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ABSTRACT 

In order to evaluate scale dependency in fracture flow 

under confining pressure, measurements of fracture 

surface topography at the atmospheric pressure and 

permeability at 30 MPa were conducted on granite 

samples containing different scaled fractures of 5 × 

7.5 (37.5) cm
2
, 10 × 15 (150) cm

2
, and 20 × 30 (600) 

cm
2
. Two kinds of fractures, mated and sheared 

fractures, were prepared for each scale. Moreover, 

fluid flows within aperture distributions of the 

fractures at the confining pressure were numerically 

determined using the data of fracture surface 

topography by matching numerical and experimental 

permeabilities. Based on the evaluation, scale-

dependency was predicted as follows. Regardless of 

the fracture scale, the fluid flow is always 

characterized by channeling flow within an aperture 

distribution with a significant number of the contact 

points (zero-aperture) and a log-normal like 

distribution of the aperture. Since the surface 

roughness increases and the contact point does not 

change significantly with fracture scale, aperture for 

both mated and sheared fractures increases with 

fracture scale, where the relationship between the 

geometric mean of aperture and fracture scale (area 

or length of the fracture) is linear on log-log plot, 

with the slope of less than unity. The geometric 

standard deviation of aperture has no scale 

dependency. Despite of the scale dependency in 

aperture, permeability of mated fracture does not 

increase clearly with fracture scale, probably due to a 

small connectivity of the aperture. In contrast, 

permeability of sheared fracture increases with 

fracture scale, due to a large connectivity of the 

aperture that increases with fracture scale. Moreover, 

in case of a sheared fracture, the relationship between 

the permeability and fracture scale (area or length of 

the fracture) is linear on log-log plot, where the slope 

is less than unity.  

INTRODUCTION 

In fractured type of geothermal reservoirs, fracture 

networks are recognized as the predominant pathway 

of fluid. The discrete fracture network (DFN) model 

simulation, where a natural heterogeneity of the 

fracture network can be considered, has been one of 

the most effective ways to analyze fluid flow within 

fracture networks. In the DFN model simulation, 

fractures are, however, described by a pair of parallel 

smooth plates with a unique aperture [Jing et al., 

2000; Tezuka et al., 2000] despite the fact that a real 

fracture has a heterogeneous aperture distribution due 

to the rough surfaces. Consequently, the conventional 

DFN model simulation neglects the formation of 

preferential flow paths (channeling flow) within the 

aperture distribution [Neretnieks, 2006; Watanabe et 

al., 2008, 2009, and 2010].  

 

Therefore, in order to investigate channeling flow in 

a fracture network and its impacts on a development 

in a fractured type of geothermal reservoir, the 

authors developed a novel DFN model simulator, 

GeoFlow, in which fractures could have 

heterogeneous aperture distributions [Ishibashi et al., 

2009]. The detail of GeoFlow simulator was 

described in APPENDIX. With using GeoFlow, we 

tried to conduct fluid flow simulation for a granite 

sample containing two intersecting fractures under 

confining pressure (Figure 1a). Note that the aperture 

distributions within the two fractures were 

determined using fracture surface geometry data. The 

GeoFlow simulation clearly exhibited 3-D channeling 

flow in the network of fractures (Figure 1b), which 

cannot be addressed with the conventional DFN 

model simulators. The present GeoFlow simulation 

provided a flow rate distribution in unidirectional 

flow, from top to bottom in the figure. Even visual 

observation revealed that the flow rate of Port 4 for 

Fracture B was dominant, which well corresponded 

to the most remarkable findings in fluid flow 

experiment with multiple-fracture sample (Figure 1a). 



 

 

Thus, GeoFlow allows novel techniques for the 

investigation of 3-D channeling flow, especially in 

lab-scaled fracture network.  

 

 
Figure 1: (a) Multiple-fracture sample containing 

two intersecting mated tensile fractures 

(Fracture A and B), and (b) the fluid flow 

model of the sample, as represented by a 

distribution of flow rate for the 

unidirectional fluid flow from top to 

bottom, as derived by the GeoFlow 

simulation. 

 

However, the final goal in GeoFlow studies is the 

investigation of fluid flows in field-scale fracture 

networks. For this purpose, it is required to 

understand scale dependency in fracture flow under 

confining pressure. Although there were previous 

studies [Raven et al., 1985; Matsuki et al., 2006], the 

data on the scale dependency is limited and it is 

unclear how we should predict fluid flows within the 

heterogeneous aperture distributions of various sized 

fractures under confining pressure. The objectives of 

the present study are therefore to evaluate scale 

dependency in lab scale fracture flows under 

confining pressure in detail, and to discuss a method 

of the prediction based on the evaluations. 

METHODS 

In order to evaluate scale dependency in fracture flow 

under confining pressure, measurements of fracture 

surface topography at the atmospheric pressure and 

permeability at 30 MPa were conducted on granite 

samples containing different sized fractures. 

Moreover, fluid flows within aperture distributions of 

the fractures at the confining pressure were 

numerically determined based on the measured data. 

 

Granite samples, which contained different sized 

single fractures of 5 × 7.5 (37.5) cm
2
, 10 × 15 (150) 

cm
2
, and 20 × 30 (600) cm

2
, were prepared (Figure 2) 

by the following method. First, a tensile fracture was 

created in a cuboid of Inada granite (Ibaraki, Japan) 

using a wedge. The fractured granite was then fixed 

with mortar so that the fracture was either a mated or 

a sheared fracture. The sheared fracture was given a 

shear displacement of 5 mm in the direction of the 

sample radius. Finally, the fractured granite was 

cored and cut to the prescribed dimensions shown in 

Figure 2. 

 

 
Figure 2: Granite samples containing the different 

sized single fractures. 

 

A two dimensional (x-y) distribution of asperity 

height of the entire fracture plane was measured for 

all the fracture surfaces, in a 0.25-mm square grid 

system with Laser scanning equipment reported in 

Watanabe et al. [2008]. Moreover, in order to 

evaluate fracture surface roughness, the roughness 

coefficient (Z2) and the tortuosity (τ), were calculated 

by [Sausse, 2002; Watanabe et al, 2009], 
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where zi is the asperity height, ⊿x is the distance 

between adjacent data points, L is the direct linear 

length, and N is the number of the data points, with 

respect to a two-dimensional (x-z or y-z) profile. The 

roughness coefficient is defined as the root mean 

square of local slopes, which provides a measure of 

microscopic (grid scale) roughness, whereas the 

tortuosity is defined as the ratio of the length of the 

profile line to the direct linear length, which provides 

a measure of macroscopic (sample scale) roughness. 

 

After the measurement of fracture surface 

topography, unidirectional fluid (water) flow 

experiments along the sample axis were conducted on 

the samples at a confining pressure of 30 MPa. In 

these experiments, the flow rate through the sample 

and differential pressure between the ends of the 

sample were measured. Since the matrix permeability 

was low and a linear relationship between the flow 

rate and differential pressure was confirmed for all 

the samples, the fracture permeability (k) was 

calculated based on the cubic law assumption 

[Watanabe et al., 2008]; 
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where eh is the hydraulic aperture, which can be 

calculated from the following equation; 
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where Q is the flow rate, ⊿P is the differential 

pressure, μ is the viscosity of water, and L and W are, 

respectively, the apparent lengths of the fracture in 

the directions parallel and perpendicular to the 

macroscopic flow direction. 

 

Once data of the fracture surface topography at the 

atmospheric pressure and fracture permeability at a 

confining pressure are obtained for a fracture, a fluid 

flow within an aperture distribution of the fracture at 

the confining pressure can be determined by using 

the method reported in Watanabe et al. [2008]. 

 

The present fluid flow experiment can be simulated 

by the Reynolds equation for a steady-state laminar 

flow of a viscous, incompressible fluid within a two-

dimensional (x-y) aperture distribution that can be 

created by the data of fracture surface topography 

[Brown, 1987; Ge, 1997; Sausse, 2002; Brush and 

Thomson, 2003; Matsuki et al., 2006; Nemoto et al., 

2009; Watanabe et al. 2009]; 
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where e is the local aperture, μ is the viscosity of 

water (constant value in the present study), and P is 

the fluid pressure. Since solution of Eq. (5) under the 

same boundary condition with that in the experiment 

provides numerical permeabilities, which can be 

compared with the experimental permeabilities, fluid 

flows within aperture distributions of the fractures at 

30 MPa can be determined by matching numerical 

and experimental permeabilities through the fracture 

closing on a computer. 

 

For the aperture distributions of the different sized 

fractures, contact area (percentages of the zero-

aperture points, i.e. contact points, in the total data 

points), and a geometric mean and a standard 

deviation of the aperture (non-zero aperture) were 

evaluated. For the fluid flows (distributions of flow 

rate) within the aperture distributions, formations of 

preferential flow paths (channeling flows) were 

visualized. 

RESULT 

Figure 3 shows changes in the roughness coefficient 

and tortuosity with fracture size (area of the fracture 

in the present study). Both the roughness coefficient 

and tortuosity increased with fracture size. 

 

 
Figure 3: Changes in the roughness coefficient and 

tortuosity with fracture size. 

 

Figure 4 shows changes in the permeability with 

fracture size for the mated and sheared fractures at 30 

MPa. For the mated fracture, permeability increased 

with increasing in fracture size from 5 × 7.5 (37.5) 
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cm
2
 to 10 × 15 (150) cm

2
, and decreased with 

increasing in fracture size from 10 × 15 (150) cm
2
 to 

20 × 30 (600) cm
2
. Consequently, relationship 

between the permeability and fracture size was 

unclear for the mated fracture. In contrast, for the 

sheared fracture, permeability appeared to linearly 

increase with fracture size on log-log plot. Moreover, 

calculating the slope of the linear relationship, the 

slope was less than unity (approximately 0.4). 

 

Figure 5 shows fluid flows within aperture 

distributions of the different sized mated and sheared 

fractures at 30 MPa. Regardless of fracture size, the 

aperture distribution had a strong heterogeneity due 

to a significant number of contact points, which was 

represented as 1 µm-aperture in Figure 5, and a wide 

range of the aperture from micrometer to millimeter 

scale. As a result, for all the fractures, fluid flow 

occurred along preferential flow paths (i.e. 

channeling flow), which was represented as points 

having the flow rate greater than 1% of total flow rate 

in Figure 5. Moreover, tortuosity of the flow paths 

appeared to be greater for the mated fracture. 

 

 
Figure 4: Changes in the permeability with fracture 

size for the mated and sheared fractures 

at 30 MPa. 

 

 
Figure 5: Fluid flows within the aperture 

distributions for the different sized mated 

(a) and sheared (b) fractures at 30 MPa. 

 

As shown in Figure 6, histogram of the aperture was 

always characterized by a significant number of the 

contact points (i.e. contact area) and a skewed 

distribution of the (non-zero) aperture with long tail 

(i.e. lognormal-like distribution). Therefore, 

regardless of the fracture size, the contact area, the 

geometric mean and geometric standard deviation of 

the aperture were appropriate for characterization of 

the aperture distribution as reported in Watanabe et 

al. [2008 and 2009]. 
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Figure 6: Histograms of the aperture for different 

sized mated (a) and sheared (b) fractures 

at 30 MPa. 

 

Figure 7 shows changes in the contact area with 

fracture size for the mated and sheared fractures at 30 

MPa. For the mated fractures, contact area 

significantly changed (decreased) only with 

increasing in the fracture size from 5 × 7.5 (37.5) cm
2
 

to 10 × 15 (150) cm
2
, maybe due to a high degree of 

matedness of fracture surfaces for the smallest 

fracture. For the sheared fracture, the contact area 

appeared to increase with fracture size. However, the 

difference in contact area between the smallest and 

largest fractures was only 7%. Consequently, the 

scale dependency in contact area appeared to be 

insignificant for both mated and sheared fracture. 

 

 
Figure 7: Changes in contact area with fracture size 

for mated fracture and sheared fracture at 

30 MPa. 

 

Figure 8 shows changes in the geometric mean of 

aperture with fracture size for the mated and sheared 

fractures at 30 MPa. The geometric mean of aperture 

appeared to linearly increase with fracture size on 

log-log plot for both mated and sheared fractures. 

Calculating the slope of linear relationships, the 

slopes were less than unity (approximately 0.4 and 

0.3 for mated and sheared fractures, respectively), 

which was consistent with the field observation on a 

relationship between aperture and fracture length 

from centimeter to meter scales [Olson, 2003]. 

Although the fracture size is represented as area of 

the fracture in the figures of this paper, the linear 

relationship with the slope of less than unity can be 

confirmed even when using the length,   instead of 

the area. On the other hands, the geometric standard 

deviation of aperture was almost constant (3.2 and 

2.9 for mated and sheared fractures, respectively) 

throughout the fracture size. 

 

 
Figure 8: Changes in the geometric mean of 

aperture with fracture size for the mated 

and sheared fractures at 30 MPa. 
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DISCUSSIONS AND CONCLUSIONS 

Based on the results described above, the scale 

dependency in aperture distribution of the fracture 

under confining pressure can be predicted as follows. 

Regardless of the fracture size, the aperture 

distribution always has a strong heterogeneity due to 

a wide range of the aperture and a significant number 

of the contact points (Figures 6 and 7). Since the 

surface roughness increases with fracture size (Figure 

3) and the contact area has no significant scale 

dependency (Figure 7), the aperture increases with 

fracture size for both mated and sheared fractures. 

The geometric mean of aperture linearly increases 

with fracture size (area or length of the fracture) on 

log-log plot, where the slope of linear relationship is 

less than unity (Figure 8).  

 

On the other hand, the scale dependency in fluid flow 

of the fracture under confining pressure can be 

predicted as follows. Regardless of the fracture size, 

the fluid flow is always characterized by the 

channeling flow (Figure 5). Probably due to a low 

connectivity of the aperture by the large contact area 

exceeding 50% (Figure 7), as inferred by the tortuous 

preferential flow paths (Figures 5), the permeability 

of the mated fracture does not show clear increase 

with fracture size (Figure 4), despite the clear scale 

dependency in aperture (Figure 8). In contrast, with 

increasing in fracture size, the permeability of 

sheared fracture increases which corresponds to the 

aperture increases (Figures 4 and 8), probably due to 

a high connectivity of the aperture by relatively small 

contact area (Figure 7), as inferred by less tourtuouity 

in the preferential flow paths (Figures 5). In addition, 

the permeability linearly increases with fracture size 

(area or length) on log-log plot, where the slope was 

less than unity.  

 

The insignificant scale dependency in the contact 

area is a significant finding of importance, because 

this finding provides a method to predict fluid flows 

within aperture distributions in various scales through 

measurements of the surface topography and contact 

area for a lab scale fracture. Since fracture surfaces 

have the fractal nature [Power et al., 1997; Matsuki et 

al., 2006; Ogilvie et al., 2006], surfaces of various 

sized fractures can be predicted on a computer based 

on the measurement of the surface topography on a 

lab-scale fracture [Brown, 1995; Matsuki et al., 

2006]. Consequently, aperture distributions of 

various sized fractures can be determined by closing 

a pair of numerical fracture surfaces to have the 

contact area of a lab scale fracture. This hypothesis 

will be examined in a future study, in order to 

investigate fluid flows within aperture distributions 

of much larger fractures. 

APPENDIX: GEOFLOW SIMULATOR 

We present here more detailed description of a novel 

discrete fracture network (DFN) model simulator, 

GeoFlow, for prediction of the 3-D channeling flow 

in a rock fracture network. In GeoFlow simulator, 

fractures are characterized by aperture distribution, 

rather than a unique aperture in the conventional 

DFN model simulator. A GeoFlow fluid flow 

simulation involves the following two main steps. A 

fracture network is first created in a 3-D analytic 

domain (i.e., the matrix) by mapping 2-D fractures 

with aperture distributions. The Darcy flow through a 

matrix element interface is then calculated for an 

equivalent permeability continuum. 

 

The fracture is a rectangular plane with dimensions 

of Li × Lj in i-j coordinate system, while the analytic 

domain was a rectangular parallelepiped space with 

dimensions of Lx × Ly × Lz in x-y-z coordinate system. 

The fracture is divided into Ni × Nj elements, where 

the fracture element is a rectangular cell with 

dimensions of Li/Ni × Lj/Nj, which has aperture value. 

The fracture is mapped in the x-y-z coordinate system 

by determining the coordinate of centroid and the 

direction of a specific pair of normal and tangent 

vectors for the fracture plane. 

 

The analytic domain is divided into Nx × Ny × Nz 

elements so that the matrix element is a rectangular 

parallelepiped cell with dimensions of Lx/Nx × Ly/Ny × 

Lz/Nz, followed by calculating a steady-state laminar 

flow of viscous and incompressible fluid for an 

equivalent permeability continuum. The Darcy’s law 

based fluid flow model is described as;  
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where A is the cross-sectional area, k is the 

permeability, μ and P are the viscosity and pressure 

of fluid respectively. To determine Darcy flow 

through the matrix element interface, a finite 

difference form of Eq. (7) is solved under given 

boundary conditions, in which use of the product, Ak, 

represented by the following equation, characterizes 

the GeoFlow simulation: 
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where wf,n and af,n are the width and aperture of nth 

fracture element intersecting the matrix element 

interface respectively, and Am and km are the area and 

permeability of the matrix part respectively. The 

calculation for fracture element is based on the local 



 

 

cubic law assumption [Ge, 1997; Oron and Brush and 

Thomson, 2003; Konzuk and Kueper, 2004]. 

Consequently, the permeability at the matrix element 

interface with fractures depends on both the fracture 

and the matrix permeabilities, whereas the 

permeability at the interface with no fracture depends 

only on the matrix permeability (Figure 9). 

 

 
Figure 9: Conceptual diagram of permeability at the 

matrix element interface. 
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