
sure distribution b heat map of 
velocity distribution for a frac-
ture with SRF = 2.0, b = 150 µm, 
φ = 11%, and θ = 30°
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Fig. 4  a Contour plot of pres-
sure distribution b heat map of 
velocity distribution for a frac-
ture with SRF = 1.5, b = 225 µm, 
φ = 14%, and θ = 25°
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average parameters from the simulation results, the fracture 
permeability was calculated for every model.

Design and analysis of experiments

The impact of rock and fluid properties on fracture perme-
ability was studied. Among the examined parameters, the only 
parameters that affect the fracture permeability were fracture 
opening, porosity, SRF, and fracture angle with the flow direc-
tion. In this study, the central composite design (CCD) was 
used to perform the design of tests. This method designs a lim-
ited number of tests. To increase the final correlation accuracy, 
a large number of tests should be designed (Bararpour et al. 
2018). Four series of experiments were designed to generate 
120 tests (simulation models).

In the RSM model, the fracture permeability could be fitted 
to a polynomial-based model as a function of the four inde-
pendent variables (Eq. (12)).

where k is the fracture permeability as the response in Darcy, 
SRF is dimensionless, b and � are in microns and degree, 
respectively, and � is in percent. Moreover, �

0
 demonstrates 

the interception coefficient, �
1
 , �

2
 , �

3,
 and �

4
 are the coef-

ficient of independent variables, �
12

 , �
13

 , �
14

 , �
23

 , �
24

 , and 
�
34

 are the interaction terms and �
11

 , �
22

 , �
33

 and �
44

 are 
quadratic coefficients. Furthermore, the analysis of variance 
(ANOVA) was carried out by the Design-Expert® Software 

(13)

√

k = �
0
+ �

1
× SRF + �

2
× b + �

3
× � + �

4
× � + �

12
× SRF × b

+ �
13
× SRF × � + �

14
× SRF × � + �

23
× b × � + �

24
× b × �

+ �
34
× � × � + �

11
× SRFF2 + �

22
× b2 + �

33
× �2 + �

44
× �2

(Trial Version 11.1.1.0 Stat-Ease, Inc. Minneapolis, USA). 
The ANOVA has provided a useful tool to investigate the 
effect of variables on the response (Feilizadeh et al. 2017).

Results and discussion

Smooth fracture permeability

As mentioned in the introduction section, the LCL is derived 
from the Navier–Stokes Equations. One way to verify the 
validity of the constructed simulation model is to compare 
the results of the COMSOL simulation with the results of 
the LCL for a smooth fracture with no angle. If the results 
match, the constructed model is valid. Table 1 reports the 
results of permeability calculation for a smooth fracture 
with different apertures and porosities. As shown, there is 
an excellent agreement between the results of the CFD simu-
lation (COMSOL) and the LCL. Thereby, the constructed 
simulation model is valid.

Another comparison is made for a smooth fracture with 
constant opening, but with different angles. The results are 
shown in Table 2. The CFD results are compared with LCL 
and Eq. (5) (Sarkar et al. 2004), and it is found that the per-
meabilities from CFD results are in agreement with Eq. (5). 
These results confirm the validity of the constructed model 
for fracture permeability analysis.

Table 1  Calculated 
permeabilities by the LCL and 
CFD (COMSOL) for smooth 
fractures with no angle

Fracture open-
ing ( μm)

Porosity (%) CFD perm. (D) LCL perm. (D) Difference between 
CFD and LCL perm. 
(%)

100 20 168.72 168.87 0.09
150 5 94.19 94.99 0.85
200 15 507.01 506.62 0.08
250 10 528.31 527.73 0.11

Table 2  Calculated permeability 
of smooth fractures with LCL 
and Eq. (5)

SRF L (mμ) Fracture 
opening 
(mμ)

Angle (deg) Porosity (%) CFD perm. (D) LCL perm. (D) Equation (5) 
perm. (D)

1 2000 150 20 10 164.2 157.6 167.8
1 2000 150 25 10 153.6 141.4 156.1
1 2000 150 30 10 139.6 123.4 142.5
1 2000 150 35 10 126.1 104.4 127.5
1 2000 150 40 10 109.3 85.40 111.5
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RSM model

All the 120 designed tests were simulated, and the perme-
abilities of the models were calculated. The calculated per-
meabilities were analyzed via Design-Expert® Software 
(Trial Version 11.1.1.0 Stat-Ease, Inc. Minneapolis, USA), 
and the following RSM model was obtained.

Results of ANOVA for the obtained model (Eq. 13) are 
presented in Table 3. It can be seen that a few terms have a 
high p-value (higher than 0.05), and therefore, they have an 
insignificant effect on the response (permeability) and can be 
omitted. It is noticeable that the square of the fracture open-
ing ( b ) term can be neglected due to the high p-value. This is 
consistent with LCL where the permeability has a relation-
ship with the square of the fracture opening. By omitting 
the parameters that have insignificant effects, the modified 
correlation (as the RSM model) would be as follows.

(14)

√

k = −2.16 + 0.149 × SRF + 0.0613 × b − 0.00232 × �

+ 0.486 × � − 0.00135 × SRF × b + 0.0518 × SRF × �

− 0.137 × SRF × � − 0.000443 × b × � + 0.00382 × b × �

− 0.000939 × � × � − 0.663 × SRF
2 − 6.06 × 10

−6 × b2

− 0.00252 × �2 − 0.0128 × �2

The ANOVA of the modified model is presented in 
Table 4. The p-values of the parameters indicate that all 
of them have a significant effect. Moreover, the F-value of 
the new RSM model is 21,234 which is much greater than 
the previous one and represents the adequacy of the model 
(Feilizadeh et al. 2015b). In addition, the statistical analysis 
of the RSM model is shown in Table 5. The values of R2 
and R2-adjusted are higher than 0.99 which signifies that the 
RSM model is appropriate to predict fracture permeability. 
Furthermore, the values of root mean square error (RMSE), 
mean absolute error (MAE), and absolute average deviation 
(AAD) also show the high accuracy of the RSM model. The 
obtained and predicted values of the fracture permeability 
are plotted in Fig. 5. As seen in this figure, the RSM model 
has a superior ability to predict the system.

(15)

√

k = −2.23 + 0.199 × SRF + 0.0582 × b + 0.0175 × � + 0.504 × �

+ 0.0416 × SRF × � − 0.157 × SRF × � − 0.000514 × b × �

+ 0.00372 × b × � − 0.641 × SRF2 − 0.00231 × �2 − 0.0118 × �2

Table 3  ANOVA of the RSM model before omitting insignificant 
parameters

Source Sum of squares Mean square F-value p-value

Model 24,819 1773 16,842  < 0.0001
A-SRF 126.2 126.2 1199  < 0.0001
B-opening ( b) 3269 3269 31,055  < 0.0001
C-angle ( �) 38.39 38.39 364.7  < 0.0001
D-porosity ( �) 417.4 417.4 3965  < 0.0001
AB 0.17 0.17 1.61 0.2074
AC 2.04 2.04 19.34  < 0.0001
AD 3.99 3.99 37.89  < 0.0001
BC 5.92 5.92 56.28  < 0.0001
BD 113.8 113.8 1080  < 0.0001
CD 0.05 0.05 0.49 0.4864
A2 1.67 1.67 15.89 0.0001
B2 0.21 0.21 1.95 0.1650
C2 3.15 3.15 29.96  < 0.0001
D2 8.97 8.97 85.22  < 0.0001
Residual 11.05 0.11
Lack of fit 11.05 0.13
Pure error 0.00 0.00
Cor total 24,830

Table 4  ANOVA of the RSM model after omitting insignificant 
parameters

Source Sum of squares Mean square F-value p-value

Model 24,819 2256 21,235  < 0.0001
A-SRF 141.53 141.5 1332  < 0.0001
B-opening ( b) 4436 4436 41,750  < 0.0001
C-angle ( �) 68.91 68.91 648.6  < 0.0001
D-porosity ( �) 834.6 834.6 7855  < 0.0001
AC 2.02 2.02 19.00  < 0.0001
AD 9.37 9.37 88.20  < 0.0001
BC 16.43 16.43 154.7  < 0.0001
BD 224.15 224.2 2110  < 0.0001
A2 1.58 1.58 14.86 0.0002
C2 3.55 3.55 33.40  < 0.0001
D2 14.22 14.22 133.8  < 0.0001
Residual 11.48 0.11
Lack of fit 11.48 0.13
Pure error 0.00 0.00
Cor total 24,830

Table 5  The statistical analysis 
of the RSM model

Statistical parameters Value

R2 0.9992
R2

adj 0.9992
RMSE 20.06
MAE 11.24
AAD 5.141
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Power‑law model

As described before, fracture permeability can be described 
as a function of SRF, opening (b), angle ( � ), and porosity ( � ). 
To develop a relationship between permeability and the men-
tioned parameters, the power-law equation (which is a modi-
fied form of LCL) was utilized as follows.

where a
1
 , c

1
 , c

2
 , c

3
, and c

4
 are constants of the equation. 

The values of constants were optimized by using the genetic 
algorithm and are presented in Table 6.

By finding the values of constants from the genetic algo-
rithm, the power-law equation was obtained (Eq. 12).

(16)k = a
1
× (SRFc1 × bc2 × (cos �)c3 × �c

4 )

(17)
k = 0.000225 ×

(

SRF
0.000100 × b2.19 × (cos �)2.09 × �1.01

)

The statistical analysis of the obtained power-law equation 
is shown in Table 7. The value of R2 and R2-adjusted was 
found to be 0.9886 and 0.9882, respectively. These values 
indicate that the power-law equation could be used to predict 
fracture permeability.

Correlations validity

It is essential to check the validity of the new correla-
tions. One way of validation is to compare the correla-
tion’s predictions with the true value of new experiments 
or numerical simulations. In this study, as no good experi-
mental data with specified fracture were not found in the 
literature, similar to Rezaei Niya and Selvadurai (2019), 
the calculated permeability directly from CFD COMSOL 
Multiphysics has been considered as the true value. For 
this purpose, 12 new models were generated randomly to 
simulate and calculate the true values.

The results of the three models are summarized in 
Table 7. The relative errors of predictions of LCL, the 
RSM model, and the power-law model were also calcu-
lated and presented in Table 8. The results show that the 
RSM model and power-law model have higher accuracy 

Fig. 5  The plot predicted 
fracture permeability versus 
obtained fracture permeability

Table 6  Constant values Power-law param-
eters

Value

a
1

0.000225
c
1

0.000100
c
2

2.19
c
3

2.09
c
4

1.01

Table 7  The statistics of the 
power-law equation

Statistical parameters Value

R2 0.9886
R2

adj 0.9882
RMSE 77.18
MAE 40.75
AAD 14.51
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than the LCL to estimate fracture permeability. In addi-
tion, the statistical analysis of the models is presented in 
Table 9, and as can be seen, R2 of the RSM model and 
power-law model are closer to 1 compared to the LCL. 
The value of RMSE calculated for the RSM model is less 
than others. Therefore, the RSM model has good predic-
tive ability than the power-law equation, and thus, RSM 
model has the most accuracy.

However, to have better insights into the impacts of rough-
ness, experimental investigations are highly recommended.

Effect of parameters on the permeability

The impact of the main parameters on the permeability was 
obtained using the RSM model (the most accurate model, 
Eq. (14)). Figure 6 indicates that in the constant value of b 
and � , the permeability decreases by increasing SRF and � . 
It is evident that by increasing the SRF , the friction of the 
flow and, as a result, the pressure drop would increase. The 
real length of the fracture, which is the path of the flow, can 
be calculated from the following equation:

It is evident from Eq. (18) that by increasing � , the frac-
ture length increases and the fluid would result in more pres-
sure drop, which is the driving force in the fluid flow. There-
fore, increasing SRF and � would decrease the permeability.

Figure 7 shows the effect of SRF and � in the constant 
value of b and � . The SRF effect was discussed before. As 
can be seen from this figure, � and permeability are directly 
related to each other. For the � impact, the figure shows that 
increasing � causes the enhancement of the permeability. 
By increasing �, the inlet area would increase as also the 
volume of the inlet fluid. A higher amount of the fluid would 
support the flow, and as a result, the pressure drop through 
the fracture would significantly decrease, and the perme-
ability would increase (Lemonnier and Bourbiaux 2010).

The effect of b and � , in the constant value of SRF and 
� , is demonstrated in Fig. 8. As discussed previously, per-
meability and � have an inverse relation. By increasing b , 

(18)L
fracture

=
L

cos �
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Table 9  The statistics of the models

Statistical param-
eters

LCL RSM Power-law

R2 0.9194 0.9992 0.9849
R2

adj 0.9166 0.9992 0.9844
RMSE 130.9 12.96 56.62
MAE 86.99 6.796 38.22
AAD 37.02 2.923 22.97
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the amount of the fluid that contributes to the flow would 
increase, and therefore, the same as � , the pressure drop 
would decrease. Thus, by increasing b , the permeability 
would increase, which is in total agreement with the LCL 
relation. In addition, Fig. 9 shows the effect of b and � . The 
result of this figure is similar to the previous ones.

In this study, the fluid flow through a 2D model and single 
rough fracture was investigated. However, other parameters 
like tortuosity may affect fracture permeability. Further stud-
ies are recommended to simulate fluid flow in 3D models 
and fracture networks.

Conclusions

In this study, an analysis was performed to study the fluid 
flow in rough fractures by computational fluid dynamics 
(CFD), and the effects of different parameters including 
SRF , � , b , and � were investigated. The following conclu-
sions were drawn:

• The proposed response surface methodology (RSM) 
model could effectively predict the permeability of 
rough-walled fractures.

• The power-law model, optimized by the genetic algo-
rithm, could accurately predict the fractures permeability.

• The results of the proposed correlations showed supe-
riority over local cubic law (LCL) in the precise pre-

Fig. 6  3D plots and contour of fracture permeability versus SRF and angle at constant fracture opening (262.5 μm) and porosity (16.5%) values

Fig. 7  3D plots and contour of fracture permeability versus SRF and porosity at constant fracture opening (262.5 μm) and angle (20°) values
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diction of fracture permeability in the presence of 
roughness. More precisely, the statistical analysis of 
the models indicated that the RSM model is the most 
accurate one (to find the fracture permeability). How-
ever, the power-law model has a simpler form than the 
RSM model.

• The proposed correlations are recommended to be used 
to estimate the permeability of hydraulic and natural 
fractures since surface roughness affects the fracture 
permeability, which the LCL model cannot capture its 
effect.

• In brief, the findings of this study contribute in several 
ways to our understanding of the considerable effect 

of roughness on the fluid flow in fractured reservoirs. 
Moreover, this work provides suitable correlations 
(RSM and power-law models) for the precise predic-
tion of the permeability of the fracture in future works.

The main limitations of this work are as follows: fluid 
flow is considered laminar and other flow regimes are not 
modeled. Also, the utilized model was two-dimensional; 
three-dimensional models were not studied that results in 
ignoring the fracture tortuosity which influences fluid flow 
and our estimates of the fracture permeability. It is recom-
mended to study three-dimensional models and investigate 
the effect of fracture tortuosity on permeability estimates in 

Fig. 8  3D plots and contour of fracture permeability versus fracture opening and the angle at constant SRF (2) and porosity (16.5%) values

Fig. 9  3D plots and contour of fracture permeability versus fracture opening and porosity at constant SRF (2) and angle (20°) values
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future works. Also, another future research direction can be 
studying the effect of roughness on fracture relative perme-
ability under two-phase fluid flow. In addition, the results of 
simulation technique and local cubic law can be compared 
with experimental data.
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