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ABSTRACT 

A three dimensional numerical modeling coupled with X-
ray Computed Tomography (CT) for fracture flow was 
applied to fractured granite core samples. One of the 
samples had an artificial single fracture, and the others had 
natural multiple fractures. A relationship between CT value 
and fracture aperture (fracture aperture calibration curve) 
was first obtained by X-ray CT scanning for a fracture 
calibration standard with varying fracture apertures (0.1-0.5 
mm). As a result, a linear relationship was obtained. With 
the fracture aperture calibration curve, three dimensional 
distributions of CT values of the samples were converted 
into fracture aperture distributions to obtain fracture models 
of the samples. Porosities of the fracture models could 
provide good agreement with experimentally determined 
porosities for all the samples. By using the fracture models, 
a fluid flow simulation was also performed with a local 
cubic law-based fracture flow model. Numerical 
permeabilities by the flow simulation were much higher 
than experimentally determined permeabilities of the 
samples. It was however possible to match the numerical 
permeabilities with the experimental permeabilities for all 
samples, by using a unique modification coefficient of 0.5 
for the fracture aperture in the fracture flow model. 
Although the X-ray CT scanning was performed at room 
temperature and pressure, it was expected that the 
numerical modeling had the possibility to provide insights 
into the heterogeneous nature of fracture flow, such as 
channeling in reservoirs, as well as porosity and 
permeability. 

1. INTRODUCTION 

For effective development of natural geothermal reservoirs 
and the Enhanced Geothermal Systems (EGSs), it is 
essential to understand fracture flow characteristics in the 
reservoirs. Field and laboratory studies have suggested that 
fluid flow through a rock fracture is very different from 
fluid flow through smooth parallel plates, due to channeling 
flow in a heterogeneous aperture distribution by rough 
surfaces (Cacas et al., 1990; Abelin et al., 1991; Dverstorp 
et al., 1992; Carmeliet et al., 2004; Johnson et al., 2006; 
Rowland et al., 2008; Watanabe et al., 2008l Nemoto et al., 
2009; Watanabe et al., 2009). When channeling flow occurs 
in a single fracture of granite, the area where flowing fluid 
exists is expected at only 5-20% at confining pressures of 
up to 100 MPa, with various features in the preferential 
flow paths (Watanabe et al, 2009). It is suggested that 

channeling flow should be evaluated to understand the 
reality of fracture flow in a reservoir. 

Because the aperture distribution can be affected by 
fracturing processes, stress conditions, water-rock 
interactions, and so on, a fracture flow analysis for a 
fractured rock core by the drilling is the most effective way 
to obtain insights into the heterogeneous fracture flow of 
the reservoir. However, naturally fractured rock cores, 
which often contain multiple fractures, are usually much 
more difficult to evaluate in terms of channeling flow. 
Although fracture flow analyses by numerical fracture 
models with heterogeneous aperture distributions are 
effective (Watanabe et al., 2008; Nemoto et al., 2008; 
Watanabe et al., 2009), a precise aperture determination is 
much more challenging for multiple fractures with existing 
methods. Because available rock cores of a reservoir are 
limited, it is required to develop a practical numerical 
modeling that is coupled with a non-destructive precise 
aperture determination. 

X-ray Computed Tomography (CT) has been one of the 
most effective non-destructive methods to analyze internal 
structures such as fractures in rocks, sometimes with fluid 
flow within them (Keller et al., 1995; Pylak-Nolte et al., 
1997; Johns et al., 1993; Coles et al., 1998; Keller, 1998; 
Keller et al., 1999; Montemagno and Pyrak-Nolte, 1999; 
Scavia, 1999; Bertels et al., 2001; Richard et al., 2001; 
Rangel-German and Kovscek, 2002; Hirono et al., 2003; 
Polak et al., 2003; Polak et al., 2004; Hirono, 2005; Cnudde 
et al., 2006; Liu et al., 2006; Yasuhara et al., 2006; Rebeiro 
et al., 2007; Zhu et al., 2007; David et al., 2008; Nakashima 
et al., 2008). In addition, previous studies have already 
shown the possibility of precise fracture aperture 
determination by using X-ray CT, sometimes with a 
fracture flow simulation with the apertures (Johns et al., 
1993; Keller et al., 1995; Pylak-Nolte et al., 1997; Keller, 
1998; Keller et al., 1999; Montemagno and Pyrak-Nolte, 
1999; Bertels et al., 2001). Consequently, a numerical 
fracture flow analysis with an aperture distribution by X-ray 
CT is one of the most favorable options for rock cores. 
However, the relevance of such kind of methods in previous 
studies had been unclear due to lack of quantitative 
evaluation of numerical results in light of independent 
experimental results, such as porosities and/or 
permeabilities. In addition, results for multiple fractures 
were very few. 

In the present study, we therefore focused on the feasibility 
of a precise three dimensional numerical modeling of 
fracture flow coupled with X-ray CT for a rock core to 
provide insights into heterogeneous nature of fracture flow, 
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such as channeling flow, in reservoirs. A third generation 
X-ray CT scanner, which provided relatively high voxel 
resolution of less than 1 mm3, was used for precise imaging 
of fractured granite core samples with an artificial single 
fracture or natural multiple fractures. Fracture models (i.e. 
aperture distributions) obtained by the CT images were 
evaluated by comparison of numerically and experimentally 
determined porosities of the samples. In addition, a fluid 
flow simulation was performed for the fracture models 
using a local-cubic law based fracture flow model. The 
fracture flow model was also evaluated by using the 
experimentally determined permeabilities of the samples. 

2. METHODS 

2.1 X-ray Computed Tomography 

2.1.1 Fracture Aperture Calibration 

To develop three dimensional models of fractured rock 
cores, it is needed to convert CT images of the rock cores 
into three dimensional fracture aperture distributions within 
them, using a fracture aperture calibration curve (Johns et 
al., 1993; Keller, 1998; Bertels et al., 2001). Therefore, we 
first scanned a fracture aperture calibration standard with 
known fracture apertures to prepare the calibration curve. 
We then scanned fractured rock core samples to obtain 
input data for the modeling. 

The X-ray CT scanning was performed at the Japan Oil, 
Gas, and Metals National Corporation Technology and 
Research Center (JOGMEC TRC), with the AquilionTM 
third generation scanner produced by Toshiba Medical 
Systems Corporation (Figure 1). The CT scanner provides a 
three dimensional distribution of CT values (a measure of 
X-ray attenuation), with a voxel resolution of 0.35 x 0.35 x 
0.50 mm3, within several minutes for the sample 
dimensions used in the present study. The parametric values 
of the CT scanner are summarized in Table 1. The 
parametric values were constant throughout all CT scans in 
the present study. 

 

Figure 1: The third generation X-ray CT scanner, the 
AquilionTM, of the JOGMEC TRC. 

The CT values at each voxel depend on densities of the 
materials. With increasing density, the CT values also 
increase. Because of this fundamental principle, we can 
detect the presence of a fracture as apparent density 
reduction, compared with the original density of the 
material, even if the fracture is smaller than the voxel. The 
apparent density reduction depends on the pore volume, 
which in turn depends on fracture aperture. Consequently, 
we can convert CT values into fracture aperture when a 

relationship between CT value and fracture aperture (a 
fracture aperture calibration curve) is obtained. 

Table 1: The parameter values of the X-ray CT scanner, 
the AquilionTM, of the JOGMEC TRC. 

Parameter Value
Voltage 120 kV
Current 150 mA
Slice thikness 0.50 mm
Pixcel resolution of the slice 0.35 mm
Pixcel matrix size 512 x 512  

The aperture calibration standard with known fracture 
apertures were a cylindrical granite having a simulated 
single fracture with an unique aperture. The fracture was 
prepared by cutting a granite of 100 mm in diameter and 45 
mm in length. The fracture surfaces were polished, and 
finally had a mean roughness of ca. 20-30 µm. The aperture 
was created by inserting a thickness gauge within the 
fracture. The calibration standard was scanned with varying 
aperture (0.1-0.5 mm) by changing the thickness of the 
gauge.  

2.1.2 Imaging Fractured Granite Cores 

It is important to develop a three dimensional numerical 
modeling not only for a single fracture but also for multiple 
fractures, because rock cores by the drilling usually contain 
multiple fractures. We therefore used fractured granite 
cores, which contained a single fracture or multiple 
fractures, with known porosities and permeabilities for 
evaluation of relevance of the modeling. 

Three fractured granite core samples were scanned with the 
X-ray CT scanner described above, with the same 
parameter values. One of the samples contained a single 
fracture, and the others contained multiple fractures. The 
sample with a single fracture (Sample 1) was cylindrical 
granite with a tensile fracture generated in a laboratory by 
using a wedge. The samples with multiple fractures 
(samples 2 and 3) were naturally fractured granite cores 
from granite bedrock at a depth of ca. 4500-4600 m in 
Japan. The diameters (φ) and lengths (l) of the samples 
were 100 mm (φ) x 150 mm (l) for the sample 1, and 100 
mm (φ) x 120 mm (l) for the samples 2 and 3. 

2.2 Three Dimensional Numerical Modeling 

2.2.1 Fracture Modeling 

Once a fracture calibration curve is obtained, we can 
convert CT values at each voxel into fracture apertures, 
providing three dimensional fracture models of the samples. 
In addition, we can simulate fluid flow through the fracture 
models by utilizing existing fracture flow models for a 
variable fracture aperture. Because porosities and 
permeabilities can be calculated for the models, 
comparisons of calculated values with experimental values 
provide quantitative evaluations of the models. 

In the fracture modeling, we assumed a smooth parallel 
plate single fracture with a unique aperture and orientation 
for each voxel (Figure 2), although the voxels might contain 
multiple fractures with various apertures and orientations in 
reality. This is the same relationship between fracture and 
voxel in the determination of the fracture aperture 
calibration curve. Therefore, the CT values of the samples 
were directly converted into fracture apertures with the 
aperture calibration curve. Note that the maximum fracture 
aperture was ∆y in Figure 2. In addition, porosity of a 
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fracture model was calculated by integrating fracture 
volumes of all voxels. 

2.2.2 Fracture Flow Modeling 

For modeling fracture flow in three dimensions (x-y-z 
coordinates), we employed a Local Cubic Law (LCL)-based 
fracture flow model for laminar flow of a viscous fluid at 
steady state. With a constant viscosity, the equation of 
continuity for Darcy’s flow can be described as (Brown, 
1987; Mourzenko et al., 1995; Zimmerman and Bodvarsson, 
1996; Ge, 1997; Oron and Berkowitz, 1998; Yeo et al., 
1998; Pyrak-Nolte and Morris, 2000; Brush and Thomson, 
2003; Konzuk and Kueper, 2004; Watanabe et al., 2008; 
Nemoto et al., 2009; Watanabe et al., 2009): 

Fracture
aperture

Voxel

∆x = 0.35 mm

∆y = 0.35 mm

∆z = 0.50 mm

 

Figure 2: The smooth parallel plate fracture for the 
voxel of 0.35 x 0.35 x 0.50 mm3 in the fracture 
modeling. 
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where A is the cross-sectional area where fluid flows, k is 
the permeability, and P is the fluid pressure. In the LCL, A 
and k in the equation (1) are described as: 

waA =      (2) 

12

2a
k =

    (3) 

where w and a are the width and the aperture of the fracture. 
In the present study, w was assumed to be ∆x in Figure 2 
(no significant difference between ∆x and ∆z), and the 
product Ak was assumed to be isotropic at a voxel although 
the fracture has a specific orientation in the fracture 
modeling. Note that A was the area of the voxel-voxel 
interface without the modification, and k was constant (rock 
matrix permeability: 10-20 m2), for voxels with zero-fracture 
aperture. 

By solving the finite difference form of the equation (1) at 
given boundary conditions, we determined flow rate 
distributions and permeabilities for fracture models. 
Because permeability measurements of the samples had 
been performed with unidirectional flow in the axial 
direction, the boundary conditions were given so that the 
same flow geometry was achieved. 

3. RESULTS AND DISCUSSION 

3.1 Fracture Aperture Calibration Curve 

In the X-ray CT scanning for the fracture aperture 
calibration standard, fracture signals were observed as 

relatively large drops of the CT values (Figure 3). However, 
it was difficult to find the fracture signal for the fracture 
aperture of 0.1 mm due to variation of CT value for the 
rock matrix. The CT value for such small fracture aperture 
could therefore have some uncertainty. The variation could 
be caused by the presence of rock-forming minerals with 
different densities, as described later. Note that the elevated 
CT values near the sample edges were responsible for the 
beam hardening (Ketcham and Carlson, 2001). 

The relationship between CT values and fracture aperture 
was linear (Figure 4), and was well fitted by the least 
squares method with the following equation: 

16892222 +−= act    (4) 

where ct is the CT value, and a is the fracture aperture. The 
relatively large deviation of the CT value from the 
regression curve at the fracture aperture of 0.1 mm may 
have been caused by the uncertainty mentioned above. The 
CT value at the intercept (a = 0) was 1689. This value was 
quite similar to the mean CT value of granite in Keller 
(1998). Despite the uncertainty, it was concluded that the 
fracture aperture calibration curve was reasonable. 
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Figure 3: An example of the fracture signal obtained by 
the X-ray CT scanning for the facture aperture 
calibration standard. 
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Figure 4: The relationship between CT value and 
fracture aperture by the X-ray CT scanning for 
the fracture aperture calibration standards. The 
solid line is the linear regression curve by the 
least squares method. 

3.2 CT Images of Fractured Granite Core Samples 

As described above, the CT images of the samples also 
have varying CT values for the rock matrix and elevated 
values at sample edges (Figures 5-7). A wide range 
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variation of CT values was observed, corresponding to light 
grey regions, where CT values were ca. 1600-2500. This 
variation could be responsible for the rock-forming 
minerals with different densities, because the shape and 
distribution seemed similar to those of minerals. However, 
the aperture calibration curves with the CT value of 1689 at 
zero-fracture aperture suggested that this variation had less 
significant effects in the aperture determination, because 
most CT values in the variation were greater than 1689, and 
were all recognized as the rock matrix. 
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Figure 5: The CT images of sample 1 containing an 
artificial single fracture. 
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Figure 6: The CT image of the sample 2 containing 
multiple natural fractures. 
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Figure 7: The CT image of the sample 3 containing 
multiple natural fractures. 

3.3 Fracture Models 

With the fracture aperture calibration curve described by 
equation (4), the fracture modeling was performed for the 
fractured granite core samples. In the modeling, CT values 
near the sample edges were not used due to the elevated CT 
values caused by the beam hardening as described above. 
Consequently, the models of the samples were not 

cylindrical, but rectangular with the dimensions of 60 x 60 
x 150 mm3 for the sample 1, and 60 x 60 x 120 mm3 for the 
samples 2 and 3. 

The numerical porosities of the samples were 1.2%, 4.5%, 
and 2.3% for samples 1, 2, and 3, respectively. Because the 
X-ray CT scanning was performed at standard pressure, the 
numerical results corresponded to the samples at that 
condition. Although we had porosities of the samples, the 
results were obtained at confining pressures of < 35 MPa. 
We therefore compared the numerical porosities with the 
values inferred by extrapolation of the experimental results 
(Figure 8). The numerical porosities were very close to the 
inferred porosities of the samples at standard pressure. The 
discrepancies of the porosities were within ca. 1%. The 
discrepancy was greater for the samples with greater 
porosity and multiple fractures (samples 2 and 3). Although 
the reason for the discrepancies is not clear, it may be very 
difficult to obtain much better results because some 
uncertainty of the aperture calibration curve inevitably 
arises due to fluctuations of CT values caused by rock-
forming minerals with different densities. Assuming that 
the porosities were not significantly different between the 
original entire volume and the present partial volume of the 
samples, it was concluded that the present fracture 
modeling was relevant. 
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Figure 8: The comparison of the experimental and the 
numerical porosities of the samples. The 
experimental porosities had been measured at 
confining pressures of < 35 MPa, and were 
utilized to infer the porosities at standard 
pressure (dashed lines), which were compared 
with the numerical porosities by fracture models 
of the samples at the standard pressure. 

3.4. Fracture Flow Models 

With respect to the fracture models, the fracture flow 
modeling was performed for the fractured granite core 
samples. Note that up-scaling of the original voxel was 
performed due to limitations of our workstation computer. 
The voxel dimension was changed to 0.70 x 0.70 x 1.0 mm3. 
Although the workstation had a relatively high performance 
(CPU: Intel® Xenon® X5482, RAM: 32 GB), it was too 
difficult to perform the flow simulation with the original 
voxel resolution. 

The numerical permeabilities were 6.1 x 10-14 m2, 3.3 x 10-

13 m2, and 9.2 x 10-15 m2 for samples 1, 2, and 3, 
respectively. Compared to the inferred permeabilities of the 
samples at the standard pressure, the numerical 
permeabilities were much greater (Figure 9a). As well as 
the porosity the discrepancy was greater for the samples 
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with multiple fractures (sample 2 and 3). Because the flow 
model assumed fluid flow though the smooth parallel plate 
fracture, there should be differences from the reality. 
Nevertheless, the magnitude relation among the numerical 
permeabilitis was consistent with the experimental results. 
It was found that the fracture flow modeling of equations 
(1)-(3) could provide qualitatively reasonable results. In 
addition, the discrepancy was found to be similar 
magnitudes among the three samples. This suggested that 
numerical results could be improved to match the inferred 
permeabilities by a unique modification coefficient of the 
fracture aperture in the equations (2) and (3). In fact, the 
numerical permeabilities were much improved with the 
modification coefficient of 0.5 (Figure 9b). Assuming the 
inferred permeabilities were relevant, it was concluded that 
the present fracture flow model provided quantitatively 
reasonable results with the modification coefficient of the 
fracture aperture. 
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Figure 9: The comparison of the experimental and the 
numerical permeabilities of the samples. The 
experimental permebilities were measured at 
confining pressures of < 35 MPa, and were 
utilized to predict the permeabilities at standard 
pressure (dashed lines), which were compared 
with the numerical permeabilities from the 
original (a) and the modified (b) fracture flow 
models of the samples at the standard pressure. 

The present models showed that the porosities and the 
permeabilities of the fractured granite core samples could 
be predicted even for the natural multiple fractures. 
Consequently, a precise numerical modeling coupled with 
X-ray CT was essentially possible, and was a simple 
effective method to analyze heterogeneous nature of 
fracture flow such as channeling (Figures 10-12). Although 
channeling was not so obvious for the present results, 
probably due to small contact area of fracture surfaces at no 
confining pressure (Watanabe et al., 2008; Nemoto et al., 
2009; Watanabe et al., 2009), the flow paths could be 

clearly observed particularly for sample 1 with the artificial 
single fracture. If the X-ray CT scanning is performed at 
higher temperatures and/or confining pressures (Polak et al., 
2003; Polak et al., 2004; Liu et al., 2006; Zhu et al., 2007), 
the present numerical modeling should provide insights into 
heterogeneous nature of fracture flow at reservoir 
conditions.  

(a) (b)

 

Figure 10: The permeability (a) and flow rate 
distribution (b) by the numerical modeling of the 
sample 1, where the flow rate distribution was 
obtained by the modified fracture flow model. 
The macroscopic flow direction is parallel to the 
z axis (blue). 

(a) (b)

 

Figure 11: The permeability (a) and flow rate 
distribution (b) by the numerical modeling of the 
sample 2, where the flow rate distribution was 
obtained by the modified fracture flow model. 
The macroscopic flow direction is parallel to the 
z axis (blue). 

(b)(a)

 

Figure 12: The permeability (a) and flow rate 
distribution (b) by the numerical modeling of the 
sample 3, where the flow rate distribution was 
obtained by the modified fracture flow model. 
The macroscopic flow direction is parallel to the 
z axis (blue). 

4. CONCLUSIONS 

Three dimensional numerical molding of fracture flow in 
rock cores was coupled with X-ray CT and applied to 
fractured granite core samples having single or multiple 
fractures. The fracture models obtained with the 
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relationship between CT value and fracture aperture 
(fracture aperture calibration curve), resulted in very close 
values of porosities to those of experimental results. The 
local cubic law-based fluid flow models led to much greater 
permeabilities than experimental results when the fracture 
flow models were directly used in the fluid flow simulation. 
However, it was possible to match the numerical 
permeabilities with the experimental results when the 
modification coefficient of 0.5 was used for fracture 
apertures in the fracture flow modeling. Consequently, the 
present numerical modeling could provide quantitatively 
reasonable results. The numerical modeling should be very 
useful to obtain insights into heterogeneous nature of 
fracture flow such as channeling in reservoirs as well as 
permeability and porosity when X-ray CT scanning is 
performed at reservoir conditions. 
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