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Special section: Fractures

Intrinsic anisotropy in fracture permeability
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Abstract
Contrary to the assumption in cubic law, the surface of fractures has some degree of roughness, which impacts their fluid dynamics. Incorporating the effect of roughness can improve the simulation of fluid flow in
fractures and faults, as well as proppant transport in hydraulic fracturing. To investigate the effect of roughness
on the fluid flow, we created a fracture using the Brazilian test, and its roughness was measured using a laser
profilometer. Experimental permeability measurements showed a reduction in permeability as the effective
stress increased. However, the unmatching surfaces of the fracture prevented its complete mechanical closure.
Numerical simulations of the fluid dynamics were conducted on the measured fracture geometry. We determined that the hydraulic fracture aperture is less than the mechanical fracture aperture and that there was
anisotropy in the fracture permeability. The ratio of hydraulic fracture aperture to mechanical fracture aperture,
as well as anisotropy in fracture permeability, increased when the fracture aperture decreased. The anisotropy
in fracture permeability was 45% at the lowest simulated fracture aperture. Integrating the experimental and
numerical data, we estimated the fracture porosity and fracture permeability.

Introduction
The classical approach in simulating fluid flow
within a single fracture, the cubic law, is based on the
assumption that fractures can be represented as two infinite parallel plates (Huitt, 1956; Parsons, 1966):
q¼−

h w3 Δp
;
12μL

(1)

where w is the fracture aperture or fracture width, h is
the fracture height, L is the fracture length, μ is the fluid
viscosity, q is the flow rate, and Δp is the pressure loss
in the direction of flow (x) as illustrated in Figure 1.
Contrary to the assumption in parallel-plate theory,
the surfaces of natural or induced fractures are not
smooth as examined in a tilt test by Barton and Choubey (1977). In the tilt test, pairs of fractured surfaces
were mated, and the sample was tilted until sliding
occurred. Based on this test, the joint roughness coefficient (JRC) was introduced. The JRC is a dimensionless coefficient that varies between zero in a smooth
fracture and 20 in an extremely rough fracture. Moreover, the provided roughness can be used for visual
comparison to determine the fracture roughness. Barton et al. (1985) and Olsson and Barton (2001) developed a correlation between the JRC values and the
conductivity of fractures. They compared the hydraulic
aperture (the calculated aperture from fluid flow ex-

periments) with the mechanical aperture (the average
point-to-point distance between the two fracture surfaces). The ratio of the hydraulic aperture to the mechanical aperture increased to seven at high JRC values.
Witherspoon et al. (1980) conducted laboratory investigations on several samples with the aperture in the range
of 250–4 μm and found that the cubic law is valid. To
simulate the effect of roughness, Brown (1987) generated rough surfaces by fractal models and concluded
that the flow rate in fractally rough fractures is 70%–
90% of the parallel-plate model.
According to cubic law, the fracture permeability approaches zero when the fracture aperture goes to zero.
Although the fracture permeability decreases as a function of stress (Jones, 1975; Gangi, 1978; Walsh, 1981),
experimental fluid flow tests and field tests in deep
wells show that there is a residual permeability even
at high stress (Pyrak-Nolte et al., 1987; Capuano, 1993;
Durham and Bonner, 1994; Durham, 1997). This behavior
can be attributed to the limited contact area between
asperities propping the fracturing open as measured by
pressure-sensitive films by Nemoto et al. (2009) or the
partial cementation of fractures as discussed by Marrett
et al. (2007).
Early in the development of naturally fractured reservoirs, it was recognized that fractures have several
orders of magnitude less resistance to flow compared
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with the rock matrix; thus, fractures significantly affect
the production or injection flow paths and their recovery
(Elkins and Skov, 1960; Warren and Root, 1963; Snow,
1969). A significant difference between the permeability
in the fault-normal direction and the fault-parallel direction is determined by Jourde et al. (2002) and Ahmadov
et al. (2007). Therefore, fractures bring about anisotropy
(direction dependency) into the fluid flow, which is critical in reservoir development plans, fluid flow in faults,
and seal integrity for geohazard risk assessment.
Besides this extrinsic effect of fractures on the permeability anisotropy in the reservoir, there is intrinsic

Figure 1. Geometry of a parallel-plate 3D fracture. The flow
is in the x-direction. The fracture aperture is usually called the
fracture width in reservoir engineering literature because
fractures are typically vertical in a reservoir, as shown in Figure 2. The same terminology is used throughout this paper,
although the fracture in the experiment and its simulation
are horizontal.

Figure 2. Defining extrinsic and intrinsic fracture permeability in the reservoir scale. The gray area represents the matrix,
and the blue channel in the matrix represents the fracture. If
the matrix permeability is extremely low, there is a significant
difference between ky and kx , which is the classical definition
of permeability anisotropy, called extrinsic anisotropy in this
study. (a) With the assumption of a smooth fracture, there is
no difference between the flow inside the fracture in the xand z-directions. (b) But there is a difference between the
fracture permeability in the x- and z-directions when the fracture has a rough surface, which is called intrinsic fracture
permeability.
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fracture permeability due to the topographic characteristic of a fracture that is not developed as well as the
extrinsic fracture permeability. To clarify the extrinsic
anisotropy from intrinsic fracture anisotropy, kx , ky , and
kz are defined in Figure 2. If the matrix has ultralow permeability, there can be a significant difference between
the permeability perpendicular to the discontinuity (ky )
and the permeability parallel to the discontinuity (kx ).
The difference between these two permeabilities is referred to as extrinsic anisotropy in this paper.
Based on parallel-plate theory, there is no difference
between the flow inside a fracture in the x- and z-directions (excluding the gravity effect). However, fractography analysis shows that some fractures have special
patterns such as plumose (Bahat and Engelder, 1984;
Aydin, 2000; Savalli and Engelder, 2005); thus, the rough
topography of a fracture can make the flow in one direction preferential than the other direction. The difference between permeability inside the fracture in the
x- and z-directions due to roughness in Figure 2 is referred to as intrinsic fracture permeability.
Moreover, outcrop studies on fault surfaces by Power
et al. (1987) show that the roughness of a fault surface is
higher perpendicular to the slip direction than the roughness in the direction of slip, which is attributed to the
higher roughness wear in the direction of the slip. Fractal
studies by Thompson and Brown (1991) and Meheust
and Schmittbuhl (2001) show that fracture topography
can cause anisotropy in fracture permeability. Experimental studies by Gentier et al. (1997) and Meheust
and Schmittbuhl (2000) determined the anisotropy in
fracture permeability. Shear displacement can affect fracture permeability anisotropy as discussed by Kim and Inoune (2003), Yeo et al. (1998), and Auradou et al. (2005)
by analytical, experimental, and numerical (on self-affine
generated roughness) approaches, respectively.
To simulate the fluid flow in realistic fracture geometries, it is possible to characterize fracture topography
by optical (Ameli et al., 2013), confocal laser scanning
(Chae et al., 2004), or X-ray computed tomography (CT)
(Crandall et al., 2010a). Nazridoust et al. (2006), Crandall et al. (2010b), and Rasouli and Hosseinian (2011)
apply computational fluid dynamics techniques for 2D
simulation of the fluid flow in fractures on CT-scanned
geometries.
In this paper, the fluid flow in a realistic 3D fracture
geometry (measured by laser profilometry on a tensile
generated fracture) is simulated in two perpendicular
directions to obtain the effect of roughness on fracture
permeability and the anisotropy in the fracture permeability. The theory of 3D fluid flow simulation in a
smooth fracture is followed by the measurement of
fracture roughness and fracture permeability. Finally,
the 2D and 3D fluid flow simulations are discussed.
Theory
Equations of motion for Newtonian fluids with constant density and viscosity are given as follows (Bird
et al., 2001):

ρDv∕Dt ¼ −∇p þ μ∇2 v þ ρg;

where ρ is the fluid density, t is the time, v is the velocity, p is the pressure, μ is the fluid viscosity, and g is the
gravitational acceleration. Because there is only flow in
the x-direction in the parallel-plate scenario and with
the assumption of fully developed laminar flow of incompressible fluid, infinite fracture height and neglecting gravitational forces, equation 2 can be reduced to
equation 3. Velocity is maximum at the center of the
flow profile (z ¼ 0). Moreover, applying a no-slip boundary condition at the upper and lower surfaces of the
fracture, velocity profile can be obtained by equation 4:
 2 
1 ∂p
∂ vx
¼
;
(3)
μ ∂x
∂z2
 2 

Δp 2
w
z −
vx ¼
:
2μL
2

(4)

The no-slip boundary condition is applicable in
water-wet rocks, but it is not applicable in oil-wet fractures as discussed by Lee et al. (2013). Because it is assumed that velocity does not change in the y-direction,
the integral of the velocity over the cross section provides equation 5 known as the cubic law. The flow rate
can be also calculated from Darcy’s law in equation 6.
Consequently, fracture permeability (equation 7) can be
calculated by combining equations 5 and 6:
w∕2
Z

vx dz ¼ −

q¼h
−w∕2

q¼−

hΔp w3
;
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(5)
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;
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;
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(7)

kf ¼

 2

1 ∂p
∂ vx ∂2 vx
¼
þ 2 :
μ ∂x
∂y2
∂z

(2)

where A is the cross-sectional area of flow and kf is the
fracture permeability.
One of the assumptions throughout the literature is
that the fracture height is infinite; thus, the velocity
merely changes with the fracture width. In other words,
the velocity is not a function of fracture height. However, as simulated numerically in Figure 3, the velocity
can change along the fracture height when the fracture
height is limited, such as in the laboratory core measurements. As a result, equation 3 should be modified
to equation 8 to accommodate the velocity change
along the fracture height:

(8)

To convert equation 8 to a Laplace equation, equation 9 can be used. As a result, equation 10 can be written
in the form of the Laplace equation with transformed
boundary conditions (Papanastasiou et al., 2000):
 2

−1 ∂p
w
2
vx ðy; zÞ ¼
− z þ vx0 ðy; zÞ;
2μ ∂x
2
 2 0

∂ vx ∂2 vx0
þ
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∂y2
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>
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>
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(9)

(10)

Equation 10 can be solved using the separation of the
variable method, which finally provides pressure loss in
a 3D fracture as presented in equation 11 (White, 1991;
Papanastasiou et al., 2000), and the approximating on
the series by its first term (j ¼ 1) will result in equation 12:
2
Δp3D ¼

∞
X



tanh
12qμL 6
192w
41 − 5
3
j5
π h j¼1;3;5
hw

jπh
2w

3−1
7
5 ;

(11)

Figure 3. Comparing the (b) velocity profile of the parallelplate theory (a) with the no-slip lateral boundary condition.
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Δp3D

 −1

12qμL
192w
πh
¼
:
1 − 5 tanh
2w
π h
hw3

(12)

A comparison of the 3D solution in equation 12 with
the classical parallel-plate solution in equation 5 is provided in Figure 4. The effect of the lateral boundary condition is negligible when the fracture aperture is small
and the fracture height is large. However, neglecting
this effect in the simulation of the fluid flow in a fracture
within a core sample with a small fracture height can
introduce some error depending on the fracture aperture. The pressure loss is 20% higher in 3D modeling
(incorporating lateral effect) when the fracture heightto-length is 0.5 (as it usually is in experimental studies)
and the fracture aperture is 10 mm as shown in Figure 4.
The Reynolds number provided in equation 13 is
used to check the flow regime in fractures simulated

Figure 4. Comparing the pressure loss calculated by the parallel-plate theory in equation 5 with the no-slip lateral boundary condition in equation 12.

Figure 5. Topography of the bottom surface of the fracture
measured by the laser profilometer.
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as parallel plates (Ranjith and Darlington, 2007; Ranjith
and Viete, 2011). However, one should consider that the
transition to a turbulent flow occurs at a much lower
Reynolds number (Re) than on smooth surfaces when
there is roughness in the fracture. The roughness also
impacts the entrance length for the fully developed regime of the fluid flow in fractures:
Re ¼

ρq
.
μw

(13)

Fracture roughness measurement
A central fracture was created by applying the Brazilian test on an igneous core sample with density of
2957 kg∕m3 . The two surfaces of the created fracture
were scanned using a laser profilometer. The vertical
resolution of the profilometer was 0.0001 mm, and the
areal resolution was set to 0.5 mm. The topography of
the bottom surface of the fracture is depicted in Figure 5. The fracture asperity varies up to 4.5 mm with a
valley almost in the middle. The frequency of the asperities’ position is given in Figure 6. The measured upper
surface of the fracture does not completely match the
lower surface (Figure 7). Therefore, in the simulations,
we define the “unmatched” fracture or surface when the
measurements of the top and bottom surfaces are used
to create numerical fracture geometry. On the other
hand, we define “matched” surfaces when the fracture
geometry is created by using the surface topography
of the bottom surface for the bottom and top surfaces.
Fractures can be completely closed in the case of
matched surfaces, but there are points of contact in the
unmatched surfaces that prevents the complete mechanical closure of the fracture as shown in Figure 7.
Experimental measurement of fracture permeability
After obtaining the fracture roughness, an experimental flow test was conducted on the core sample.
The core sample was held in a cell to apply hydrostatic
confining pressure as shown in Figure 8. The piston in

Figure 6. Frequency of the fracture topography.

at the designated pore pressure. The pressure is measured at the inlet and outlet of the core sample with
0.02-MPa fluctuations. Because the matrix permeability
of the sample is in the range of nanodarcy (approximately 10−21 m2 ), the measured flow is going through
the fracture and the effect of the matrix is negligible. To
calculate the effective stress, confining pressure was
subtracted from the pore pressure assuming the effective stress coefficient to be one. Applying the Darcy
equation, fracture permeability was calculated at different effective stresses as shown in Table 1. It should be
noticed that the core inlet cross-sectional area was applied in the Darcy law
to obtain the permeability; thus, the
calculated value is referred to as mean
permeability (Jones, 1975). Fracture permeability can be obtained by applying
the fracture inlet area into Darcy’s law,
or it can be obtained when the mean
Figure 7. The created fracture geometry. Because the top and bottom surfaces
permeability is divided by the fracture
are not similar, this fracture is referred to as unmatched. There are points of
contact in unmatched fractures, which avoid complete mechanical closure of
porosity. Usually, the fracture porosity
a fracture. When both surfaces are similar, the fracture is referred to as having
is extremely low, which makes it chalmatched surfaces.
lenging to accurately measure it. In the
“Comparing experimental and numerical
results” section, however, the fracture porosity is calculated by comparing the experimental and numerical
results. Consequently, the fracture permeability is estimated.
There is a good correlation (R2 ¼ 0.98) between the
mean permeability and the logarithm of effective stress
(Figure 10). Initially, there is significant reduction in
permeability probably due to the reduction in the fracture aperture. At higher stresses, the asperities of the
top fracture surface and the bottom surface have already
contacted each other. Therefore, the limited reduction
in permeability at higher stresses can be attributed to
Figure 8. Schematic of the experimental setup used in measthe asperities’ deformation. Due to the asperities’ limited
uring fracture permeability in this study. The blue shows the
contact points avoiding fracture closure, the fracture
fluid, which is flowing from the upstream reservoir (left)
permeability is several orders of magnitude higher than
through the fracture to the downstream reservoir (right).
the matrix permeability even at high stresses.
the left pump moves upward to apply the designated
flow rate, whereas the right piston moves down to receive the injected fluid at the applied flow rate. The flow
tests were conducted at several confining pressures at
a constant flow rate. The plot of injected volume as a
function of time at 7 MPa (megapascal) confining test
is shown in Figure 9. The slope indicates the designated
flow rate. The steady-state test was performed using
argon at a pore pressure of 5 MPa. Transient measurements of fracture permeability with water provide similar results; hence, the Klinkenberg effect was negligible

Table 1. Mean permeability at several effective stresses.
Confining
pressure
(MPa)

Figure 9. Pressure loss measured at a constant flow rate
under 7 MPa confining pressure to calculate the permeability.

7
10
15
20
30
40
50
60
75

Effective
stress
(MPa)

Flow
rate
(cc∕s)

Pressure
loss
(MPa)

Mean
permeability
(m2 )

2
5
10
15
25
35
45
55
70

1.35
1.19
0.92
0.70
0.51
0.36
0.28
0.28
0.13

0.24
0.31
0.27
0.31
0.34
0.37
0.37
0.41
0.41

8.9E − 15
6.1E − 15
5.4E − 15
3.6E − 15
2.4E − 15
1.5E − 15
1.2E − 15
1.1E − 15
5.0E − 16
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Numerical generation of fracture geometry
The fracture geometry was discretized for the
numerical fluid flow simulation. The 3D geometry of the
unmatched surfaces and the boundary conditions of the
problem are illustrated in Figure 11, and the 2D geometry of a matched surface is depicted in Figure 12. Due

to computational limitations, the fracture apertures in
these simulations are in the range of 0.5–10 mm, and
the simulations do not include the asperities’ contact.
Therefore, the simulations are merely based on fluid dynamics in the fracture, the mechanical deformation of
the asperities is not included, and there is no proppant
in the fractures. The 2D and 3D simulations were conducted in the longitudinal (x) and transverse (y) directions.
The computational modeling was conducted on the
matching and unmatching surfaces at a constant flow
rate, and the pressure loss was obtained. Mean mechanical aperture is the physical distance between the top
and bottom surfaces of a fracture. The hydraulic aperture and fracture permeability were calculated according to equations 14 and 15. Because the inlet crosssectional area of the fracture (Af ) is used, the permeability obtained by the simulation is the true fracture
permeability (kf ):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
12qμL
3
w¼ −
;
(14)
hΔp

Figure 10. Decrease in the mean permeability as a function
of effective stress.

kf ¼ −

qμL
:
Af Δp

(15)

2D simulation of fluid flow in fracture
The fracture permeability calculated in 2D longitudinal flow as a function of the fracture aperture is
shown in Figure 13. The fracture permeability of unmatched and matched surfaces is lower than the analytical solution of the parallel-plate theory. The deviation
from the parallel-plate theory increases as the fracture
aperture decreases. The transverse fracture permeability
ky was calculated and compared with longitudinal fracture permeability kx . The results of 2D permeability
anisotropy (Figure 14) indicate that at high fracture apertures (more than 2 mm), the fracture permeability
Figure 11. The 3D geometry of the unmatched fracture and
anisotropy is constant, but the anisotropy increases as
the boundary conditions used as input in the numerical simthe fracture aperture decreases below 2 mm. The transulations.
verse fracture permeability is almost 45% higher than the
longitudinal fracture permeability at the
mechanical aperture of 0.5 mm. The fracture permeability anisotropy is a linear
function of the mechanical aperture at
the lower aperture values; however, the
trend might change at lower apertures,
which are not studied here.
The hydraulic fracture aperture is
compared with the mean mechanical
fracture aperture in a 2D simulation
(Figure 15). The hydraulic fracture aperture is similar to the mechanical fracture
aperture when the mechanical aperture
Figure 12. The 2D geometry for flow in the x-direction of the matched fracture
is 10 mm. Therefore, the effect of frac(y ¼ 35.5 mm).
ture roughness is negligible if the fracST48 Interpretation / August 2015

Figure 13. The 2D fracture permeability for matched and
unmatched surfaces is lower than the parallel-plate fracture
(smooth) permeability.

ture aperture is high; hence, the cubic law is valid. But
the mechanical to hydraulic fracture aperture ratio increases as the fracture aperture decreases. The 2D studies required less computational time, but one of the
shortcomings of 2D modeling is that it cannot handle
the fracture closing points. For instance, if the fluid flow
is simulated when the asperities contact each other, the
hydraulic fracture aperture or the fracture permeability
approaches zero in the 2D simulation. But 3D modeling
does not have this shortcoming because the fluid flow
can channel around the asperity contact points.
A velocity profile of the 2D fluid flow in an unmatched fracture is shown in Figure 16. It is evident that
when the fracture aperture decreases, the impact of
roughness on velocity increases as the velocity is increased in the choke points. Therefore, the fluid flow
deviates more from the cubic law as the fracture aperture decreases.

Figure 14. Fracture permeability anisotropy from the simulation of 2D matched surfaces.

Figure 16. Velocity profile obtained from the numerical simulation in a 2D unmatched fracture.

Figure 15. Comparison between the mechanical aperture
and hydraulic aperture in a 2D simulation for the unmatched
surfaces.

Figure 17. A comparison of the mechanical aperture with
the hydraulic aperture in a 3D simulation of matched surfaces.
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3D simulation of fluid flow in fracture
The 3D simulation was conducted in the x- and ydirections in matching and unmatching surfaces. Hydraulic and mechanical fracture apertures for the 3D
simulation of the matched surfaces are depicted in Figure 17. The mechanical to hydraulic fracture aperture
ratio reaches 1.3 as the mean mechanical aperture decreases to 1 mm. The fracture anisotropy from 3D simulation is shown in Figure 18. The fracture anisotropy
increases as the mean mechanical aperture increases.

Figure 20. Calculation of the fracture aperture using the experimental data and simulation.

There is 45% anisotropy in the fracture permeability of
matched surfaces when the mean mechanical aperture
is 1 mm. The velocity profile of the longitudinal flow is
compared with the lateral flow in Figure 19. Velocity is
more uniform in the transverse flow (y-direction) than
the longitudinal flow (x-direction) causing anisotropy
in the fracture permeability.

Figure 18. Fracture permeability anisotropy obtained in a
3D simulation.

Figure 19. The 3D velocity profile of flow obtained from
numerical simulation of the unmatched fracture: (a) flow in
the x-direction and (b) flow in the y-direction.
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Comparing experimental and numerical results
Simulation of the fracture permeability was conducted at fracture apertures of more than 0.5 mm, which
is more than the apertures encountered in the experiment with applied confining stresses. On the other hand,
the experimental measurements require fracture porosity to convert mean permeability to fracture permeability, but fracture porosity data were not available. The
numerical and experimental data are integrated to obtain
an estimate of fracture permeability and porosity. In
Figure 20, different fracture apertures were assumed to
calculate the fracture permeability from the experimental mean permeability at a confining pressure of 7 MPa.
On the other hand, the fracture permeability from 3D
simulation of unmatched surfaces was extrapolated. The
intersection of these two linear curves was used to estimate fracture aperture with the assumption of linear
extrapolation. A fracture aperture of 20 μm is estimated;
thus, the fracture porosity of 0.07% is calculated. Consequently, the fracture permeability is 1.33 × 10−11 m2 at a
low confining stress.
Conclusion
The topography of a fracture, measured by a laser
profilometer, shows that the surfaces of the fracture
are rough; thus, they cannot be represented as parallel
plates assumed in the derivation of the cubic law. The
2D and 3D fracture geometries were numerically created and discretized for numerical simulation of flow
in such geometries. Because the fracture roughness
causes deviation from the cubic law, the hydraulic aperture is less than the mechanical aperture and fracture

permeability in the rough fracture is less than the fracture permeability calculated using the parallel-plate
theory. The deviation from cubic law increases as the
fracture aperture decreases. Fracture roughness causes
preferential flow paths or anisotropy in the fracture permeability. The anisotropy in the fracture permeability
increases as the fracture aperture decreases. The anisotropy in the fracture permeability reaches 45% in the
lowest simulated fracture aperture case.
The fracture permeability was also measured experimentally at several confining stresses. The simulation
and experimental results show that fracture permeability decreases as the effective stress increases. However,
the experimental and numerical simulation of the fracture show that the unmatching rough surfaces of the
fracture prevent complete mechanical closure of the
fracture in this igneous rock sample. From the integration of numerical and experimental data, the fracture
porosity and permeability were calculated.
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