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The buffer material that will be used as a component of the engineered barriers system for geological 

disposal of high-level radioactive waste is designed to swell when it becomes saturated by 

groundwater. As a result of the swelling, bentonite buffer material may penetrate through open 

fractures into the surrounding host rock. If it is sustained for extremely long periods of time, the 

bentonite extrusion could lead to reduction of the buffer density, which may in turn degrade the 

expected performance (e.g. low permeability, diffusion control, colloid filtration, load-bearing 

capacity, etc). In this study, extrusion test with X-ray CT measurement was carried out to clarify the 

mechanical behavior of bentonite extrusion through fractures in the surrounding rock. In the extrusion 

test, the out flow distance into fracture is affected by bentonite content ratio and ionic strength of 

ground water. X-ray CT measurement is available to evaluate the density distribution of bentonite into 

the fractures. The X-ray CT measurement will play an important role for study of extrusion behavior 

of buffer material, particularly for development of extrusion models for compacted bentonite. 
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1. Introduction 

As a candidate buffer material for the engineered barriers system (EBS) of high level radioactive 

waste geological disposal, compacted bentonite has a number of favorable properties, such as its low 

permeability and high sorption capacity for radionuclide migration. Furthermore, as the bentonite will 

be resaturated and swelled gradually after repository closure, not only will any gaps within the 

bentonite be sealed, but the bentonite may also be excluded into fractures in the surrounding rock, 

diverting a part of the water flow away from the repository. This situation is potentially advantageous 

to repository safety. However, if loss of bentonite into fractures due to extrusion and subsequent 

erosion of the extruding front by groundwater flow is too much increased, then the decrease in density 

of the bentonite within the buffer may lead to reduce its favorable properties. Therefore, the extrusion 

and erosion of bentonite buffer from the disposal pit or the disposal tunnel should be quantitatively 

understood to ensure its long-term EBS performance for the geological disposal. From this point of 

view, an attempt was made to use X-ray computed tomography (X-ray CT) technique to non-

destructively measure the density distribution of bentonite buffer which was extruded into the artificial 

fractures. 

 

2. Test methodology

2.1 Extrusion experiment 

The test apparatus of buffer extrusion experiment is shown in Figure 1. As shown in the figure, the 

surrounding host rock is made with the parallel transparent acrylic plates which form the artificial 

fracture, and the disposal pit is formed by the hole in the center position, in which compacted 

bentonite is fulfilled. Distilled water or synthetic seawater is supplied to the artificial fracture under 

pressure, defined by a fixed water head. Water infiltration and buffer swelling behaviors can be 

observed from the top side and the distance of bentonite intrusion from the center is directly measured 

by photography. The variable aperture of artificial fracture is a range of 0.5 - 1.5 mm. 

The experimental conditions are shown in Table 1. The compositions of the synthetic seawater and 

groundwater sampled from the Horonobe underground research laboratory site are shown in Table 2 

and 3 respectively. 

Kunigel V1
�

, which is produced by Kunimine Industries Co. Ltd, was used for bentonite buffer 

material, which is a mixture of montmorillonite (59.3 %) and quarts sand (30 %). The other minerals 

are feldspar (6 %) and calcite (4 %). 

 

 

 

 

 

 

 

Figure 1 Test apparatus for buffer extrusion experiment 
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Table 1 Test conditions for extrusion experiment 

Test water Distilled water Synthetic seawater 

Horonobe 

underground water 

Sand mixtures ratio [%] 0 30 0 30 0 30 

Dry density [Mg/m
3

] 1.8 1.6, 1.8 1.8 1.6, 1.8 1.8 1.6 

Aperture of Fracture [mm] 0.5, 1.0, 1.5 

Bentonite material Kunigel V1 bentonite 

Sample size [mm] � 50 x H 50 

Initial water content [%] 7 ~ 10 

Test temperature [ºC] approximately 20 

 

 

Table 2 Composition of synthetic seawater (ASTM D1141-98 standards) 

 unit 

Analysis

results 

 

unit 

Analysis 

results 

pH mS/m 7.93 BO
3

3-

 ppm 26 

EC ppm  Na
+

 ppm 10300 

Cl
-

 ppm 19200 K
+

 ppm 410 

SO
4

2-

 ppm 2740 Ca
2+

 ppm 420 

HCO
3

-

 ppm 140 Mg
2+

 ppm 1310 

F
-

 ppm 1.2 Sr
2+

 ppm 61 

Br
-

 ppm 65 

Ionic 

strength 

mol/dm
3

0.64 

 

 

Table 3 Composition of Horonobe underground water 

 unit 

Analysis

results 

 

unit 

Analysis 

results 

pH - 7.7 Si mg/ℓ 24 

EC mS/m 2010 Al mg/ℓ < 1 

Na
+

 mg/ℓ 4300 Cl
-

 mg/ℓ 6400 

K
+

 mg/ℓ 92 NO
3

-

 mg/ℓ < 0.1 

NH
4

+

 mg/ℓ 124 SO
4

2-

 mg/ℓ < 0.2 

Ca
2

+

 mg/ℓ 136 S
2-

 mg/ℓ < 0.5 

Mg
2

+

 mg/ℓ 89 P (alkalinity) mmol/ℓ < 0.5 

Total P mg/ℓ 0.45 M (alkalinity) mmol/ℓ 22.8 

I
-

 mg/ℓ 19 HCO
3

-

 mg/ℓ 1600 

Fe
2+

 mg/ℓ < 0.2 CO
3

2-

 mg/ℓ < 0.5 

Fe
3+

 mg/ℓ 0.6 TOC mg/ℓ 23 

Total Fe mg/ℓ 0.6 Ionic strength mol/dm
3

0.2075 

 

 

2.2 X-ray CT method 

The X-ray CT scanner “Asteion VI” (Toshiba Medical Co.) was used for the test. It is a type of the 

third-generation medical scanner (Figure 2). The response time for image visualization using Fourier 

transformation is 3.0 seconds. The CT value defined by the degree of X-ray absorption is an output 

from the X-ray CT scanner, and the CT image is reproduced by a spatial distribution of the digital CT 

values. The CT value is obtained from the following equation; 
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kCT

water

water

-

 value

�

��

�        [1] 

 

where k  is the material constant, �  and 
water

�  are the attenuation coefficients of the material and 

water, respectively. It is noted that the constant k  is here fixed to a value of 1000. Thus, the CT value 

of air should be -1000 because the coefficient of absorption for air is zero. In general, digital image is 

composed of units called a “pixel”, which shows the image in two dimensions.  

The X-ray CT image shows the density distribution in three dimensions and it is composed of units 

called a “voxel” rather than pixel. The height of the voxel is equal to the attenuation width of the X-

ray beam. In addition, the CT image is originally composed of 512 x 512 voxels with 256 levels of 

black and white colors (Otani et al., 2005). The degree of X-ray attenuation increases linearly with the 

bulk density of sample. 

Figure 3 shows relationship between bulk density and CT value of Kunigel V1 bentonite. It can be 

noted from Figure 3 that the CT value correlates well with the bulk density of the material. The bulk 

density of Kunigel V1 bentonite, 
b

�  is obtained from the following equation (Tanai and Yamamoto, 

2003): 

 

6.1495

7.1465�

�

CT

b
�          [2] 

 

where “CT” is the CT value of the Kunigel V1 bentonite sample. 

 

 

Figure 2 Schematic of the X-ray CT scanner 
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Figure 3 Relationship between the bulk density and CT value of Kunigel V1 bentonite 
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3. Experimental results 

3.1 Extrusion test 

Key findings of existing laboratory studies of compacted bentonite extrusion into fractures are that: 

� in the absence of erosion, the migration distance is proportional to the square root of time after the 

contact between water and bentonite, and the extrusion rate is dependent on the fracture width and 

bentonite content  as follows (Kanno & Wakamatsu, 1991; Kanno et al., 1999): 

 

tBcdAy ),(�           [3] 

 

where y  is the distance of bentonite outflow in fracture (m), t  is the elapsed time (sec), and A  is a 

proportional coefficient depending on the fracture width, d and bentonite content ratio, Bc . 

 

� two regions are detected to develop in the excluding bentonite front: one fairly stiff and very soft 

(Pusch, 1983), 

 

� the water content in the very soft region just behind the gel front is about 550 %, which is close to 

the liquid limit of the bentonite clay used (Boisson, 1989) 

 

Figure 4 and 5 show changes with time for the measured outflow distance under the distilled water 

condition as function of dry densities of Kunigel V1 (1.6 and 1.8 Mg/m
3

), sand mixtures ratio (0 % 

and 30 %) and apertures of artificial fractures (0.5, 1.0 and 1.5 mm) respectively. As the aperture of 

fracture increases and as the bentonite content increases, the outflow distance tends to increase 

(Matsumoto and Tanai, 2003a). 
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Figure 4 Change of buffer outflow distance with time (sand mixtures ratio 30%) 
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Figure 5 Change of buffer outflow distance with time (sand mixtures ratio 0%) 

 

 

Figure 6 shows changes with time for the measured outflow distance under the distilled water, 

Horonobe groundwater and synthetic seawater conditions at a dry density of 1.6 Mg/m
3

 (30 wt% sand 

mixture and aperture of 1.5 mm). The results of bentonite outflow distance at dry density of 1.8 Mg/m
3

 

(0wt% sand mixture and aperture of 1.5 mm) under the distilled water, the Horonobe groundwater and 

synthetic seawater conditions are shown in Figure 7 (Matsumoto and Tanai, 2003a, 2003b, 2005). The 

basic mechanism of the extrusion phenomenon is thought to be free expansion of bentonite particle 

structure due to its swelling property. The swelling properties of Kunigel V1 bentonite decrease due to 

the effect of salinity (Kikuchi et al., 2005). Therefore, the bentonite outflow distance into the fracture 

with synthetic seawater is smaller than that with distilled water.  
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Figure 6 Change of buffer outflow distance with time (dry density of 1.6 Mg/m
3

)

���������������������

���



 

 

�

�

��

��

��

��

��

��

� �� �� �� �� �� ��

distilled water condition

Horonobe groundwater conditiion

synthetic seawater condition

O
u

t
f
lo

w
 
d
is

t
a
n
c
e
 
[
m

m
]

Square root time [h
1/2

]

����������	

������

��	

����������	

 

Figure 7 Change of buffer outflow distance with time (dry density of 1.8 Mg/m
3

)

 

Figure 8 shows correlation between effective clay density and proportional coefficient on fracture 

aperture of 1.5 mm under the distilled water and synthetic seawater conditions. The proportional 

coefficient “ A ” for each condition is described as follows (Matsumoto and Tanai, 2003b, 2005); 

 

� �
e

A �26.3exp1053.3
3

���

�

 (distilled water condition)    [4] 

� �
e

A �01.3exp1047.5
4

���

�

 (synthetic seawater condition)    [5] 

 

where 
e

�  is effective clay density (Mg/m
3

).  

 

Figure 9 shows correlation between ionic strength and proportional coefficient on fracture aperture of 

1.5mm. The out flow distance into fracture is affected by ionic strength of groundwater. 

 

The effective clay density (index obtained from calculation of the dry density of the bentonite 

excluding the sand volume) is given by the following equation; 

 

� �
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�

�

�
�

�

�

�

�

�

	

�

s

sd

sd

ab

b

e

R

R

VV

M

�

�

�

�

100

100

       [6] 

 

where 
e

�  is effective clay density (Mg/m
3

); 
b

M  is the dry weight of bentonite (Mg); 
b

V  is the 

volume of bentonite (m
3

); 
a

V  is the volume of void (m
3

); 
d

�  is the dry density of bentonite/sand 

mixture (Mg/m
3

); 
s

R  is the mixing ratio at dry weight of sand (wt%); 
s

�  is the density of soil particle 

of sand (Mg/m
3

). 
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Figure 8 Relationship between effective clay density and proportional coefficient 
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Figure 9 Relationship  between ionic strength and proportional coefficient 

 

 

3.2 X-ray CT measurement 

Application of X-ray CT method 

This was carried out to clarify the issues for application of X-ray CT measurement of density 

distribution of bentonite within the fracture. The test equipment is shown in Figure 10. The distilled 

water was supplied to the water inlet port, and the bentonite material was excluded into the plastic pipe 

as a result of its swelling. The measurement procedure of density distribution in the plastic pipe was as 

follows; i) measurement of the X-ray CT with scanning thickness of 1.0mm (Figure 11 and Table 4) 

and then calculation of bulk density using the CT value and equation [2]; ii) removal of the plastic 

pipe from the test equipment after X-ray CT measurement, and then cutting it into about 12 pieces; iii) 

water content measurement for each piece by oven-drying and then calculation of density distribution 

in the plastic pipe. The relationship between outflow distance and bulk density of bentontie in the 

plastic pipe is shown in Figure 12 (Matsumoto and Tanai, 2003b). The CT measurement indicates a 
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similar tendency with the oven-drying method. Thus, the X-ray CT method is applicable to evaluate 

the density distribution of bentonite extruded into the fractures in a non-destructive manner. 

 

 

 

Figure 10 Concept of applicability test 

 

 

 

 

 

 

Figure 11 Scanning image 

 

 

 

Table 4 Condition of applicability test 

Specimen size [mm] � 20 x H 20 Diameter of plastic pipe [mm] 6.0 

Dry density [Mg/m3] 1.6 Experimental solution Distilled water 

Sand mixture ratio [%] 0.0 Experimental periods [day] 77.0 

Initial water content [%] 11.0 Temperature [ºC] 20.0 
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Figure 12 Comparison of CT measurement and oven-drying method 

 

 

Application of X-ray CT method for the extrusion experiment 

The X-ray CT method is applicable to evaluate the density distribution of bentonite extruded into the 

fractures. Therefore, this was carried out to obtain the density distribution of bentonite into the 

fractures for extrusion experiment. The X-ray CT measurement conditions and scanning position in 

this test are shown in Table 5 and Figure 13 respectively. The density distribution of bentonite in the 

fracture is measured at the same measurement position as function of time. The relationship between 

the outflow distance and bulk density of bentontie extruded into the fractures as function of time is 

shown in Figure 14 (Matsumoto and Tanai, 2005).  

 

The X-ray CT method is found available to evaluate the density distribution in a non-distractive 

manner and demonstrated as a powerful experimental tool. Since it is inevitable that the X-ray CT 

image involves high noise content, the denoising is essential for the analysis. Among them, the 

stacking technique is commonly used and effective to reduce by imposing plural images taken at the 

same position under the same conditions (Sato et al., 2003). In this study, the tomography images were 

taken for 30 times at the same cross section under the same conditions. 

 

Table 5 X-ray CT measurement conditions

voltage 135 kV 

Current 150 mA 

Slice thickness 1 mm 

Scan time 1.0 sec 

Scan position One cross section (Figure 13)
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Figure 13 scan position of X-ray CT measurement 
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Figure 14 Relationship between outflow distance and density distribution into fracture with time 

 

 

 

 

 

 

 

 

scan position 

scan position 

bentonite specimen

bentonite specimen 

artificial fracture

���������������������

����



 

 

�

4. Conclusions 

The extrusion experiment of bentonite buffer material was carried out to clarify the mechanical 

behavior of bentontie extruded into fractures, which was anticipated to depend on parameters of sand 

mixtures ratio, aperture of fracture and so on. It was found that the outflow distance in fractures was 

affected by bentonite content ratio and ionic strength of groundwater. The proportional coefficient “A” 

under the distilled water and synthetic seawater conditions were also obtained from the experiment. 

 

It was concluded that X-ray CT was useful for characterization of the extrusion properties of bentonite, 

in terms of evaluation of the density distribution in a non-distractive manner. The X-ray CT method 

will play an important role for study of the extrusion behavior of buffer material, particularly for 

development of the extrusion models. It is expected that these understanding of the mechanism would 

be further improved by studies using more higher resolution X-ray CT. 
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