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1. INTRODUCTION

A large body of research that takes into consideration
the fracture geometry, such as the orientation, roughness,
aperture and connectivity, has contributed to the ability
to characterize the fluid flow in a fractured rock mass.
Initially, a parallel plate model with an impermeable
matrix was used [1-5]. This model is based on a cubic
law that implies that the flow rate is proportional to the
cube of the fracture aperture. A model composed of a
rough fracture’s surfaces with an impermeable matrix
has also been suggested [3,6-14]. This model takes into
consideration the partial contact areas along the fracture
walls that may result from roughness of the fracture. In
addition, several studies have used an equivalent porous
medium model [15-17]. This model was developed as a
solution to the difficulties that are associated with accurately
considering the fracture’s geometry. A dual porous medium
model that originated from the equivalent porous medium

was also proposed for the analysis of the permeability
characteristics along a fractured medium [18]. Recently,
a realistic fracture model that uses the real geometry of a
fracture and that simulates the permeability characteristics
has been suggested [1,7,19-24]. 

The results of the previous studies that were mentioned
above have shown that the permeability characteristics
change irregularly because of the fracture geometry.
Particularly in a rough rock fracture, the fluid flow occurs
as a selective flow, such as a channel flow that is dependent
on the fracture roughness. Therefore, a numerical analysis
of the permeability characteristics should include the
fracture geometry when possible. 

To acquire the geometric data of a fracture, many
researchers have used a profile gauge [25-34]. The
roughness pattern is usually represented using a fractal
dimension. In some cases, an epoxy consisting of a resin
and a fluorescent material is injected into the fracture to
observe the fracture roughness. Recently, several studies

To compute a permeability coefficient along a rough fracture that takes into account the fracture geometry, this study
performed detailed measurements of fracture roughness using a confocal laser scanning microscope, a quantitative analysis
of roughness using a spectral analysis, and a homogenization analysis to calculate the permeability coefficient on the micro-
and macro-scale. The homogenization analysis is a type of perturbation theory that characterizes the behavior of
microscopically inhomogeneous material with a periodic boundary condition in the microstructure. Therefore, it is possible
to analyze accurate permeability characteristics that are represented by the local effect of the facture geometry. The C-
permeability coefficients that are calculated using the homogenization analysis for each rough fracture model exhibit an
irregular distribution and do not follow the relationship of the cubic law. This distribution suggests that the permeability
characteristics strongly depend on the geometric conditions of the fractures, such as the roughness and the aperture variation.
The homogenization analysis may allow us to produce more accurate results than are possible with the preexisting equations
for calculating permeability. 
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have measured roughness using graphic techniques [35-
37]. These studies used an electronic microscope or a
video and digitized the roughness features to obtain the
roughness data. However, these methods are limited in
their measurement resolution or accuracy. This limitation
may cause the exclusion of small-scale roughness that
falls below the measurement resolution or the inaccurate
digitizing of the roughness pattern because of an operator
bias. These errors may lead to invalid results because of
measurement inaccuracies.

The purpose of the present study was to calculate the
permeability of a single fracture while taking the true
fracture geometry into consideration. The fracture roughness
was measured using a confocal laser scanning microscope
(CLSM). The CLSM can collect roughness data very
accurately with a high resolution. The roughness data that
were measured using the CLSM were quantitatively analyzed
using the Fourier spectral analysis. These data were used
to reconstruct a fracture model for numerical analysis using
a homogenization analysis (HA) method. The HA method
is a perturbation theory that was developed to characterize
the behavior of a microscopically inhomogeneous material
that involves periodic microstructures [38,39]. The HA
permeability coefficient was calculated based on the
local fracture geometry and the local material properties
(the water viscosity). The HA method considers flow
characteristics in both micro scale and macro scale by
introducing the incompressible Navier-Stokes equation.
The method calculates characteristic velocity and
characteristic pressure in a unit cell using a micro scale
equation, and then calculates the HA-permeability
coefficient. It draws a macro scale equation, namely the
HA-flow equation, by using the averaged material velocity
and the HA-permeability coefficient. 

2. DETAILED ANALYSIS OF THE FRACTURE
ROUGHNESS

2.1 Fracture Roughness
The specimens in the present study were composed

of Jurassic coarse-grained granite. These specimens were
collected from cores drilled in the Iksan area in the mid-
western part of Korea. The six core specimens, which
contained a single, fresh fracture that was parallel or
subparallel to the long axis of the core, were studied in
detail. They were referred to as GRA, GRB, GRC, GRD,
GRE, and GRF and were 5.5x11.0 cm in size (Figure 1).

The fracture roughness was measured using a confocal
laser scanning microscope (CLSM; Olympus OLS 1100)
to collect high resolution digital data on the surface
roughness (See Figure 1 in [40]). The CLSM has a high
level of resolution and contrast in the direction of the light
axis because of its confocal optics. This microscope offers
2-D and 3-D images and a variety of other features,

including improvements in the image quality, line width
and shape measurements.

The wavelength of the OLS 1100 that was used in the
present study was very short, as short as 488 nm. The
scanning method of this microscope is a light polarization
method that uses two galvano meter scanner mirrors. The
resonant galvano mirrors in this microscope enable high-
speed, high-resolution imaging of a wide area. The wide
field of view of this microscope makes it easy to locate the
desired observation position. The non-confocal observation
option produces images with large focal depths without
focal effects, whereas the confocal observation option
produces clear images with small focal depths [40].

In the present study, the sampling spacing was 2.5 µm
for the x- and y-directions. The highest level of resolution
of measurement for the z direction was 0.05 µm, which is
a higher resolution than those of the pre-existing methods.
To collect the 2-D roughness data, one scan line was
placed on the fracture’s surface along the long axis of the
fracture. The resolutions for the x- and y-directions were
fixed at 1,024 x 768 pixels (2.56 x 1.92 mm in area). In
the present study, the resolution for the z-direction was
10 µm because the difference in the roughness from the
highest peak to the lowest peak was large. Figure 2 shows
an example of a fracture roughness that was measured
with a CLSM that contained noise. 

2.2 Roughness Analysis using the Fourier Spectral
Analysis
Fourier spectral analysis was conducted to quantitatively

determine the roughness characteristics. The Fourier
transform distills complicated components into simple
frequency components and represents the magnitudes of
the analyzed frequencies. Therefore, it is possible to identify
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Fig. 1. Core Specimens used for the Measurements of
Roughness
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the composition of the frequency and to determine the
most effective frequency in the roughness data [40].

On the basis of the roughness data, the power spectra
were acquired using the fast Fourier transform (Figure 3(a)).
The power spectra |G(kn)| of the original data has an
exponential distribution, with high amplitudes in the low
frequency domain that gradually decrease in amplitude as
they approach the high frequency domain. The components
of the long wavelengths contribute to the determination
of the overall features of the fracture roughness, whereas
the high frequency components affect the small scale
roughness.

A noise reduction procedure is necessary to obtain
smoothed spectra from the roughness data (Figure 3(b)).

The present study performed noise reduction using Parzen’s
lag window. The Parzen window applies a weight to the
central part of the moving window in the frequency domain.
Therefore, this window has a smoothed peak at its center
and very narrow side lobes at the margins of the moving
window [40,41].

After the Fourier spectral analysis and the noise
reduction procedures were performed for all of the data
for each specimen, a reconstruction procedure of the
roughness geometry was performed using the influential
frequencies of all of the components of the frequency.
There was an abrupt point of change in the spectrum pattern
that was due to the remnant noise in the filtered spectrum
(Figure 3(c)). After the selection of the changing threshold

Fig. 2. An Example of the Roughness Measured using the CLSM (Left Part of GRD)

Fig. 3. Results of the Fast Fourier Transform for the Left Part of GRA (GRAL), (a) Noise-containing Spectrum, (b) Noise-reduced
Spectrum, and (c) Threshold of the Low Pass Filter



for the spectrum pattern, an overlapping cosine curve for
each frequency was drawn in the lower frequency area in
relation to the threshold. The overlapping cosine curve
represents a reconstructed smooth roughness pattern that
is without noise (Figure 4). The reconstructed roughness
was in agreement with the measured roughness data. The
reconstructed roughness features were used to develop
the fracture models for the analyses of the fluid flow along
a fracture.

3. THE HOMOGENIZATION ANALYSIS METHOD

For the calculation of the permeability coefficients
with the consideration of the detailed fracture geometry,
the present study introduced the homogenization analysis
(HA) method. The HA method was applied to the flow
problem with periodic micro-structures [38,39] (Figure 5).
For this problem, the Navier-Stokes equation was assumed
for the local flow field.

Let us introduce the local coordinate system y, which
is related to the global system, x, by y=x/ε. Here, ε is a
micro parameter. The following incompressible Navier-
Stokes flow field is introduced:

where V ε
i is the velocity vector with the shearing viscosity

η, P is the pressure, Fi is the body force vector, and Ωεf is
the water flow region in the global coordinate system.

An asymptotic expansion is introduced as follows:

where V α
i(x,y) and Pi(x,y) (α=0,1,…) are Y-periodic

functions, such as V α
i(x,y)= V α

i(x,y+Y) and Pi(x,y)=
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Fig. 4. Comparison of the Measured Roughness Data of
GRAL, which Contained Noise (Black) in Addition to the

Smoothed Roughness Data that were Filtered using a Low Pass
Filter (Red)

Fig. 5. Macro- and micro-scale concepts in the HA

(1)

(2)

(3)



Pi(x,y+Y), with the size of a unit cell Y. Because y=x/ε,
the differentiation changes to

Substituting Equations (3) and (4) into Equation (1) and
taking ε → 0 yields the following:

and

Similarly, Equation (3) gives

and

Next, a separation of these variables is introduced for
Equation (6) by

where vk
i(y) and pk(y) (k = 1,2,3) are referred to as the

characteristic velocity and the characteristic pressure,
respectively. Then, Equation (6) is changed into a PDE
of only y:

In a similar manner, the mass conservation law (7) is written
as

Equations (10) and (11) are referred to as the ‘micro scale
equations’ (MiSE) for the water flow problem.

Now, an averaging operation is introduced for Equation
(10), and the following, Darcy’s Law, is obtained using
the HA:

where Ṽ
0
i is the averaged velocity in the unit cell (|Y|, volume

of unit cell), and Kji is referred to as the HA-permeability.
It can be shown that Kji is symmetrical and non-negatively

definite. The same averaging is applied to Equation (8),
and the second term disappears because of the periodic
condition of V1

i. Therefore, the following ‘macroscale
equation’ (MaSE), called the HA-flow equation, is
specified:

The true pressure P and velocity Vi are calculated, in terms
of a first order approximation, by Equation (3) as

In the geotechnical engineering field, the following
empirical Darcy’s Law is commonly used:

where Ṽ 'i is the average velocity in the classical sense
(referred to as the seepage velocity), H is the total head,
P is the pore pressure, ζ is the elevation head, g is the
gravitational acceleration and ρ is the mass density of the
water, which is assumed to be constant because of its
incompressibility. Comparing this with Equations (13) to
(15), the correspondence

is found. Thus, the following relationship between the
HA-permeability Kjiand the C-permeability K’ji is specified:

Note that this C-permeability coefficient K’ji can be
compared with the conventional, experimental and
theoretical values. The validity of the HA-permeability
concept has been illustrated in previous works [38,42].

4. COMPUTATION OF THE PERMEABILITY
COEFFICIENTS OF THE ROUGH FRACTURE
MODELS USING A HOMOGENIZATION ANALYSIS

The C-permeability coefficients were computed using
several rough fracture models. The important objective of
the homogenization analysis was to understand the changes
of the permeability characteristics that are dependent on
the roughness patterns. The fracture models were constructed
with a consideration of the fracture roughness that was
analyzed using the fast Fourier transform. 

The HA permeability characteristics were determined
for various roughness conditions. For several types of
roughness features that were measured using the CLSM,
the upper fracture wall was displaced at intervals of 1 mm
in the shearing direction. This shear displacement was
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introduced for five stages, which resulted in various aperture
values along the fracture. The permeability coefficient
was calculated at every stage of this displacement. The
fracture models of each specimen are shown in Figure 6.
These models represent various roughness features and
apertures because of the displacement. Every model
exhibits different geometrical features at each stage of
the displacement.

The mean aperture values at each stage of the
displacement for all of the specimens are shown in Table 1.
The majority of the values indicate a positive proportional
relationship between the shear displacement and the mean
aperture value. However, the case of specimen GRC is
different. In this sample, the mean aperture value decreased
as the shearing displacement increased. This relationship
is due to the inclination direction of the fracture of GRC.

In other words, the fracture is inclined from left to right,
but the shearing is applied from right to left. 

The results of the C-permeability coefficients at each
stage of the shear displacement are shown in Table 2. It
was determined that the permeability coefficients were
irregularly ranged from 10-4 to 10-1 cm/sec, whereas the
coefficients of the previous parallel plate models were
uniformly distributed within a certain range. This difference
of permeability between this study and the parallel plate
models was due to complicated changes in the roughness
and the aperture values, which increased the shear
displacement in the current models. The relationships
between the square of the mean aperture, b2, and the
calculated permeability are shown in Figure 7. The
nonlinear relationship in Figure 7 indicates that the cubic
law was not suitable for the rough fracture case [43].

Fig. 6. Fracture Models of GRA Showing Various Roughness Features and Apertures at Each Stage. Exaggerated 100 Times in the
Vertical Direction. (a) 1st Stage, (b) 2nd Stage, (c) 3rd Stage, (d) 4th Stage, and (e) 5th Stage

Table 1. Mean Aperture Values of the Five Stages of Shear Displacement.

Shear disp.
(mm)

1.0

2.0

3.0

4.0

5.0

GRA

0.020

0.029

0.038

0.047

0.056

GRB

0.031

0.042

0.053

0.063

0.074

GRC

0.032

0.026

0.023

0.021

0.020

GRD

0.045

0.047

0.048

0.051

0.053

GRE

0.037

0.047

0.056

0.066

0.075

GRF

0.025

0.038

0.050

0.063

0.074

Mean aperture (cm)



49NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.1  FEBRUARY 2012

CHAE et al., Analysis of the Permeability Characteristics along Rough-Walled Fractures Using a Homogenization Method 

Table 2. Permeability Coefficients of the Five Stages of Shear Displacement for Each Specimen.

Shear disp.
(mm)

1.0

2.0

3.0

4.0

5.0

GRA

7.46E-03

2.28E-03

7.18E-03

1.79E-02

1.55E-01

GRB

1.67E-03

2.00E-03

7.79E-03

1.79E-03

1.67E-03

GRC

1.68E-01

4.67E-04

2.32E-04

1.91E-04

1.83E-04

GRD

1.43E-01

4.45E-01

7.60E-02

1.48E-03

5.94E-04

GRE

5.05E-01

2.35E-02

1.16E-01

5.09E-02

6.83E-03

GRF

5.31E-03

5.31E-03

4.16E-04

3.22E-03

1.76E-03

C-permeability coefficient (cm/sec)

Fig. 7. Relationship between the C-permeability Coefficients and the Aperture Square. (a) GRA, (b) GRB, (c) GRC, (d) GRD, (e)
GRE, and (f) GRF



Case GRD shows a negative relationship between the
mean aperture value and the permeability coefficient.
During the first stage of the displacement, the GRD case
was similar to the parallel plate model. However, this
model exhibited an irregular aperture distribution as the
displacement increased. At stage 5, the walls were close
to being in contact with one another at four points. This
geometry did not provide an effective conduit for water
flow along the fracture. Consequently, the permeability
coefficient was reduced, and a non linear relationship
was observed between the mean aperture value and the
permeability coefficient.

5. DISCUSSION

The distributions of the characteristic velocity, Vk
i, and

the characteristic pressure, pk, in the fracture models were
calculated using the FEM in the procedure to obtain the
permeability coefficient Kij. In the case of GRA, the
result of the permeability calculation indicates that the
characteristic velocity, Vk

i, and the characteristic pressure,
pk, were in agreement with the fracture geometry. Compared
with the fracture model of stage 1 for GRA, shown in
Figure 6, portions of the wide apertures had lower levels
of characteristic pressure than the adjacent parts (Figure 8).
The characteristic velocity also exhibited various directions
in the model. This variance indicates that there was a
turbulent flow of water induced by the rough fracture
geometry.

The purpose of this calculation in a unit cell is to
understand the distribution of the velocity and pressure
characteristic functions on a micro-scale. Only after these

calculations is it possible to understand the distributions
of velocity and pressure on the macro-scale and the micro-
scale. The trajectory of a fluid flow can be inferred in a
large rock mass. Therefore, the flow can be calculated
from the micro-scale to the macro-scale in rock fractures.

According to Chae et al. (2003) [43] and Chae (2004)
[42], the permeability coefficients that were calculated
using the rough fracture models and the parallel plate
models are very different. Therefore, it is impossible to
compute the accurate permeability coefficients without
thoroughly quantifying fracture geometry. Because the
fluid flow has different characteristics in a homogeneous
porous medium compared with along a rough fracture, it
is necessary to analyze the detailed fracture geometry to
identify the changes in the permeability characteristics
and to obtain accurate permeability coefficients [5,44-46].

To calculate more accurate permeability coefficients,
a new numerical method that is different from the empirical
equation based on the cubic law is required to analyze
the permeability characteristics of a rough fracture. In
particular, because the geometric condition of a fracture
changes irregularly, the fracture geometry should be
considered during the numerical analysis. On the basis of
these conditions, the homogenization analysis method is
suggested as an appropriate numerical method for the
analysis of fracture permeability. Because the HA method
considers the fracture geometry on the micro-scale and the
macro-scale, it is possible to understand the permeability
characteristics, including the local effect and the overall
influence of a fracture. Therefore, the HA method can
more accurately determine the permeability characteristics
for complicated fracture properties than can the previous
empirical equations.
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Fig. 8. Distribution of the Characteristic Velocity and the Characteristic Pressure in a Fracture Unit Cell. (a) Characteristic
Velocity of vk

x, (b) Characteristic velocity of  vk
y, and (c) Characteristic pressure pk



6. CONCLUSION

In the present study, the fracture roughness was
measured in detail using the CLSM. Using a Fourier
spectral analysis, the measured data were analyzed to
identify the effective geometrical characteristics. Low pass
filtered roughness profiles were reconstructed using the
effective frequencies. The reconstructed profiles were
applied to 2-D fracture models of permeability using the
homogenization analysis (HA).

To characterize the hydraulic conductivity, the
permeability along a single fracture was computed using
the HA method and the measured fracture geometry data.
Taking into consideration the change of the roughness
pattern along a fracture, the permeability coefficient was
calculated using the rough fracture models. The upper
wall was assumed to be displaced by shearing during the
five stages. The calculation results revealed various changes
in the permeability that depended on the roughness patterns
and the aperture values. The irregular distribution of the
roughness and the aperture along a fracture may introduce
a negative proportional relationship between the aperture
and the permeability coefficient, even though the mean
aperture becomes larger. This relationship clearly
demonstrates that the permeability characteristics are
very sensitive to the geometry of the roughness and the
aperture. The characteristic velocity and characteristic
pressure functions of the HA were also calculated in order
to understand the micro-/macro-properties of the fracture
permeability. The results of the HA-simulation were in
agreement with the fracture geometry.

On the basis of the above results, the homogenization
analysis method is suggested as an appropriate numerical
method for the analysis of fracture permeability. Because
the HA method considers the fracture geometry on the
micro- and macro-scale, this method can be used to
understand the permeability characteristics, such as the
local effect and the overall influence, of a fracture.
Therefore, the HA method can provide more accurate
results for the permeability characteristics of complicated
fracture properties than the previous empirical equations.
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