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ABSTRACT: In the geological disposal of high-level radioactive waste, groundwater may be expected to flow into bentonite buffer 

material under high hydraulic gradients because the disposal facility is planned to be constructed deep underground. However, in 

existing permeability test standards, the hydraulic gradients applied are recommended in the range of the values assumed in practice; 

permeability tests on bentonite materials have been conducted only under a limited range of hydraulic gradient conditions. In this study, 

a permeability test method with an extremely thin specimen and a rigid water supply system was developed to investigate the hydraulic 

properties of compacted bentonite over a wide range of hydraulic gradients, from 4,000 to 230,000. The sample used in this study was 

Kunigel V1, a sodium-rich bentonite that is widely used in geological disposal studies in Japan. For the permeability tests, specimens 

with a thickness of 2 mm and diameter of 28 mm were prepared by static compaction. Two types of water supply system were used: a 

burette installed in an acrylic pipe for hydraulic gradients below 20,000 and a stainless-steel cylinder for hydraulic gradients between 

75,000 and 23,000. In all cases, the increase and decrease in the flow volume followed the increase and decrease in the hydraulic 

gradient, and the inflow and outflow volumes were well matched. In addition, constant hydraulic conductivities were obtained 

regardless of the change in the hydraulic gradient, indicating that Darcy's law holds within the range of the hydraulic gradient given in 

this study. Additionally, the relationship between hydraulic conductivity and dry density was constant, even though the hydraulic 

pressure was higher than the maximum swelling pressure in some specimens. 
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1 INTRODUCTION 

The high-level radioactive waste disposal facility shown in 

Figure 1 is planned to be constructed deep underground, 300 - 

1000 m below ground level, and groundwater is expected to 

flow into the bentonite buffer material under a high hydraulic 

gradient (i). Based on a preliminary design of the disposal site 

(Ogata et al., 1999), it is estimated that i may be approximately 

400 - 1400. Depending on the site conditions, such as the 

groundwater pressure and flow velocity, i may be higher. One 

of the performance requirements of a buffer is its low 

permeability, and hydraulic conductivity is an important 

parameter in the design of the buffer. Owing to the extremely 

low permeability of bentonite materials, conventional 

permeability tests require long periods of time, such as several 

months, and the results obtained have large variations. This is 

because of the large size of the specimens used, which requires 

time for the saturation and transfer of water, and the test 

standards for permeability testing methods recommend testing 

based on the i assumed in the field and in practice (ASTM, 

2016; JGS, 2018). A permeability test system was developed in 

which the specimen thickness was 2 mm to increase i and 

shorten the test period (Ito et al., 2022). As a result, hydraulic 

conductivity can be obtained in a short period of time, ranging 

from a few days to two weeks under i conditions of up to 

16,000. In this study, a test system that can apply high hydraulic 

pressure to the specimen was developed by increasing the 

rigidity of the water supply system to provide a higher i to 

further shorten the test period. The hydraulic properties of 

compacted sodium-rich bentonite were investigated over a wide 

range of hydraulic gradients from approximately 4,000 to 

232,000. 

 
Figure 1. Conceptual diagram of geological disposal. 

Table 1. Fundamental properties of bentonite KV1. 

Parameter Symbol Value Unit 

Soil particle 
density 

ρs 2.76 Mg/m3 

Liquid limit wL 535.4 % 

Plastic limit wP 26.7 % 

Plasticity index Ip 508.7 - 

Leached Na+ 
cation 

- 53.8 cmol/kg 

Leached Ca2+ 

cation 
- 35.5 cmol/kg 

Leached Mg2+ 

cation 
- 4.1 cmol/kg 

Leached K+ cation - 1.6 cmol/kg 

Montmorillonite 
content 

Cm 52.8 % 
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2 MATERIAL AND METHODS 

2.1 Fundamental properties of bentonite used in this study 

Kunigel V1 (Kunimine Industries, Ltd., hereafter KV1), which 

is a promising candidate material for buffer material in Japanese 

geological disposal projects, was used. Table 1 shows the basic 

properties of the KV1 bentonite. The density of soil particles 

was measured based on Wang et al (2022a), the liquid limit and 

plastic limit were measured based on the work of Komine and 

Ogata, 1991, and the leached cation content was measured 

based on the SFSA improved method (Shirakawabe et al., 

2022). The montmorillonite content was calculated from the 

MB titration volume obtained from the methylene blue (MB) 

adsorption volume test (JIS, 2019) and an adsorption volume of 

140 mmol/100 g (Ito et al., 1994) for the pure montmorillonite 

samples. 

2.2 Outline of hydraulic conductivity tests in this study 

Figure 2 shows the conceptual diagram of the permeability test 

apparatus used in this study. The water supply system was 

modified according to the hydraulic pressure and i. For a range 

of i from 4,000 to 20,000, a pressurized falling-head 

permeability test system (Figure 3a, hereinafter system (a)) 

developed by Ito et al. (2022) was used. In experiments with 

higher i ranges, a stainless-steel pressure vessel (cylinder inner 

diameter: 28 mm, wall thickness: 5 mm) was used on the inflow 

side, and a constant hydraulic pressure was applied by applying 

a vertical load to the piston (system (b), Wang, 2024). A 

displacement gauge (minimum scale: 0.002 mm) was installed 

to measure the amount of water reduction in the cylinder, that 

is, the amount of water flowing into the specimen. The 

hydraulic pressure was checked and adjusted as required using 

a pressure gauge (maximum capacity: 20 MPa, minimum scale: 

5.3 kPa). The maximum pressure was set to 4.5 MPa (i: 

230,000), considering the pressure resistance of the tube. 

 
(a) Test system for i from 4,000 to 20,000 (modified from Ito et al., 

2022). 

 
(b) Test system for i from 77,000 to 230,000. 

Figure 2. Conceptual figures of permeability test systems. 

To shorten the duration of the permeability tests, thin specimens 

with a thickness of 2 mm and a diameter of 28 mm were used, 

as shown in Figure 3. During specimen preparation, the samples 

were carefully placed into the ring and compacted to a specified 

dry density by applying a static load with sufficient care to 

avoid eccentricity of the piston and density differences in the 

cross-sectional direction. The dry density in this study ranged 

from 1.28 to 1.73 Mg/m3. To account for the rebound after 

unloading, the top and bottom surfaces of the specimens were 

carefully cut using a cutter to align the mold with the end faces 

of the specimens. The specimen thickness and mass were 

measured with an accuracy of 1 m and 0.1 mg, respectively. 

Membrane filters (0.45 m pore size, 140 m initial thickness) 

were placed above and below the specimen, and the test vessel 

was assembled. The filters were precompressed to prevent the 

deformation of the specimens. The vessel was then saturated 

with distilled water supplied from both ends of the specimen 

under vacuum deaeration (approx. -100 kPa) and immersed for 

one day. It should be noted that these testing systems did not 

separate the water flow through the interface between the 

specimen and ring. The average surface roughness of the ring 

in this study was 1.6 μm which is larger than the 60% particle 

size of KV1 (Wang et al. 2019). Thus, the interface flow is not 

significant. 

 
Figure 3. Appearance of a 2 mm thick test specimen (Ito et al., 2022). 

After saturating the specimen and test vessel, the burette and 

test vessel were connected to prevent air bubbles from entering 

the piping system, and hydraulic pressure was applied to start 

the test. The water level in the burette, cylinder displacement, 

and water temperature were measured during the test. The test 

was terminated after the flow rate was equivalent to the initial 

pore volume of the specimen. 

Hydraulic conductivity was calculated assuming that the 

water movement in the saturated specimen was based on 

Darcy’s law. For test system (a), the hydraulic conductivity 

calculation equation (Equation (1)) of the pressurized falling 

head permeability test (JGS (2019)). For test system (b), the 

hydraulic head and the variation of i because of the water level 

change in the outflow burette (several tens) are significantly 

smaller than i due to the inflow hydraulic pressure 

(approximately 70,000 to 230,000). Therefore, water 

permeation was regarded as occurring under a constant 

hydraulic gradient, and the hydraulic conductivity was 

calculated using the constant head permeability test (Equation 

(2)). The hydraulic conductivity at 15°C was then calculated 

using Equation (3). 

𝑘T = 2.303
(𝑎in × 𝑎out)𝐿

(𝑎in + 𝑎out)𝐴(𝑡2 − 𝑡1)
log10

ℎ1𝛾w + ∆𝑃

ℎ2𝛾w + ∆𝑃
 (1) 

𝑘T =
𝑞

𝐴𝑖
 , 𝑖 =

∆𝑃

𝛾w𝐿
 (2) 

𝑘15 = 𝑘T ×
𝜂𝑇

𝜂15
 (3) 
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where kT is the hydraulic conductivity at T°C, ain is the cross-

section area of inflow burette, aout is the cross-sectional area of 

outflow burette, L is the specimen thickness, A is the cross-

sectional area of the specimen, t2-t1 is the measurement time, h1 

is the water level at time t1, h2 is the water level difference at 

time t2, w is the unit volume weight of water, ∆P is the 

hydraulic pressure, q is the flow volume per unit time, k15 is the 

hydraulic conductivity at 15°C, and ηT/η15 is the correction 

factor for calculating the hydraulic conductivity at 15°C. 

Table 2 and Table 3 list the testing conditions conducted in 

systems (a) and (b), respectively. In system (a), the hydraulic 

pressure ranged from 80 to 400 kPa (hydraulic gradient: approx. 

4,100 to 20,500). In system (b), the hydraulic pressures ranged 

from 1.50 to 4.50 MPa (hydraulic gradient: approx. 75,000 to 

230,000). For both (a) and (b), the hydraulic gradient was 

increased or decreased during the test to investigate the effect 

of i change on the hydraulic behavior. 

Table 2. Testing conditions in system (a). 

Dry 
density 

(Mg/m3) 

Hydraulic  
pressure  

∆𝑃 (kPa) 

Hydraulic 
gradient i (-) 

Volume ratio of 
outflow /inflow 

1.51 
80→160→ 

240→320 

4,100→8,200→

12,300→16,400 

0.833→0.900→

1.02→0.961 

1.63 
240→80→

400 

12,400→4,200→

20,500 

0.830→0.813→

0.929 

1.65 
80→240→ 

400→80 

4,100→12,300→ 

20,400→4,100 

0.909→0.901→

0.988→0.933 

Table 3. Testing conditions in system (b). 

Dry 

density 

(Mg/m3) 

Hydraulic  
pressure 

∆𝑃 (kPa) 

Hydraulic 
gradient i (-) 

Volume ratio of 
outflow /inflow 

1.28 1500→4500 77,300→232,000 0.936→0.975 

1.30 4500→1500 231,000→77,000 0.989→1.01 

1.51 4500→1500 222,000→74,000 0.985→1.01 

1.57 1500→4500 75,100→225,000 1.04→0.979 

1.73 

1500→3000

→4500→

3000→1500 

71,900→144,000

→216,000→

144,000→71,900 

1.03→0.945→

0.943→0.960→

1.00 

3 RESULTS AND DISCUSSIONS 

3.1 Hydraulic gradient effects on flow volume and balance 

Figure 4 shows typical examples of the relationship between the 

volume ratio of inflow/outflow and elapsed time for the three 

cases in which the hydraulic gradient varied during the test. 

According to the JGS (2019), one guideline for determining the 

end of the test is to ensure a flow volume equivalent to the pore 

volume of the specimen, and the vertical axis is expressed as 

the inflow and outflow divided by the pore volume. In all cases, 

the increase and decrease in the flow volume followed the 

increase and decrease in i, and the inflow and outflow were well 

balanced. The time required to obtain a flow volume equivalent 

to the pore volume was reduced from approximately 10 days in 

system (a) to approximately 2 days in system (b). Therefore, the 

test period was significantly shortened by adding a higher value 

of i. Table 2 shows the ratio of outflow to inflow for each 

hydraulic gradient step for all the test cases. In all cases and 

steps, the values were within the range of 0.830 to 1.04, 

indicating that the inflow and outflow were balanced. These 

results suggest that even high water pressures of up to 4500 kPa 

added to provide high hydraulic gradients did not cause any 

turbulence or large deformations in the specimens. 

 
(a) Case of system (a), d 1.63 Mg/m3. 

 
(b) Case of system (a), d 1.65 Mg/m3. 

 
(c) Case of system (b), d 1.73 Mg/m3. 

Figure 4. Typical examples of the relationship between inflow and 

outflow volume and elapsed time. 

3.2 Hydraulic gradient effects on hydraulic conductivity 

Figure 5 shows the relationship between the hydraulic 

conductivity and i. In the case of system (a), when the i was 

lowered during the test ((a)_1.63 Mg/m3 and 1.65 Mg/m3), the 

hydraulic conductivity tended to decrease slightly, but the 

fluctuations themselves were within the range of 7 × 10-14 to 1 

× 10-13 m/s, and 1 × 10-13 to 2 × 10-13 m/s, respectively. In the 

case of test system (b), the hydraulic conductivity was constant 

when i increased and decreased during the test. These results 

confirm the validity of Darcy's law under the testing conditions 

in this study, because the hydraulic conductivity does not vary 

over the range of i. 

 
Figure 5. Relationship between hydraulic conductivity and hydraulic 

gradient. 
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Figure 6 shows a comparison between the hydraulic pressure 

applied in system (b) and the swelling pressure measured in 

KV1 specimen, which was compacted to the same thickness of 

2 mm (Wang et al., 2022b). It can be seen that the specimens 

with a dry density of about 1.3 Mg/m3 had hydraulic pressures 

higher than the maximum swelling pressure at 1.5 and 4.5 MPa, 

and those with a dry density of 1.5 to 1.6 Mg/m3 had hydraulic 

pressures higher than the maximum swelling pressure at 4.5 

MPa. The good balance between inflow and outflow, as shown 

in Table 2, and the fact that the measured hydraulic 

conductivity was not significantly affected, as shown in 

Figure 4, suggest that the hydraulic gradient and hydraulic 

pressure conditions in this study did not result in deformation 

or failure of the specimens. 

 
Figure 6. Comparison between the hydraulic pressure in system (b) 

and swelling pressure (modified from Wang et al., 2022). 

3.3 Hydraulic gradient effects on hydraulic conductivity 

Figure 7 shows the relationship between hydraulic conductivity 

and dry density with the results from previous studies using 

KV1. The hydraulic conductivity-dry density relationship 

obtained in the test system used in this study was confirmed to 

exhibit the same tendency as that in previous studies. In 

addition, the variability of the measured values was relatively 

smaller than that in previous studies, indicating a good 

correlation. Comparing the results obtained in systems (a) and 

(b), the values for the high-pressure case in the system (b) 

tended to be lower than those in the system (a). The results for 

the high-pressure case in system (b) were lower than those for 

system (a). However, the difference was generally within a 

factor of two, suggesting that the effect of the applied hydraulic 

pressure on the hydraulic conductivity was smaller than the 

difference depending on the test method. 

 
Figure 7. Relationship between hydraulic conductivity and dry 

density. 

4 CONCLUSIONS 

The results obtained in this study are as follows: 

1) In this study, permeability tests were conducted over a wide 

range of hydraulic gradients from approximately 4,000 to 

232,000. The results indicated that the inflow and outflow were 

well balanced, and that no disturbance of the specimen 

occurred. 

2) In all cases, the hydraulic conductivity was constant, 

regardless of the hydraulic gradient, indicating that Darcy's law 

is valid. 

3) The relationship between hydraulic conductivity and dry 

density showed good correlation with little variation. The 

hydraulic conductivity was almost constant, regardless of the 

hydraulic pressure, even though a pressure above the maximum 

swelling pressure was applied. 
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