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Scaling up of single fracture using a spectral analysis and
computation of its permeability coefficient
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It is important to identify geometries of fracture that act as a conduit of fluid flow for characterization of
groundwater flow in fractured rock. Fracture geometries control hydraulic conductivity and stream lines in
a rock mass. However, we have difficulties to acquire whole geometric data of fractures in a field scale
because of discontinuous distribution of outcrops and impossibility of continuous collecting of subsurface
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data. Therefore, it is needed to develop a method to describe whole feature of a target fracture geometry.

This study suggests a new approach to develop a method to characterize on the whole feature of a target
fracture geometry based on the Fourier transform. After sampling of specimens along a target fracture from
borehole cores, effective frequencies among roughness components were selected by the Fourier transform on
each specimen. Then, the selected effective frequencies were averaged on each frequency. Because the
averaged spectrum includes all the frequency profiles of each specimen, it shows the representative
components of the fracture roughness of the target fracture. The inverse Fourier transform is conducted to
reconstruct an averaged whole roughness feature after low pass filtering. The reconstructed roughness
feature also shows the representative roughness of the target subsurface fracture including the geometrical
characteristics of each specimen. It also means that overall roughness feature by scaling up of a fracture.

In order to identify the characteristics of permeability coefficients along the target fracture, fracture
models were constructed based on the reconstructed roughness feature. The computation of permeability
coefficient was performed by the homogenization analysis that can calculate accurate permeability
coefficients with full consideration of fracture geometry. The results show a range between 10* and 107
cmy/sec, indicating reasonable values of permeability coefficient along a large fracture. This approach will be

effectively applied to the analysis of permeability characteristics along a large fracture

as well as

identification of the whole feature of a fracture in a field scale.
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INTRODUCTION

In general, fracture acts as a conduit of fluid flow
in a fractured rock. Fracture geometries, therefore, af-
fect permeability coefficients and stream lines in rock
masses. Therefore, it is necessary to characterize geo-
metric feature of the whole conduit of fluid flow.

There have been many researches related to the
measurement methods of fracture roughness and
aperture. In case of roughness, most of the measure-
ments have been conducted with a profilometer
(ISRM, 1978; Brown and Scholz, 1985; Keller and
Bonner, 1985; Durham and Bonner, 1993; Kulatilake
et al., 1995; Lee et al., 1990; Power and Durham, 1997;
Lespinasse and Sausse, 2000; Plouraboue et al., 2000;
Develi et al., 2001). Several researchers developed a
graphic techniques to measure fracture roughness
(Krohn and Thompson, 1986; Jesselle et al., 1995;
Maerz et al,, 1990). In recent, several equipments us-
ing laser beam have been used for the roughness
measurement (Huang et al. 1988; Brown, 1995; Chae
etal., 2003b).

For observation of apei‘ture, a resin, epoxy and

molten Wood's metal were injected into a fracture.
After consolidation of those materials, fracture was
sliced in several direction to measure aperture dis-
tribution (Gale, 1987; Gentier et al., 1989; Hakami and
Stephansson, 1993; Hakami and Barton, 1990;
Hakami, 1992; Persoff and Pruess, 1995). Besides the
above methods, X-ray tomography (Adler and
Thovert, 1999; Ichikawa et al., 2001), mercury in-
trusion porosimetry (Tsang and Hale, 1988), heli-
um-water drive method (Gash, 1991), light trans-
mission method (Glass et al, 1995; Persoff and
Pruess, 1995; Brown et al., 1998), and a confocal laser
scanning microscope (Chae et al., 2003a) have been
used to measure the apertures along fractures.

The measured geometry data should be treated ap-
propriately to identify geometric features such as
aperture and roughness effectively. The data must al-
80 be representative ones of the whole feature of the
geometry. Therefore, it is important to select a range
of measurement and to determine a threshold of scale
effect for an accurate analysis. Most of the methods
mentioned above, however, are performed in a labo-
ratory scale. In that case, local effect of a fracture
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might be emphasized than that of the whole fracture
in a field scale. However, it is very difficult to acquire
the whole data of fractures in a field scale because of
discontinuous distribution of outcrops and impossi-
bility of continuous acquisition of subsurface data.
Therefore, it is needed to develop a method to de-
scribe the whole feature of a target fracture geometry.

This study suggests a new approach to develop a
method to characterize on the whole feature of a tar-
get fracture geometry based on the Fourier transform
that has been usually applied for analysis of fracture
roughness. After sampling of fracture along a target
fracture from a drilled core, effective frequencies
among, roughness components were selected by the

Fourier transform on each specimen. The selected ef-

Fig. 1. The core specimens collected along a verti-
cal fracture.

Fig. 2. An example of fracture roughness

measured with a confocal laser
scanning microscope (left part of
GRA).
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fective frequencies were averaged, and then, they
were treated by the inverse Fourier transform to re-
construct the representative roughness feature of the
target fracture in a field scale. In order to identify the
characteristics of permeability coefficients along the
target fracture, fracture models were constructed
based on the reconstructed roughness feature. The
computation of permeability coefficient was per-
formed by the homogenization analysis that can cal-
culate accurate permeability coefficients with full
consideration of fracture geometry. This approach
will be effectively applied to the analysis of perme-
ability characteristics along a large fracture as well as
identification of whole fracture feature in a field scale.

ROCK SPECIMENS

The specimens are composed of the Jurassic
coarse-grained granite, which were collected from the
drilled cores at lksan area, the mid-western part of
Korea. Among the cores six specimens that contain a
single, fresh fracture parallel or subparailel to the
long axis of the core were studied in detail. The size is
5.5x11.0cm (Fig. 1). They were designated as GRA,
GRB, .., GRF. The rock specimens have the composi-
tion of a typical granite, containing mainly quartz,
feldspar, biotite and some mafic minerals.

Roughness patterns of the specimens were meas-
ured with a confocal laser scanning microscope(Fig.
2). The wavelength and the highest resolution in z di-
rection of the laser beam are 488mm and 0.05/m,
respectively. Therefore, it can acquire roughness data
with very high resolution in a digital format(Chae et
al., 2003b).

FOURIER TRANSFORM OF THE
FRACTURE ROUGHNESS

Fourier series and Fourier transform
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The Fourier spectral analysis was performed to
recognize influential components of the measured
fracture roughness. It can analyze complicated com-
ponents into simple frequency components repre-
senting the magnitudes of the analyzed frequencies.
Therefore, it is possible to identify the whole compo-
sition of frequency by the Fourier spectral analysis. If
a certain frequency of roughness data has larger mag-
nitude than those of others, the frequency component
contributes stronger to the composition of the whole
roughness pattern than other frequencies(Brown,
1987; Durham and Bonner, 1993; Plouraboue et al.,
2000). Based on the results of the Fourier spectral
analysis, the most effective frequency or the domi-
nant frequencies can be recognized among the rough-
ness data. In this study, one period of the signal was
assigned as the whole length of the scanning line of
roughness, that is, 60 mm in length.

A function f defined on (-L/2, L/2) can be written
in the discrete Fourier series if f is square integrable
and a set of discrete values {fm} is given as

N-1
fl@) ={fu) = ; Fo * exp(ik;mAz) (1)

where L is the length of the domain, Ax the
sampling interval, N the number of sampling da-
ta, k,=2m1/L the angular frequency, and

R 1 N—-1

are the Fourier coefficients. Note that f* implies
the complex conjugate of f Then the Fourier

spectrum | f; |, the power spectrum
1, =
Glk) =% | fi1? o
and the phase spectrum
— —1 ﬁn(fn)
¢n—tCLTL (— =~ )
Re(f,)
can be easily calculated corresponding to each
frequency k. (n=0,1,..,N-1). Note Re(f) is the real
part of f, and Im(f} is its imaginary part.
Recall that the mean value is f=f, and the

)

rH

mean power is calculated by
1 N—-1 1 N—-1 N
= M= Y N 1 /i | ? (parseval equation)
m=0 n=0

®)

B 2 .
Then the variance 0° is

, 1L -, 18T
0 =37 f m f iy n (6)
N % v 2
Since the autocovariance R; is given as
1
Ri= = fu fney )

its Fourier coefficients can be calculated as

N-1
R = (Y R)"
1N—1 A
1 .y
N 2 Fiewp (ko)

=151
so the power spectrum can be easily calculated
by Egs. (7) and (8). Note that the inverse relation
of Eq. (8) is given by the inverse Fourier trans-

formation:
N1

Ry= %nz::() | f. | exp (ik,jAx) ©)

If the Fourier spectral analysis is applied to the
measured data of roughness, it is possible to
identify the
dulations corresponding
Furthermore, if the dominant phase spectra are

characteristics of dominant un-

to these frequencies.

known, it is easy to reconstruct the original func-
tion f excluding the noise data.

The number of roughness data measured by
the confocal laser scanning microscope is 24,000,
and in order to apply the fast Fourier transform
(FFT), 8768 data with zero values are added, so
the total data number is 32,768 (=215). Because
the sampling interval Ax is 0.0025 mm, the fre-
quency f can be represented as

k k -E£ o

o= NAz = 32768 x 00025 82
Next the continuous forms of Egs. (1) and (2)

Ax—>0 and L —> o,

then the following Fourier and inverse Fourier

are considered. Let

transforms can be introduced:
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f=—m | i wemlite)

—< (), Blkz) ¢ W
=F1(f)
fie—e | f@em(-ik)

—< f(@), ¢ (k) > -
an

where ¢ (k,z) = exp(ikz)/\/2m provides the
Fourier basis.

Now the continuous form of the autocovar-
iance R(Z) corresponding to Eq. (7) is given by

R) =< flz)flx+£) >
= lim —/ L/Q z)flx+E)dx

The mean power is calculated by using the
Fourier inverse transformation as

RO) =<fla)’>
= lm = T / f(x

hm—/ (k)

(13)

_\Er C”*Cf (k)exp(kax)

11m — / dk f (k) f(—k)
:QW/_OOG(k)dIc

Here the power spectrum Gk) is defined by

N

G(k) = lm —LL%LE (14)
I—oo

and the following 8-function identity is used:

By introducing the Fourjer transform to Eq.
(13) the spectral representation of auto-correlation
function R(&) known as the Wiener-Khintchine's
theorem is obtained:

G(k) = F(R(£)), R(E) = F

This is because

FR(0) =< Fz) >= in E/L/Z

HG(k)) 1)

FRE) =—= [ ZR@ea:p(—ikx)dk

=
—= <) fo+o)

exp(—ik(x+&)déexp(ike) >
=< f(z)exp(ikz) > f* (k)

= lim -Z/ x )exp (tkx )dz f(k)
= in 2" (k)f(k)
= Gl(k)
The convolution of functions f and g is de-
fined by
ro@= | &fege-g

The Fourier transforms of the convolution is giv-
en by

F(f*g) = v2rnF(f)F(g)

=21 f g
P2 1

FFN ) == (PF (o)
Lo
ot 9

Based on the above procedure, spectral analysis
was conducted to identify the components of
roughness and to select effective frequency
among all the frequency components (Fig. 3).

(17)
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Fig. 3. Result of spectral analysis using the fast Fourier transform. 'L’ of each specimen

title meas left part, while 'R’ means right part of a specimen.
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Smoothing of the spectrum
i) Data window

For data smoothing a uniform interval b is set, so
that the average value of sample data in this interval
b can be calculated. The total smoothed data can be
obtained by moving the central point of b and by
averaging in the domain successively. This method is
called the moving average method (Ohsaki, 1976).
Let w(x) be a ‘'weight function” to make f smooth
w(x) is called the ‘data window’). The smoothed
f by the above moving average method under
the weight w(x) can be written as

fo)= [ dreu-g
— f@)*ule)

Recalling Eq. (18) its Fourier transform is given
by
F(f*w) = 2rF(f)F(w) (19
where the Fourier transform of w is calculated as

Mk) = F(w)
:7}2_; / O:Odww(ar)eﬁcp(—ikx) @)

For example if considering the rectangular
pulse such that

(18)

its Fourier transform is given by

1 :
W) == /  dresp(~ike)

1
Y (kb/2)

ii) Spectral window

Similar to the data window wi(x), the spectral
window W(k) can be introduced as:

Gk) = ‘/_o:odlﬁG(lﬁ)) Mk—k)
= G(k)* Wk)

where W(k) must be satisfied the properties

[ =1, i) = w—k)

This W(k) works as a band-pass filter, and the
band width b can be introduced by the variance
o* by

b= L (22)

0.2

21

Among the spectral windows such as rec-
tangular pulse, rectangular window, Barlett win-
dow and Parzen window that are mainly used in
the spectral domain, this study also used Parzen
window for smoothing of the spectrum, because
it has a smooth peak at the center and a very
natrow side lobe.

W(p) = Su (lbA) @)

The dispersion can be calculated as o* = 280u
/ 151

Since the band width b (the unit is cpmm cy-
cle per mm] in this study) is always inversely
proportioned to the given constant u (unit; mmy),
the band width becomes wide when the constant
u is small. Therefore, the data under smoothing
with narrow b become smoother.

iii) Lag window

Recall the spectral representation of the auto-
correlation function given by Eq. (15):
G(k) = F(R()), R(§)=F'(G(k))

Let us introduce this for the smoothed relation
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Calculating w(x) yields the followings:

(24)

Based on the above smoothing theory, noises of

the analyzed roughness spectra were reduced by the
Parzen window (Fig. 4).

Reconstruction of fracture roughness

According to the result of spectral analysis, the
power spectra of the roughness data represented neg-
ative exponential distribution. It has a pattern show-
ing high amplitudes in low frequency domain and
low amplitudes in high frequency one (Figs. 3 & 4). It
means that roughness patterns of the specimens
are mainly composed of components of long wav-
elengths.

Although spectral analysis and smoothing of spec-
trum were conducted, some noises are still remained
in high frequency domain. The authors selected a
threshold of spectrum pattern changing abruptly
meaning a low pass filter. Cosine curves of each low
frequency components determined by a low pass fil-

8% 9 7F FEIFY F5AF A 37

ter were overlapped resulting in reconstruction of
roughness using only influential frequencies among
all the components of frequencies (Fig. 5). The re-
constructed roughness patterns show smooth and
well matched features to the original roughness.

CONSTRUCTION OF AN AVERAGED
FRACTURE AND COMPUTATION OF
PERMEABILITY COEFFICIENTS

As explained in the previous sections, the Fourier
transform can identify influential components among
all the components of roughness. The inverse Fourier
transform also reconstructs roughness feature with
several influential components of roughness. In this
study, a method is suggested to recognize overall
geometric feature of a target fracture in a field scale
based on the theory of the Fourier transform.

The six specimens used in the study were partly
collected in drilled cores along a large vertical sub-
surface fracture in a site. The Fourier spectral analy-
sis and noise reduction were subsequently per-
formed on each specimen after detailed measure-
ments of fracture roughness with the confocal laser
scanning microscope. The smoothed spectra of each
specimen were averaged on each frequency compo-
nent (Fig. 6). Since the spectrum contains all the fre-
quency components, it is possible to consider that the
averaged spectrum shows the representative compo-
nents of roughness of the target fracture. The aver-
aged spectrum shows similar pattern of amplitudes
in low frequency domain. Because the feature of the
averaged spectrum is similar to that for each speci-
men, it indicates that the spectrum includes the over-
all components of each specimen. For the next step,
the inverse Fourier transform was conducted to re-
construct the averaged roughness after determination
of threshold of a low pass filter. The reconstructed
roughness also in cludes the overall characteristics of
each specimen (Fig. 7).

The meaning of this approach can be explained as
follows. In general, a fracture exposed on the surface
can be traced continuously, while it is impossible to
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Fig. 4. Result of smoothing of each spectrum using the Parzen window. 'L’ of each speci-
men title means left part, while ‘R’ means right part of a specimen.



=HEY E4E $8% 9 48 TESYH FrAF 4 39

o GROL @ GRDR

m“L %
10 j

10°

.

a "

0° 4
10* 4
107 E E
Tind L L L P e
W 10’ 10t 0t 0t 0° 10
k
, GREL ) GRER
10 - 10 . — . -
; b=005 b=005
10 10° El
10" 107 4
0 10 %
0 find E
10* 104 b
10° 10° F|
w0ty w0t ]
107 r 107} o
10° a1 L T r 10 L L . L
w0 10! 10 0 10* 10° 10° 10' 10t 10 10 10°
K k
(e) GRE
, GRFL
1
4
E
E
E
107 - L " et -
10° 10 10' 10 . 10 10 10°

Fig. 4. Continued.



40

=
ok
rH

61 . 6
E £
E s £
2 £

0 LN T T T T 1
10 20 30 40 50 60
Length(mm) Length(mm)
GRAL GRAR
104 10
QW 9
8 8
7 74
_. 64 64
E E
E 59 Es
b= £ ]
2 4] 2 4]
T B
34 34
2 24
’ i
o —r T T —— T 1 0 T T T T 1
10 20 30 40 50 60 o 10 20 30 40 80 60
Length(mmy) Length(mm)
GRBL GRBR
10
9
5
74
— 64 —_—
E £
£ s £
£ £
T T
3
2
1
Y L T T o T 1
0 10 20 30 40 50 60
Length(mm) Length(mm)
GRCL GRCR

Fig. 5. Comparison of the measured roughness data of each specimen which bear
noises (black) with the smoothed roughness data which were filtered by a
low pass filter (red).



=] [« 3] =
2HEY BMg §8%

B

Height(mm)

e T T L T T 1

0 10 20 30 40 50 60
Length{mm)

GREL

-]

Height(mm)

g

" v T
0 10 20 30 40 50
Length(mm)

GRFL

Fig. 5. Continued.

Height(mm)

Height(mm)

Height(mm)

oY 7E TEHYS TRAT 44

T T T
[+ 10 20 30 40 50 60

Length(mm)
GRDR
10+
g
8
74
6

— —r— ——
[ 10 20 30 40 50 60
Length(mmy}
10
9
8
7
o]
5
4
3
2
4 q
o7 T —— T T T d
10 20 30 40 50 60
Length{mm)



42

N

AT
001 -3
0.001 -~

00001 -

Power Spectrum |Cy

1E-005

1E-006 -

E07
1E:008 -

1 10 100 1000 10000 100000
Hamonics [cpmm}

Fig. 6. The averaged spectrum acquired from the
spectra of the six specimens. GRA: black;
GRB: green; GRC: yellow; GRD: brown;
GRE: blue; GRF: orange; Average: red.

6.0
50 -
40 v

30 A

Height(mm)

00 -
0 2 40 60
Length(mm)
Fig. 7. Averaged roughness reconstructed by the
inverse Fourier transform.

rhi

trace a fracture continuously in subsurface.
Therefore, many a case have limitation to obtain reli-
able geometric information of a fracture which is de-
veloped in the subsurface layers. However, if it is
possible to measure geometry of a target fracture
with a sufficiently accurate manner in a statistical
sense and to perform the spectral analysis of the geo-
metric feature, one can understand overall geometric
feature of the subsurface fracture in a large scale, The
approach will be effectively applied to the analysis of
permeability characteristics along a target fracture in
a field scale.

After construction of several fracture models based
on the reconstructed averaged roughness, the perme-
ability coefficients were obtained under various frac-
ture conditions by the homogenization analysis (HA).
The homogenization analysis can calculate accurate
permeability along a fracture with much consid-
eration of local fracture geometry, because it calcu-
lates micro scale permeability coefficient at homoge-
neous microscale, and then, computes a homogen-
ized permeability coefficient (C-permeability co-
efficient) at macro scale. Therefore, it is possible to
analyze accurate characteristics of permeability re-
flected with Jocal effect of facture geometry (Chae,
2003).

The fracture models are composed of six types
such as a parallel plate model and the models that
show changes of roughness patterns and aperture by
five stages of shear displacement(Fig. 8). The shear
displacement induced various roughness and aper-
ture distribution. As the results of the HA computa-
tion, the C-permeability coefficients have a range be-
tween 10 and 10° cm/sec (Table 1). Compared with
the C-permeability coefficients of each specimen
(Table 2), the calculated results indicate that the aver-
aged fracture models including overall geometric
characteristics of each specimen are reasonable in a
sense of field scale. The permeability coefficients do
not follow theoretical trend of the cubic law, Qocb3,
because the fracture models have rough fracture pat-
terns (Chae et al., 2003a). In consequence, one can ac-
quire a permeability coefficient along a fracture in-
cluding overall geometric characteristics in a field
scale with the above procedure.
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Fig. 8. Fracture models constructed based on the averaged roughness data. (a) parallel
fracture walls, (b) Tmm shear displacement, () 2mm shear displacement, (d) 3mm
shear displacement, (¢) 4mm shear displacement, (f) 5Smm shear displacement.
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Table 1. Permeability coefficients of the averaged fracture model on the five stages of shear displace-

ment for each specimen.

Displacement(mm)
O(parallel) 1 2 3 4 5
Permeabily coclfcent] o g3 551E0 1 4E-04 878504 14E03 2050
(cm/sec)
Table 2. Permeability coefficients of each specimen on the five stages of shear displacement.
Shear disp. C-permeability coefficient (cm/sec)
() GRA GRB GRC GRD GRE GRF
10 746E-03 1.67E-03 168E-01 143E-01 5.05E01 531E-03
20 228E-03 2.00E-03 467E-04 445E-01 2.35E02 531E-03
30 718E-03 7.79E-03 232E04 7.60E-02 116E-01 4.16E-04
40 179E-02 1.79E-03 191E-04 148E-03 5.09E-02 3.22E-03
50 1.55E-01 1.67E-03 183E-04 5.94E-04 6.83E-03 1.76E-03
CONCLUSIONS all the frequencies. Because the averaged spec-

The Fourier transform analyzes complicated
components of a signal into simple frequency
components showing the magnitudes of the ana-
lyzed frequencies. Therefore, it is possible to
identify the composition of frequency and the
most effective frequency in the roughness data.

Based on the theory of the Fourier transform,
this study suggests a method to recognize overall
geometric feature of a target fracture in a field
scale. It is possible to identify the geometric char-
acteristics of a fracture in a large scale when suf-
ficiently accurate measurements and the sub-
sequent spectral analyses are performed for sev-
eral fractures along the target fracture. The ac-
quired spectra of each specimen are averaged for

trum includes all the frequency profiles of each
specimen, the averaged spectrum shows the rep-
resentative components of the fracture roughness
of the target fracture. The inverse Fourier trans-
form is conducted to reconstruct an averaged
roughness after determining a threshold value of
low pass filter. The reconstructed roughness fea-
ture also includes the overall geometrical charac-
teristics of each specimen and shows a repre-
sentative feature of roughness of the target sub-
surface fracture.

The permeability coefficients under several frac-
ture conditions of the reconstructed averaged frac-
ture were calculated by the homogenization
analysis. The results show a range between 10™
and 10° cm/sec. They indicate that the averaged
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fracture models including overall geometric char-
acteristics of each specimen are reasonable one.
The approach will be effectively applied to the
analysis of permeability characteristics as well as
the fracture geometry in discontinuous fracture
rock masses.
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