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ABSTRACT
X-ray CT scanner is now widely used to visualize the inside of the materials, and the
research group of Kumamoto University have been applying X-ray CT method to the
analysis of various phenomena in geo-materials. In this study, two cases of transitional
phenomena in the porous media were visualized by X-ray CT scanner. One is the
diffusion process of high density tracer from crack to rock matrix, and another is the
CO2 migration process in the porous rock sample. Not only the visualization, the
quantitative evaluation of these phenomena was also introduced. Here, two different
values, such as the coefficient of density increment and the replacement ratio, were
defined from the increment of CT values, and the distribution of density increment due
to the diffusion and the amount of stored CO2 in the porous media were successfully
evaluated.

1. INTRODUCTION
X-Earth Center of Kumamoto University has been operating two X-ray CT scanners.
One is the industrial X-ray CT scanner introduced since 1998 and the m-focus X-ray CT
scanner introduced since 2010. The X-Earth center is quite unique existence in Japan
since the different specs of scanners are applied to the geo-engineering field. We have
tried to apply the X-ray CT method to the various kinds of analyses (Yamada and
Mukunoki 2011). Here, the applications of transitional phenomena in the porous media
are introduced in this study. Since the X-ray CT is the method to detect the distribution
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of density distributions, it is suitable for the analysis of the phenomena with density
changes. The diffusion phenomena is a suitable example since the phenomena itself is
governed by the density gradient. The replacement process of the fluid in the porous
media by different fluid is also the suitable example when there is a density change. In
this study, two examples of transitional phenomena which occurs in the porous media
are introduced. One is the case that the contaminated liquid flows in the crack and that
the material diffuses into the rock matrix. Another is the process of CO2 migration and
storage. Here these phenomena are visualized by the X-ray CT scanner system, and
the quantitative analysis, such as the analysis of density distribution and the analysis of
storage ability of CO2 in the pores, are introduced.

2. X-RAY CT SCANNER SYSTEM
X-Earth Center of Kumamoto University has been operating industrial use of X-ray
CT scanner system (TOSCENNER-20000RE) since 1997 (Fig.1). The maximum X-ray
tube voltage is higher than the medical use (300kV/2mA). Therefore, it is suitable for
the visualization of higher density materials such as rock samples and it has been
applied to several studies related to rock engineering (Sato et al., 2009). Other
important factor of X-ray CT scanner is the number the pixels which composes a CT
image. Generally an image is consisted by n x n pixels, and the maximum number is
n=2,048 in the case of our system. As for the visualization area, two modes such as
f =150mm and 400mm can be selected. If the pixel number of n=2,048 and
visualization area of f =150mm are chosen, the minimum pixel size of 0.073mm is
available. However, the value means only the pixel size and is different from the
definition of the spatial resolution. In order to take one CT image, the scanner has three
scan modes such as half, full and double scan mode. The necessary times for
tomography are 3, 5 and 10 minutes respectively. As the scan time becomes longer,
the amount of obtained data become lager and the quality of images becomes better.
These differences of scan times correspond to the time resolution of the X-ray CT
scanner system. In this study, the area of f =150mm, pixel size of n=2,048 and the full
scan mode are selected.
When the X-ray penetrates a material, X-ray is attenuated and its value is proportional
to the density. The X-ray CT scanner utilizes the characteristics of the X-ray and
visualizes the density distribution inside of the materials. The density distribution in a
CT image is expressed by the CT values. In the case of the CT scanner at Kumamoto
university, the CT values of the air and water are defined as -1,000 and 0 respectively.
That is, the density difference between air and water is divided by 1,000.

Fig.1 X-Ray CT scanner operated by Kumamoto University (TOSCANNER-20000RE).

3. TRACER DIFFUSION TESTS
The assessment of the leakage of polluted materials and its migration in the
underground rock is important for disposal site or landfill site. Here, the water flow
through fractures is a serious problem, however, when the bedrock consists of porous
sedimentary rocks, the diffusion phenomena from the crack into the rock matrix is also
serious problems. This diffusion phenomena is visualized by the X-ray CT scanner.
3.1 Rock sample and Experimental procedure
A 100mm x 100mm x 100mm cubic Kimachi sandstone sample shown in Fig.2 is
used for the tracer diffusion test. The mean porosity of the sample is 26%. At first, the
shear test is conducted and the one major crack was induced at the center of the
sample. Acrylic boards are fixed at the side surface of the sample in order to fix the
separated blocks. As Fig.2 shows, 5 horizontal plane are set as the tomography
regions.
The rock mass is fully saturated by water initially. Then the high density tracer (30
weight percent) is pushed in to the major crack from the bottom of the rock sample. In
this study, the mixture of Potassium Iodide (KI) solution and a medical contrast agent is
applied as a tracer. Since there is a density gradient between the tracer and the water
in the pores, the tracer flows upwards and simultaneously diffuses from the crack
surfaces into the rock matrix part. This phenomena are visualized X-ray CT scanner.
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Fig.2 Kimachi sandstone rock sample which contains shear crack
and the coordinate system.

3.2 X-Ray CT Images
X-ray CT images during the diffusion tests are also show in Fig.3. It is confirmed that
the region along the crack (inside of dotted line in Fig. 3) is getting brighter, since the
solute in the crack diffuses into the pores in the rock matrix part and the nominal
density becomes higher. As these figures shows, the diffusion phenomena of the tracer
in the porous rock can be clearly visualized by the X-ray CT system.
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Fig.3 X-ray CT images during tracer diffusion tests.

3.3 Evaluation of Density Distribution
As stated before, CT values increment shown in Fig.3 represents the density changes.
Here the following value, the coefficient of density change Dc is defined as

Dc =

DC
1000

where DC is the observed CT value increment.

(1)

The distribution of mean Dc in the dotted line in Fig.3 along the y-axis (approximately
parallel to the major crack) is shown in Fig.4. As this figure shows, the value of mean
Dc gradually increases with time. This means that high density tracer diffuse into the
rock matrix part. This distribution is evaluated at each slice, then the change of mean
Dc with time at each slice is evaluated. This result is shown in Fig.5. The mean value of
mean Dc tends to be higher at the slice which is closer to the bottom. The tracer in the
crack migrates upwards and also diffuses in the rock matrix part. Therefore, the density
of the tracer in the crack becomes smaller as the tracer migrates upward, and the
amount of diffused tracer becomes smaller at upper slice.
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Fig.4 Distribution of DC along y-axis on Slice 3.
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Fig.5 Change of mean value of Dc at each tomography region.

4. CO2 INJECTION TESTS
Geological storage of CO2 is one of the promising methods to reduce the emission of
CO2 into the air (Freund 2006). Here, the analysis of CO2 migration in the porous media
is one of the important topics in order to evaluate the storage ability. Initially the aquifer
is completely occupied by the water. When the CO2 is pushed into the porous media,
the water in the pores are replaced by the CO2 and the nominal density of the region
changes since the density of liquid or supercritical CO2 is lighter than the water. Here,
this density changed is observed by X-ray scanner and the storage ability is estimated.
4.1 Rock sample and Experimental procedure
The rock sample for CO2 injection tests are shown in Fig.6. The side of the sample is
completely sealed by acrylic resin. The artificial porous stone and drain pipe are
installed on one end of the sample. The surface is also sealed by acrylic resin. Another
end is free and the fluid is injected from this free surface into rock sample. Therefore
the one dimensional fluid flow can be simulated. In this study, Berea sandstone is used
as porous rock sample. The mean porosity of the sample is 19%.
Initially, the rock sample is fully saturated by water. Then the CO2 is pushed into the
sample from the inlet surface. In this case, the pressure is 10MPa and CO2 is thought
to be in the supercritical condition.
4.2 X-Ray CT Images
X-ray CT images during CO2 injection tests are shown in Fig.7. Here, the region
inside of the dotted line represents the region where CO2 migrates and where the water
in the pore are replaced by CO2. Even though the density difference between CO2 and
water is very small, migration processes of CO2 can be detected as CT images.
4.3 Evaluation of Replacement Ratio
In order to evaluate how much CO2 is stored in the porous media, the replacement
ratio, Rv, is defined as the ratio of the replaced CO2 volume against the total pore
volume. Same as equation (1), the replacement ratio can be evaluated by

Rv =

DC
1000 × (r water - r CO 2 ) × f

(2)

where DC is the observed CT value increment, f is the porosity of the porous media,
rwater and rCO2 are the density of water and CO2 respectively.
The evaluated replacement ratio is shown in Fig.8. This figure represents the
distribution of replacement ratio in the rock sample and the process that the water in
the pores is replaced by CO2 can be clearly confirmed. In this case, CO2 is injected
perpendicular to the sedimentary layers of Berea sandstone. It is also confirmed that
there are layers where much CO2 is stored and few CO2 is stored alternately. The
mean value of the replacement ratio is approximately 0.3 at the final stage of these
tests, and the this value is harmonic with the results obtained by Okabe (2010).
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Fig.6 Rock sample for CO2 migration tests (Berea sandstone).
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Fig.7 X-ray CT images during CO2 storage tests.
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Fig.8 Distribution of the replacement ratio Rv during CO2 injection tests

CONCLUSION
In this study, two cases of transitional phenomena in the porous media are
visualized by X-ray CT scanner. One is the diffusion process of high density tracer from
crack to rock matrix, and another is the CO2 migration process in the porous sample.
These are the phenomena with the density changes during the process and it was
confirmed that the X-ray CT scanner is a promising tool to visualize these phenomena.
Not only the visualization, quantitative evaluations of these phenomena were also
introduced. Here, two different values, the coefficient of density increment and the
replacement ratio, are defined from the increment of CT values. In the case of diffusion
test, the distribution of density increment along the crack is evaluated, and density
change with time is concretely evaluated. In the case of CO2 injection test, the amount
of stored CO2 in the porous media was estimated. It was also found that there amount
of the stored CO2 depends on the sedimentary layers even in the small rock sample.
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