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ABSTRACT

The present study evaluates aperture distributions and fluid flow characteristics for variously sized laboratory scale granite fractures
under confining stress. As a significant result, the contact area in the fracture plane was found to be independent of scale. By
combining this characteristic with the fractal nature of the fracture surfaces, a method for predicting fracture aperture distributions
beyond laboratory scale is developed. The validity of the method is revealed through reproduction of the results of the laboratory
investigation and the maximum aperture-fracture length relations, which have been reported in the literature. The present study
finally predicts conceivable scale dependencies of fluid flows through joints and faults (fractures without and with shear
displacement). Both joint and fault aperture distributions are characterized by a scale-independent contact area, a scale-dependent
geometric mean, and a scale-independent geometric standard deviation of the aperture. The contact areas for joints and faults are
approximately 60% and 40%, respectively. The changes in the geometric means of joint and fault apertures (um), e,,, join: and e,,
fauls With fracture length (m), /, are respectively approximated by e, join = 1x10%*! and Co, fault = 1x10°/*7, whereas the geometric
standard deviations of both joint and fault apertures are approximately 3. Fluid flows through both joints and faults are
characterized by the formations of preferential flow paths (channeling flows) with scale-independent flow areas of approximately
10%, whereas the joint and fault permeabilities (m?), Kjoins and ky,,, are scale dependent and are approximated as kjo;,, = 1x10712/02
and Ky, = 1% 107871 respectively.

1. INTRODUCTION

Fluid flow and related transport characteristics in rock fracture networks are of critical interest in numerous engineering and
scientific fields, including effective recovery of target fluids, such as geothermal fluids, hydrocarbons, and potable water, as well as
safe isolation of hazardous materials. In analyzing fluid flows in fracture networks, discrete fracture network (DFN) model
simulations have broad applicability because they can naturally incorporate geometrical properties in fractures (fracture scale,
aperture, location, orientation, and density), and as a result can explicitly account for contributions of individual fractures to fluid
flow and transport phenomena (Long et al., 1982; Berkowitz, 2002; Neuman, 2005; Dreuzy et al., 2012). In the DFN models,
individual fractures are represented by pairs of parallel smooth plates having single aperture values (Jing et al., 2000; Min et al.,
2004). However, fractures have heterogeneous aperture distributions because the apertures are formed by pairs of rough surfaces
that are in partial contact with each other. Such a heterogeneous aperture distribution of rock fracture is precisely visualized using
X-ray CT at atmospheric pressure or under confining stress (Watanabe et al., 2011a, 2011b, and 2012). Fluid flows through
fractures have long been recognized to be characterized by the formation of preferential flow paths (i.e., channeling flow) (Brown,
1987b and 1989; Pyrak-Nolte et al., 1988; Brown et al., 1995; Brown et al., 1998; Watanabe et al., 2008; Nemoto et al., 2009;
Talon et al., 2010). The occurrence of channeling flows within fractures was examined through field investigations at the Stripe
mine in Sweden (Abelin et al., 1985; Tsang and Neretnieks, 1998). Therefore, in the next generation of fracture network model
simulators, for better understanding of fluid flow and transport phenomena, explicit consideration of the formation of 3-D
preferential flow paths (i.e., 3-D channeling flow) in fracture networks is desirable.

In order to address this concern, the authors have recently developed a novel 3-D fracture network model simulator, namely
GeoFlow, in which fractures are characterized by 2-D heterogeneous aperture distributions (Ishibashi et al., 2012). GeoFlow is a
hybrid DFN and continuum model simulator to consider combination of fractures having aperture distributions and the matrix, and
its availability to analyze 3-D channeling flow in a fracture network has been demonstrated in a laboratory multiple-fracture flow
experiment. The limitation of conventional fracture network model simulations and the importance of considering 3-D channeling
flows have been clarified. In applying GeoFlow or other simulators, which can consider the impact of 3-D channeling flow, to
practical field-scale problems, it is required to understand aperture distributions and resulting fluid flow characteristics for fractures
beyond the laboratory scale.

Based on the fluid flow experiments and field investigations, Witherspoon et al. (1979) and Raven and Gale (1985) reported that
the scale of the rock fracture may influence its permeability, although their results are inconsistent. Matsuki et al. (2006), on this,
suggested that experimentally determining the scale dependency for the permeability of a fracture is difficult because individual
samples have unique aperture layouts. Therefore, they investigated the scale dependencies in the aperture and the permeability of
fractures both with and without shear displacement using numerically created fractures. Their results have significant advantages in
that their investigations were systematic. However, the effect of confining stress on the fracture flow characteristics is not strictly
introduced in their evaluation because they assumed constant mean apertures. Furthermore, they never compared the absolute
values of the aperture and the permeability with those for actual rock fractures. Thus, predicting the flow characteristics of rock
fractures that include natural and artificial fractures remains difficult.
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The objectives of the present study are to investigate fluid flows through aperture distributions of fractures of various size under
confining stress in the laboratory and to obtain insight into the scale dependencies of the aperture distribution and the resulting fluid
flow characteristics beyond laboratory scale, based on laboratory investigations. The present study first evaluates aperture
distributions and resulting fluid flow characteristics for granite fractures of up to 0.2 m x 0.3 m at confining stresses up to 30 MPa.
Either no shear displacement or a 5-mm shear displacement is assigned the each of the scaled fractures. A novel method by which
to predict fracture aperture distributions beyond the laboratory scale is developed based on the evaluations of the present study.
This method is verified through the reproduction of the results obtained in the laboratory investigation, as well as the maximum
aperture-fracture length relations, which have been reported in the literature, for natural fractures. Finally, the present study predicts
conceivable scale dependencies of aperture distributions and fluid flow characteristics of subsurface fractures, such as joints
(fractures without shear displacement) and faults (fractures with shear displacement).

2. METHODS
2.1 Evaluation of Fracture Aperture Distributions and Fluid Flows on the Laboratory Scale

The fracture aperture distribution under confining stress and the fluid flow through the aperture distributions are determined using
data of the fracture surface topography and permeability, as described in the literature (Watanabe et al., 2008 and 2009).
Measurements of the fracture surface topography and permeability are, therefore, conducted on single fractures for scales of 0.05 m
%x 0.075 m, 0.1 m x 0.15 m, and 0.2 m X 0.3 m. These fractures are contained in cylindrical samples of Inada medium-grained
granite (Ibaraki prefecture, Japan), and the diameters and lengths of these samples are equivalent to the short and long side lengths,
respectively, of the rectangular fractures. The fracture is a tensile fracture induced by a wedge and has either no shear displacement
or a shear displacement of 5 mm in the radial direction. The shear displacement is created by the lateral offset of initially well-
mated fracture surfaces that are created in a cubic granite block and is maintained by fixing the fractured granite block with mortar
during coring. The surface topography is measured for each fracture before measuring the permeability under confining stress.
Two-dimensional distributions of surface height are measured in a 0.25-mm square grid system with a laser profilometer, which has
a height resolution of 10 pm and a positioning accuracy of 20 um. The data for surface topographies are used as input data for the
numerical determination of fracture aperture distributions and the fluid flows within the fractures by means of the permeability
matching method described later herein.

The permeability for each fracture is measured at confining stresses of 10, 20, and 30 MPa through a unidirectional fluid flow
experiment along the sample axis at room temperature. The rubber-sleeved fractured sample is subjected to confining stress
(hydrostatic pressure by water) in a pressure vessel. While distilled water flows through the sample at a constant flow rate, a
corresponding differential pressure between the inlet and the outlet is measured by a differential pressure gauge. The flow rate is
controlled by a water pump and confirmed by measuring the weight of the effluent using an electronic balance. Low pore pressures
of less than 5% of the given confining stress are used so that the effective confining stresses do not differ significantly from the
confining stress values. Since linear relationships between the flow rate and the differential pressure are observed for all given
conditions, the fracture permeability is determined for the sample with a negligible matrix permeability of from 107 to 10® m?
based on the cubic law (Witherspoon et al., 1980; Tsang and Witherspoon, 1981):
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where £ is the fracture permeability, and ¢, is the hydraulic aperture, which is described as follows:

e, = (_ M] , )
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where Q is the flow rate, AP is the differential pressure, u is the viscosity of the fluid, and L and W are the long and short side
lengths, respectively, of the fracture.

Based on the measurements of the fracture surface topography and permeability, 2-D aperture distributions of the fractures under
the confining stresses are numerically determined by computer through a permeability matching method, in which the pairs of
fracture surfaces are in contact with each other, so that the aperture distributions have the experimentally determined fracture
permeabilities. In this permeability matching, an aperture distribution with at least a single contact point is first created in the 0.25-
mm square grid system, and the apertures are decreased to simulate fracture closure due to confining stress. The apertures are local
separations between two opposite fracture surfaces in the direction normal to their mean planes. In decreasing the apertures, the two
fracture surfaces become close together and some asperities are overlapped. Overlapping asperities are assumed to be contacting
asperities (i.e., regions of zero aperture), and fracture surface deformations are not considered (Zimmerman et al., 1992; Matsuki et
al., 2006). The permeability of the aperture distribution is evaluated by simulating a unidirectional fluid flow in a 2-D (x-y) field
with the Reynolds equation for a steady-state laminar flow of a viscous and incompressible fluid (Brown, 1987b; Ge, 1997; Oron
and Berkowitz, 1998; Yeo et al., 1998; Sausse, 2002; Brush and Thomson, 2003; Jaeger et al., 2007):
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where e is the aperture, and P is the pressure of the fluid. The Reynolds equation is solved with a finite difference method under the
same boundary condition as that in the fluid flow experiment. In solving the Reynolds equation, the contacting asperities are
replaced with a negligibly small nonzero aperture of 1 um because the pressure cannot be defined at zero aperture. Since the fluid
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flow simulation mimics the fluid flow experiment, the permeabilities for the aperture distributions are also determined using
Equations (1) and (2).

As described later herein, all aperture distributions obtained in the present study are characterized by a significant number of
contacting asperities (regions of zero aperture) and the skewed distributions of nonzero apertures with long tails, i.e., lognormal-
like distributions. Hence, the aperture distributions are evaluated based on the percentages of contacting asperities for all data points
(i.e., contact area), the geometric mean, and the geometric standard deviation of the apertures (nonzero values). In evaluating the
fluid flows resulting from the fluid flow simulation for the aperture distributions, the area of preferential flow paths in the fracture
plane is evaluated because the fluid flows are always characterized as channeling flows.

2.2 Prediction of Fracture Aperture Distributions and Fluid Flows beyond Laboratory Scale

The results of the laboratory investigation inspired the following novel idea of predicting the aperture distributions of beyond
laboratory-scale fractures under confining stress. The fractal nature of fracture surface topography is well known (Brown, 1987a;
Power et al., 1987; Kumar and Bodvarsson, 1990; Power and Durham, 1997). Based on the fractal nature, the fracture surface
topography can be numerically created (Brown, 1995; Glover et al., 1997 and 1998; Matsuki et al., 2006). Moreover, the fractal
nature has been confirmed to be valid for the natural fault roughness from the micro-scale to the continental scale (Candela et al.,
2012; Renard et al., 2013). Consequently, a method used to predict the fracture surface topography beyond the laboratory scale has
already been developed. Therefore, the only problem in predicting the aperture distributions of fractures beyond the laboratory
scale is how closely the two opposite fracture surfaces are situated under confining stress.

Fracture permeability, mean aperture, or contact area may be used to predict the aperture distribution under confining stress, as long
as their scale dependencies are clear and formulated. As described later herein, the scale dependencies of fracture permeability and
mean aperture are not clear in the laboratory investigation, which precludes the formulation of their scale dependencies. On the
other hand, the scale independency of the contact area has been suggested, and a novel method by which to predict the aperture
distributions of fractures from a laboratory scale to a field scale has been developed based on the fractal nature of the fracture
surface and the scale-independent contact area. In other words, the aperture distribution of a fracture of any size can be predicted by
simply placing the two fractal fracture surfaces in contact so that the fracture has the scale-independent contact area.

The method developed by Matsuki et al. (2006) is used in creating a pair of fractal fracture surfaces (upper and lower fracture
surfaces). Their method is a modification of the method of Brown (1995) or Glover et al. (1997 and 1998), so that the desired
degree of matedness of the two fracture surfaces can be considered. For creating the upper fracture surface, the fractal dimension of
the fracture surface, and the standard deviation of the fracture surface height, along a linear profile of reference length are required.
In contrast, the mismatch length scale and the ratio of the power spectral density (PSD) of the initial aperture with at least a single
contact point to the PSD of the surface height as a function of spatial frequency, R(f), are required in creating the lower fracture
surface having the desired degree of matedness with the upper fracture surface. In the present study, the representative parameter
values are computed for the fracture surface topographies of the 0.2 m % 0.3 m surface, providing a fractal dimension of 2.3, a
standard deviation of 1.3 mm for a reference length of 0.2 m, and a mismatch length scale of 0.7 mm. In addition, the ratio of the
PSD of the initial aperture to the PSD of the surface height is approximated by:

R( f) _ e{—6.5x10*3-(1n £)=2.9x107"(In £)?+2.2x107"(In £ )+5.5x1 0"}' )

With these parameter values, pairs of surface topographies of square fractures on a 0.25-mm square grid system are numerically
created on a scale of from 0.05 m x 0.05 m to 0.6 m x 0.6 m. Aperture distributions having a scale-independent contact area are
then determined and evaluated as described earlier herein. Then, the fluid flows through the predicted aperture distributions are
determined and evaluated. The present study essentially provides results for factures beyond the laboratory scale, because even the
present maximum fracture size is too large to experimentally determine its aperture distribution and corresponding fluid flow under
confining stress.

3. RESULTS AND DISCUSSION
3.1 Channeling Flows through Heterogeneous Aperture Distributions of Laboratory Scale Fractures

The results of the permeability measurement for the laboratory scale fractures reveal different changes in permeability with fracture
scale between the fractures with and without shear displacement (Figure 1). Note that the scales for the rectangular laboratory-scale
fractures in the following figures are represented by the shorter side lengths. For the case of a fracture without shear displacement,
the permeability, which has a lower value at a higher confining stress, increases with the fracture length from 0.05 m to 0.1 m and
decreases with the increase in the fracture length from 0.1 m to 0.2 m at all given confining stresses. Consequently, the permeability
for the fracture without shear displacement shows no clear scale dependency. On the other hand, the permeability of the fracture
with shear displacement, which is much higher than that of the fracture without shear displacement, increases with the fracture
length, where no significant change in permeability with confining stress is observed.



Watanabe et al.

1 0 T T T T T
—
N -8
E 107 F E Fracture without shear disp.
-
a A 10MPa
:*? 6 @® 20MPa
5 10°k Jo i B 30MPa
8 Fracture with shear disp.
S 10 10 MPa
S 10 F E O 20MPa
8. O 30MPa
9_') 1 0»11 | .
2 - .
© [ L]
ey ] . °
L 10™F [ 4
107" : ' :

1 1
000 005 010 015 020 025  0.30
Fracture length (m)

Figure 1: Changes in the fracture permeability with fracture length for real laboratory-scale fractures with no shear
displacement and with a shear displacement of S mm at confining stresses of from 10 to 30 MPa.

Based on the measurements of the fracture permeability and surface topography, the fracture aperture distribution and the
corresponding fluid flow are numerically determined for each given condition, indicating heterogeneous aperture distributions and
the resulting channeling flows for all conditions. Figure 2 shows the representative results for channeling flows through the
heterogeneous aperture distributions for the laboratory-scale fractures. In this figure, the flow rate distributions shown in color scale
are superimposed on the corresponding aperture distributions, which are shown in gray scale. In Figure 2, the contacting asperities
are represented by the minimum apertures of 1 um for convenience, as described in Section 2.1. Moreover, the flow rates in each
figure are normalized by the maximum flow rate for each condition, and flow rates of > 0.01 (1% of the maximum flow rate) are
shown in the figure. The distribution of the colored points therefore maps the dominant flow paths within the aperture distribution,
because colorless points have negligibly small flow rates. As shown in the figure, in general, there are a significant number of
nonzero aperture points that have a negligible flow rate, which demonstrates the formation of preferential flow paths (i.e.,
channeling flow).

(a) Fracture without shear displacement (b) Fracture with shear displacement

shear displacement

<€ 02mx0.3m —>»
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100 10 102 100 100 102 107 107
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Figure 2: Representative results for the channeling flow within the heterogeneous aperture distribution of the real
laboratory-scale fractures (a) with no shear displacement and (b) with a shear displacement of 5 mm.

Histograms of the aperture are generally characterized by a significant number of contacting asperities (regions of zero aperture)
and the skewed distributions of regions of nonzero aperture with long tails, i.e., lognormal-like distributions, as reported in the
literature (Watanabe et al., 2008 and 2009). Therefore, the aperture distributions are evaluated by the geometric mean and standard
deviation of nonzero apertures and the percentage of zero apertures (contact area). Figure 3 shows the changes in the geometric
mean of apertures, referred to hereinafter as the mean aperture, and the contact area with the respect to the fracture length. Due to
the shear dilation, fractures with shear displacement generally have a large mean aperture. In addition, fractures without shear
displacement have a large contact area due to the high degree of matedeness of the fracture surfaces. The mean aperture of the
fracture without shear displacement, which does not change significantly with confining stress, increases with increasing fracture
length. On the other hand, the mean aperture of the fracture with shear displacement, which does not change significantly with
confining stress, first increases and then decreases with the increase in the fracture length. Since the mean aperture of the largest
fracture remains greater than that of the smallest fracture, the mean aperture of the fracture with shear displacement essentially
increases with increasing fracture length. The contact area of the fracture without shear displacement, which is slightly larger at
higher confining stress, decreases slightly with the increase in the fracture length. In contrast, the contact area of the fracture with
shear displacement, which does not change significantly with confining stress, increases slightly with increasing fracture length.
The geometric standard deviations are essentially constant (approximately 3) for all given conditions.
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Figure 3: Changes in (a) the geometric mean of aperture and (b) the contact area for the real laboratory-scale fractures
with no shear displacement and with a shear displacement of 5 mm at confining stresses of 10, 20, and 30 MPa.

The area of the preferential flow paths, referred to herein as the flow area, is calculated to evaluate the degree of channeling flow
(Figure 4). For all of the given conditions, the flow area is far from 100% of the fracture plane, demonstrating the difference
between reality and the fluid flow through a fracture modeled by parallel smooth plates. The fractures with shear displacement have
a rather large flow area, except for the largest fracture, and this trend does not change significantly with confining stress. In the case
of a fracture without shear displacement, the flow area is approximately constant throughout the tested fracture scales. On the other
hand, the flow area of the fracture with shear displacement decreases slightly with the increase in the fracture length.
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Figure 4: Changes in the flow area with the fracture length for the real laboratory-scale fractures with no shear
displacement and a shear displacement of 5 mm at confining stresses of 10, 20, and 30 MPa.

Based on the above-described results, the scale dependencies of the heterogeneous fracture aperture distribution and the channeling
flow therein are inferred as follows. For both fractures with and without shear displacement, the mean aperture increases with the
increase in the fracture length, as demonstrated herein. This scale dependency of the mean aperture may be true because the fractal
fracture surface has larger roughness at a larger fracture scale. In the laboratory scale, however, the mean aperture may not always

5



Watanabe et al.

increase significantly with the increase in the fracture scale, due to the self-affinity, rather than self-similarity, of the fractal fracture
surface. On the other hand, for both fractures with and without shear displacement, the contact area is virtually independent of scale.
In the present study, the contact areas of the fractures with and without shear displacement exhibit opposite changes with respect to
increasing fracture length. However, the changes in the absolute contact area are small and there is no reason for such opposite
changes for these fractures. As such, these changes in the contact area are not essential, indicating the scale independency of the
contact area. This concept has also been suggested in the literature (Witherspoon et al., 1979). The combination of the scale-
dependent mean aperture and the scale-independent contact area suggests that the fracture permeability either remains constant or
increases with the increase in the fracture length. In the case of a fracture without shear displacement, the permeability may remain
approximately constant with the increase in the fracture length because the increase in the aperture has little influence on the
permeability enhancement due to the large contact area. In contrast, for a fracture with shear displacement, the permeability may
increase monotonically with the increase in the fracture scale due to the small contact area.

As described herein, the laboratory investigation provides insight into the scale dependencies of the aperture distributions and
channeling flows for subsurface fractures. However, it is difficult to determine the scale dependencies due to the limited results for
a relatively small range of fracture scale in the laboratory investigation. Therefore, a method by which to predict fracture aperture
distributions beyond the laboratory scale has been developed based on the fractal nature and the scale-independent contact area of
the fracture surface and has been used to address the prescribed problem.

3.2 Validity of the Method for Predicting Fracture Aperture Distributions beyond the Laboratory Scale

Fracture aperture distributions of the square fractures with side lengths of 0.05 to 0.6 m and the corresponding fluid flows are
numerically determined by the prediction method, where the scale-independent contact areas of fractures with and without a shear
displacement of 5 mm are set to 42% and 59%, respectively. These values can be obtained by calculating the average of contact
area with respect to the fracture type, because the confining stress level has little influence on the contact area. Since the contact
area and the other characteristic parameters do not change significantly with the confining stress, in the present study, the predicted
aperture distributions and fluid flows can be considered to be representative of the fractures with and without shear displacement
under confining stress.

In order to evaluate the validity of the prediction method, the occurrence of channeling flows within the predicted aperture
distributions is first confirmed. In the same manner as in Figure 2, representative results for the aperture distribution and fluid flow
are shown in Figure 5. Visual comparison of the distributions between the predicted fractures and the real, laboratory-scale
fractures qualitatively reveals that the prediction method can reproduce the occurrence of a channeling flow within the
heterogeneous fracture aperture distribution. The channeling flow for the predicted fractures beyond the laboratory scale of > 0.2 m
x 0.3 m can also be observed, which suggests that this flow phenomenon generally characterizes the fluid flow through the rock
fracture, regardless of scale. Quantitative evaluation of the validity of the prediction method is then conducted, primarily through
the comparisons of two key parameters, namely, the mean aperture and the fracture permeability, between the predicted fractures
and the real laboratory-scale fractures (Figure 6). The values of the mean aperture and permeability for the predicted fractures are
generally in agreement with those of the real laboratory-scale fractures. Although relatively large differences are observed between
the predicted and real permeabilities for the fracture without shear displacement, the differences are consistent within an order of
magnitude. Moreover, the scale dependencies of the mean aperture and the permeability, which are observed in the laboratory
investigation, are properly reproduced by the prediction method. Therefore, for both fractures with and without shear displacement,
the mean aperture is expected to increase with the increase in the fracture length. In addition, the permeability of the fracture
without shear displacement is almost scale-invariant, whereas the permeability of the fracture with shear displacement increases
with the increase in the fracture length.

(a) Fracture without shear displacement (b) Fracture with shear displacement

Direction of
shear displacement

Normalized flow rate (-)
: 10-1 100
A e
Figure 5: Representative results for the channeling flow within the heterogeneous aperture distribution of the predicted
fractures (a) with no shear displacement and (b) with a shear displacement of 5 mm.
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Figure 6: Comparisons of (a) the permeability and (b) the geometric mean of aperture between the predicted and the real
laboratory-scale fractures with no shear displacement and with a shear displacement of 5 mm. The values for the
real fractures are determined at confining stresses of 10, 20, and 30 MPa.

As described above, the prediction method has been demonstrated to be valid for fractures created in the laboratory. However, the
validity of the prediction method for natural fractures is unclear. To address this concern, the maximum aperture-fracture length
relations are obtained for the predicted fractures and are compared to those for natural fractures (joints and faults) reported in the
literature (Cowie and Scholz, 1992; Vermilye and Scholz, 1995; Schlische et al., 1996; Schultz et al., 2008). Note that the
maximum aperture in the present study corresponds to the maximum displacement in the literature. Vermilye and Scholz (1995)
reported that the maximum aperture (m), e, and fracture length (m), /, are approximately related by the following formula:

n
e =a-l", 5)
where a is a pre-exponential factor related to rock properties or tectonic environments, and # is an exponent. In the case of a joint,
the maximum aperture ranges from 10 m to 10 m for a fracture length ranging from 10 m to 1 m, and the representative fit
curve is given as e, = 2.5x10°**® (Schultz et al., 2008). In contrast, in the case of a fault, the maximum aperture ranges from 10™*
m to 10° m for a fracture length ranging from 10~ m to 10° m, which results in a pre-exponential factor of between 0.001 and 0.1
and an exponent of 1.

Figure 7 shows the maximum aperture-fracture length relations for the predicted fractures, together with those for joints and faults
in nature. In addition to the results for the fractures with no shear displacement and a shear displacement of 5 mm, the results for
fractures with a constant ratio of shear displacement to fracture length are shown in Figure 7. In the present study, the results for the
fractures with and without shear displacement are compared to those for faults and joints, respectively. However, whether the
fractures with a shear displacement of 5 mm are suitable for the comparison remains unclear, because the shear displacement of a
fault generally exhibits a linear increase with respect to the fracture scale (Kanamori and Anderson, 1975). Consequently, a
constant ratio of shear displacement to fracture length is also used. Here, a relatively large ratio of 0.01 (1% of the fracture length)
is assumed because most faults are expected to experience multiple slips, rather than just a single slip. As shown in Figure 7, the
maximum aperture-fracture length relation for the fracture without shear displacement quantitatively coincided with that for the
joint (e, = 2.5% 10731°4%). Furthermore, the maximum aperture-fracture length relation for the fracture with a constant ratio of shear
displacement is quantitatively consistent with the middle relation for the fault (e, = 0.01/), whereas the maximum aperture-
fracture length relation for a fracture with a constant shear displacement is inconsistent with the relations for natural faults, which is
as expected. Thus, the prediction method has also been demonstrated to be valid for natural fractures (joints and faults).
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Figure 7: Comparison of the maximum aperture-fracture length relations between the predicted and the natural fractures.
The results are for the predicted fractures with two types of shear displacement: (1) a constant shear displacement of
5 mm and (2) a shear displacement that is a constant 1% of the fracture length. One of the linear curves, e, =
2.5x107/"%, corresponds to the relation of the joint, whereas the other linear curves correspond to the relations of
the fault (Schlische et al., 1996; Schultz et al., 2008).

3.3 Scale Dependency of a Channeling Flow through a Heterogeneous Fracture Aperture Distribution

Since the prediction method has been demonstrated to be valid for natural fractures, the present study finally discusses conceivable
scale dependencies of channeling flows through the heterogeneous aperture distributions of natural fractures, i.e., joints and faults.
Considering the above discussion, we assume that the prediction results for fractures without shear displacement are relevant to the
typical scale dependencies of joints, whereas the prediction results for the fractures with a constant ratio of shear displacement are
relevant to the typical scale dependencies of faults.

Figure 8a shows the changes in the mean aperture with the fracture length for both fractures with and without shear displacement,
which are hereinafter referred to as faults and joints, respectively. For both joints and faults, the mean aperture increases with the
increase in the fracture length, whereas the standard deviation is almost independent of scale and is approximately 3. The increase
in the mean apertures may have occurred because the fracture surface becomes rougher with the increase in the fracture length and
the contact area is a scale-independent value. The increase in mean aperture for joints and faults are linear on a log-log plot, and are
respectively approximated by

e =1x10*-7°", (©6)

m,joint
_ 3 707
em,ﬁmlt =1x10"-/ ’ ™)

where e, join and e, s are the mean apertures (um) of joints and faults, respectively, and [ is the fracture length (m). Both
equations have exponents smaller than unity due to the self-affine fractal nature of the fracture surface. In particular, the exponent is
very small for the joint, indicating the weak scale dependency of the mean aperture. The small exponent is due to the high degree of
matedness for the two opposite fracture surfaces.

Figures 8b and 8c show the change in permeability and flow area with fracture length for joints and faults. The permeabilities of
both joints and faults also increase linearly with fracture length on a log-log plot and are approximated by

K e =1x107%- 172, ®)
kfault :1)(10_8 'l].]’ &)

where kj,;,, and kj,,, are the permeabilities (mz) of joints and faults, respectively. For both joints and faults, the exponents for the
permeability are greater than those of the mean aperture. The permeabilities have stronger scale dependencies than those of the
mean apertures, because the local permeabilities are proportional to the square of the local apertures (i.e., local cubic law). However,
the pre-exponential factors and exponents in Equations 8 and 9 are smaller than those expected from Equations 6 and 7 with an
assumption of the parallel smooth plate model, where the fracture permeability is proportional to the square of the mean aperture.
This is because the flow area within a fracture is quite small due to the channeling flow, as shown in Figure 8c, which diverges
significantly from the assumption. Due to the significantly small exponent for the joint, the permeability is approximately constant
with respect to the fracture scale. Note that Equations 6 through 9 may be used to predict the fracture flow characteristics for a
confining stress of up to approximately 100 MPa. This constraint can be inferred from the study of Watanabe et al. (2008), who
showed that the change in the fluid flow characteristics of the fracture is relatively small with an increase in confining stress of
from 30 MPa to 100 MPa. In contrast, for both joints and faults, the flow area is virtually independent of scale and is approximately

8
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10% of the fracture plane. Considering the scale-independent contact area of approximately 60% for joints and 40% for faults, we
assume the existence of a noncontact area that does not contribute to the fluid flow for both joint and fault planes. The noncontact
areas (i.e., a stagnant area of fluid) of joints and faults, which are also scale-independent values, are estimated to be approximately
30% and 50%, respectively. The estimated flow area within the fracture plane corresponds well with the flow area evaluated
through field investigations (Abelin et al., 1985).
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Figure 8: Predicted typical changes in the (a) geometric mean of aperture, (b) the permeability, and (c) the flow area, all

with respect to the fracture length, for fractures with no shear displacement (joints) and fractures with a constant
ratio of shear displacement to fracture length (faults).
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4. CONCLUSIONS

We evaluated heterogeneous aperture distributions and resulting channeling flows for granite fractures of various sizes under
confining stress. As a significant result, the scale independency of contact area of the fracture was revealed, which, in combination
with the well-known fractal nature of the fracture surfaces, provides a novel method by which to predict fracture aperture
distributions beyond the laboratory scale. The validity of the proposed method was revealed through the reproduction of the results
in a laboratory investigation and the maximum aperture-fracture length relations, which have been reported in the literature, for
natural fractures (i.e., joints and faults).

Subsequently, for joints and faults of various sizes, representative aperture distributions and resulting channeling flows were
numerically determined under confining stress. The characteristics of the aperture distributions and the fluid flow were evaluated,
and the changes in the mean aperture and permeability with the fracture scale were formulated. Therefore, we can now predict
conceivable scale dependencies of channeling flows through heterogeneous aperture distributions from laboratory-scale to field-
scale natural fractures.

In summary, these results are essential to the design of fracture networks with scale-dependent heterogeneous aperture distributions
in the field scale. Such precise analysis of a fracture network will provide new insight into transport phenomenon within a fracture
network, which will have significant engineering and scientific applications, such as in the development of geothermal or
hydrocarbons reservoirs.
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