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Abstract

Both the design and safety assessment of radioactive waste disposal facilities demand an accurate evaluation of the hydraulic conduc-
tivity of the bentonite materials, especially compacted bentonite. For permeability tests of bentonite materials, the lengthy time necessary
for specimen saturation and measurement may present a bottleneck. The permeability behavior of bentonite, such as the effects of the
water quality and the exchangeable cations, has not been systematized sufficiently. For the present study, a hydraulic conductivity test
system with 2-mm-thick specimens was developed. Its applicability was evaluated in terms of test accuracy. Six specimens of compacted
Japanese sodium bentonite, with dry densities of 1.34–1.79 Mg/m3, were subjected to falling head hydraulic conductivity tests. The
results showed that the hydraulic gradient set for this study did not affect the hydraulic conductivity, indicating that the macroscopic
hydraulic behavior was consistent with Darcy’s law. Furthermore, it was possible to reduce the test period considerably, by about
one-tenth, compared to that using 10-mm-thick specimens. The obtained hydraulic conductivity was found to be similar to that in earlier
studies. Furthermore, the values showed less variation particularly in terms of the consolidation test results. The results demonstrated
that 2-mm-thick specimens are useful for hydraulic conductivity measurements of compacted bentonite.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Compacted bentonite is used as a buffer and backfill
material in various radioactive waste disposal facilities
worldwide, including facilities for the geological disposal
of high-level radioactive waste (Pusch, 1992; JNC, 1999;
Komine and Watanabe, 2010; SKB, 2011; Sellin and
Leupin, 2013). Buffer and backfill materials must have suf-
ficiently low hydraulic conductivity (k) in order to isolate
radionuclides for thousands to tens of thousands of years.
https://doi.org/10.1016/j.sandf.2022.101210
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The k value of compacted bentonite and sand–bentonite
mixtures might be in the order of 10-9 m/s or less, depend-
ing on the dry density, bentonite and montmorillonite con-
tents, composition of the exchangeable cations, etc.
(Gleason et al., 1997; Pusch and Yong, 2006; Komine,
2010; Tanai et al., 2010). In particular, the k of some com-
pacted sodium-type bentonites might be 10�11–10�14 m/s
(Mesri and Olson, 1971; Achari et al., 1999; Dixon et al.,
1999; Siemens and Blatz, 2006; Karnland et al., 2008;
Komine, 2008; Wang et al., 2013), for which widely
accepted testing methods cannot be directly applied (e.g.,
ISO, 2004; JIS, 2009; ASTM, 2016). The ISO test standard
(ISO, 2004) and ASTM test standard (ASTM, 2016) stipu-
late the lower limit of applicability as 1 � 10�11 m/s. In
Japanese Geotechnical Society.
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Table 1
Physicochemical properties of K_V1.

Soil specific density (�) 2.76
Liquid limit (%) 535.4
Plastic limit (%) 26.7
Plasticity index 508.7
Content of montmorillonite (%) 52.8
Exchangeable cation of Na+ (cmol/kg) 53.8
Exchangeable cation of Ca2+ (cmol/kg) 35.5
Exchangeable cation of Mg2+ (cmol/kg) 4.1
Exchangeable cation of K+ (cmol/kg) 1.6
Accessory minerals quartz, feldspar, calcite

D. Ito et al. Soils and Foundations 62 (2022) 101210
order to measure k lower than 1 � 10�11 m/s, extra steps,
such as temperature control, change in the specimen size,
and increased accuracy of the equipment, are necessary.
For the JIS test standard (JIS, 2009), soil materials with
a hydraulic conductivity of 1 � 10�9 m/s or less were trea-
ted as fundamentally impermeable materials. No specific
measurement method was described. Recently, a new stan-
dard (JGS, 2018) was developed to cover permeability in
the order of 10�9–10�13 m/s with the recent expansion of
the use of low-permeability soil materials, including
bentonite.

For low-permeability materials, including bentonite, k
has often been estimated based on consolidation tests
(Mesri and Olson, 1971; Yeo et al., 2005; Butsuda et al.,
2006; Ahn and Jo, 2009; Komine, 2021). One benefit of
consolidation tests is that the k of the materials is obtain-
able in a short period of time compared to permeability
tests. Butsuda et al. (2006) reported that consolidation tests
applying high pressure of up to 10 MPa can quantify k in
about 10 days. However, consolidation tests assess the
combined behaviors of water advection and specimen com-
paction. For cases of specimens with a high swelling capac-
ity, such as compacted bentonite, some concerns arise, such
as the occurrence of errors, because of wall friction (Tanai
et al., 2010).

One bottleneck of the permeability testing of compacted
bentonite is the test duration. According to a report on the
permeability testing of bentonite materials in Japan, com-
piled by the JGS Research Committee on the Utilization
and Performance Evaluation Technology of Low-
Permeability Soil Materials (JGS, 2016), the permeability
test specimen size was 50 mm, 60 mm, or 100 mm in diam-
eter. The specimen length was 0.2–1.2 times the diameter.
The hydraulic gradient (i) of the specimens ranged from a
few dozen to a maximum of about 1,000. The duration
of the tests ranged from months to years. In addition, the
permeability test duration was estimated based on the test
conditions used for earlier studies. Each specimen was
made of soil material with a particle density of 2.77 Mg/
m3 and compacted into a cylinder with a diameter of
60 mm, a height of 20 mm, and a dry density of 1.6 Mg/
m3. When the hydraulic conductivity was set at
1 � 10�12 m/s, with i of 1000, about 98 days had to pass
in order to obtain a flow volume equivalent to the specimen
pore volume (23.9 cm3). Under the same test conditions, if
the height of the specimen was reduced to 10 mm (1/2),
then i was doubled. The pore volume was also reduced to
1/2. Therefore, the test period was reduced to 25 days
(1/4). When the specimen height was reduced to 5 mm
(1/4), the test period was reduced to 6 days (1/16). Conse-
quently, reducing the specimen height can effectively reduce
the test duration because of both a reduced pore volume of
the specimen and an increased i. Furthermore, in terms of
specimen saturation, thinning the specimen makes it easier
to saturate the specimen evenly in a short time.

To shorten both the saturation period and the test
period by increasing i, a permeability test apparatus with
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a 2-mm-thick specimen was developed. The k of compacted
bentonite was measured. This paper presents the testing
procedures and results for specimens with a 2-mm thick-
ness and i of up to 16000.

2. Material and methodology

A commercial bentonite powder, Kunigel V1 (K_V1),
was used for this study. It was mined from Tsukinuno Clay
Mine, Yamagata Prefecture, Japan. In fact, K_V1 is a
promising candidate for use as a buffer material in geolog-
ical disposal projects in Japan. It has been assessed in many
earlier studies (JNC, 1999; Kawamura et al., 1999; Komine
and Ogata, 1999; Cui et al., 2008; Komine et al., 2009;
Kobayashi et al., 2017; Tanaka and Watanabe, 2019).
Table 1 presents the physicochemical properties of K_V1.
It contains 52.8 % montmorillonite with dominant
exchangeable cations of sodium. Its soil specific gravity,
liquid limit, and plastic limit are 2.76, 535.4 %, and
26.7 %, respectively. The initial water content of the mate-
rial measured for this study was about 9 %. The particles of
K_V1 were adjusted to have less than 50 lm (Ito et al.,
1994; Wang et al., 2019).

Hydraulic conductivity tests were conducted using the
system presented in Fig. 1(a). The system consisted of a test
cell, two burettes, and two pressure regulators. For the test
cell in Fig. 1(b), each specimen was confined radially by a
specimen ring (Fig. 1(c)) and sandwiched between upper
and lower plates to restrain the swelling deformation. Bur-
ettes with a minimum scale of 0.1 mL and a capacity of
10 mL were used for water inflow and outflow measure-
ments. The burettes were installed in acrylic pipes, by
which the water pressure in the burettes could be adjusted
through pressure regulators. The top opening of each bur-
ette was kept to a minimum level. Then, water was filled
through the acrylic pipes to reduce evaporation. Tubes
made of polyolefin (2-mm inner diameter) were used to
connect the burettes and the test cell because of their good
performance at reducing water evaporation through the
tube wall. Membrane filters made of polyether sulfone,
with a pore size of 0.45 lm and a thickness of 140 lm
(Nishimura et al., 2011), were placed at the top and bottom
surfaces of the specimen. The value of k for the filter was
measured as 2.0 � 10�8 m/s.



Fig. 1. Test system: (a) illustration of whole test system, (b) cross-sectional view of test cell, and (c) specimen and 2-mm-thick stainless ring.
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It should be noted that this testing system does not sep-
arate the water flows through the interface between the
specimen and the specimen ring. Watanabe et al. (2013)
investigated the effect of the local flow near the sides of a
specimen on the hydraulic conductivity using Ca-type ben-
tonite and sand mixture specimens. They found that the
effect of the local flow near the interface may be about 2
times faster at maximum than that in the specimens. It is
expected that this can be attributed to the larger sand
particles when comparing the surface roughness of the
specimen range and the lower swelling potential of the
Ca-type bentonite compared to the Na-type bentonite.
The average surface roughness of the specimen ring in this
study is 1.6 lm which is larger than the 60 % particle size of
K_V1 (Wang et al. 2019). Thus, the interface flow would
3

not be significant. In addition, the height to diameter ratio,
representing the ratio of the side wall area to the specimen
surface area, is 0.07, much smaller than that of past studies,
which also suggests a smaller side wall effect.

Six specimens with a diameter of 28 mm and a thickness
of 2 mm, as shown in Table 2, were prepared covering a dry
density range of 1.34 – 1.79 Mg/m3. Another specimen hav-
ing an equal diameter, but a thickness of 10 mm, was also
tested for a comparison of the required times of the flow
volume. To prepare each specimen, a predetermined
amount of K_V1 powder was directly compacted into the
specimen ring. The specimen weight was found using a bal-
ance up to 1 lg. The thickness and diameter were measured
to the nearest 1 lm during the specimen preparation. This
means that the thickness and diameter measurement errors



Table 2
Specimen and test conditions.

Specimen dry density
qd
(Mg/m3)

Specimen
thickness
L

(mm)

Applied air pressure at
water inflow and outflow sides

P in
Pout

� �
(kPa)

Approximate
hydraulic gradient
i

(-)

Pore volume
Vv

(cm3)

1.34 2 100
20

� �
? 200

40

� �
? 300

60

� �
4,000 ? 8,000 ? 12,000 0.637

1.51 2 100
20

� �
? 200

40

� �
?

300
60

� �
? 400

80

� � 4,000 ? 8,000?
12,000 ? 16,000

0.563

1.62 2 440
120

� �
16,000 0.523

1.70 2 100
20

� �
4,000 0.490

1.77 2 100
20

� �
4,000 0.456

1.77 10 500
100

� �
4,000 2.21

1.79 2 100
20

� �
? 220

60

� �
?

340
100

� �
? 440

120

� � 4,000 ? 8,000?
12,000 ? 16,000

0.449
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should be less than 1 lm. The specimen dry density was cal-
culated based on the obtained mass, dimensions, and initial
water content.

After the specimen was assembled into the testing cell,
the cell was immersed in distilled water for a day with
the application of negative pressure of approximately
�98 kPa for specimen saturation. Then, the cell was con-
nected to the two burettes, carefully ensuring that no air
was tramped along the water flow path. Finally, air pres-
sure was gradually applied to the burettes, as presented
in Table 2. The applied pressures were changed in several
stages for some of the specimens to elucidate the effects
of i on the measurements. Additionally, the applied pres-
sures were kept to less than the swelling pressures of the
test specimens, referring to the measurement results of 2-
mm-thick compacted sodium bentonite specimens by
Wang et al. (2022c) to prevent shrinkage deformation.
Moreover, the values of the swelling pressure were almost
the same for both 2-mm and 10-mm thicknesses (Wang
et al., 2022b), and the air pressure loaded on the 10-mm
specimen was smaller than the swelling pressure. The room
temperature and water levels of the burettes were recorded
at arbitrary time intervals.

The value of k at the testing temperature (kT) was calcu-
lated using equation (1) and then converted to a value at
15 �C (k15) with equation (2) based on JGS (2018).

kT ¼ 2 � 303 ðAin � AoutÞL
ðAin þ AoutÞAspeðt2 � t1Þ log10

Dh1cw þ DP
Dh2cw þ DP

ð1Þ

k15 ¼ kT � gT
g15

ð2Þ

In these equations, the following variables are used: Ain

and Aout stand for the cross-sectional areas of the burettes
on the inflow and outflow sides (=0.51 cm2), respectively,
L, Aspe expresses the cross-sectional area of the specimen,
Dh1 and Dh2 signify the water level differences at times t1
and t2, respectively, cw represents the unit volume weight
of water, DP represents the differential pressure between
the inflow (Pin) and the outflow (Pout), and gT/g15 is the
correction factor for calculating k15.
4

In equation (1), the hydraulic head loss caused by the
membrane filters was not considered because the k of the
filter is three orders higher than that of the tested speci-
mens. The filter thickness is about one-tenth of the speci-
men thickness.
3. Test results and discussion

3.1. Time histories of water inflow and outflow

Fig. 2 presents a comparison of the relation between the
inflow and outflow of the water normalized by the pore
volume and elapsed time for the specimen thicknesses of
2 mm and 10 mm. The same test system was used along
with the same dry density (1.77 Mg/m3), initial water con-
tent (9.2 %), and i (4000). The pore volume was found to be
0.456 cm3 for the 2-mm-thick specimen and 2.21 cm3 for
the 10-mm-thick specimen. For the 2-mm-thick specimen,
a large difference was found between the inflow and the
outflow immediately after the start of the test. It is note-
worthy that the inflow and outflow are well balanced
because the water level difference at time t1 (Dh1) and that
at t2 (Dh2) are used in the calculation of k, as shown in
equation (1). If a large difference exists between the inflow
and outflow during the start of the test for the first mea-
surement, as in the case of the 2-mm specimen shown in
this figure, then k is not calculated. However, for the 2-
mm-thick specimen, the increased inflow and outflow with
time soon became parallel, indicating that they are well bal-
anced. In contrast, for the 10-mm-thick specimen, the
increased inflow was larger than the increased outflow until
the end of the test. The reason for the lack of balance in the
case of the 10-mm specimen is unclear, but it may be
because of system compliance or measurement errors, such
as evaporation or invisible leakage. To ensure the accuracy
of the falling head permeability test, it is necessary to bal-
ance the inflow and outflow. It is easier to balance the
inflow and outflow of the 2-mm-thick specimen. In the test
on the 2-mm-thick specimen, it took nine days for the
inflow to equal the pore volume and about 31 days to reach



Fig. 2. Relations between time and water volume of inflow and outflow normalized by pore volume for specimen thicknesses of 2 mm and 10 mm.
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twice the value. Therefore, the results show that the perme-
ability test period can be shortened considerably by using
the test system with a specimen having a 2-mm thickness.

Fig. 3 shows the time course of the water volume of the
inflow and outflow normalized by the pore volume for
1.34 Mg/m3, 1.51 Mg/m3, 1.62 Mg/m3, 1.70 Mg/m3, and
1.79 Mg/m3. In this figure, the change in i is also shown.
Although differences are seen between the inflow and out-
flow volumes and the slopes of increase in some cases, such
as 1.34 Mg/m3 and 1.70 Mg/m3, the overall trend is for the
inflow and outflow to increase harmoniously. The reason
for the lack of balance in the case of 1.34 Mg/m3 and
1.70 Mg/m3 is unclear, but it may be because of system
compliance or measurement errors, such as evaporation
or invisible leakage.

Fig. 4 shows the relation between the Darcy flux (v) and
i for the 1.34 Mg/m3, 1.51 Mg/m3, and 1.79 Mg/m3 cases,
where v is an averaged value with an error bar for all
recorded data under the same i. It can be seen that v is pro-
portional to the increase in i, indicating that the range in
tested i (4,000–16,000) does not markedly affect k and sat-
isfies Darcy’s law.

Fig. 5 shows the relation between k and i for the 2-mm
specimens in this study and that for the 10-mm specimen
obtained by Sadamatsu et al. (2020). With a range in i of
3,000 � 4,000, the k values for specimens under similar
densities are very similar regardless of the specimen thick-
ness. Although it seems there is a decreasing trend for the
1.34 Mg/m3 and 1.51 Mg/m3 cases as i increases, this trend
is very minor and the tested range in i is reasonable.

Fig. 5 also shows the relation between k and i in a com-
parison of the experimental cases where the flow volume is
more or less than the pore volume in each i phase. For the
1.34 Mg/m3 and 1.51 Mg/m3 cases, few differences in k

were observed between the phases when the flow volume
5

either exceeded and did not exceed the pore volume. Also,
for the 1.79 Mg/m3 case, the k at each i was almost
constant.

3.2. Dry density effect on k

To validate the results obtained from the permeability
test system used for this study, Fig. 6 shows the relation
between k and the dry density of the compacted K_V1
specimens compared to the results of earlier studies using
high-pressure consolidation tests (Butsuda et al., 2006;
Komine et al., 2011), a constant head permeability test
(Hasegawa, 2004), a falling head permeability test with
10-mm-thick specimens using the same test equipment as
that used for this study (Sadamatsu et al., 2020), and the
calculated results of theoretical equations for the hydraulic
conductivities of the bentonite-based buffer and backfill
materials (Komine, 2008). Table 3 shows the test condi-
tions employed in previous studies. In the high-pressure
consolidation test, k was calculated according to the JIS
test standard for consolidation tests (JIS, 2009) with a max-
imum consolidation pressure of 10 MPa. A theoretical
equation for hydraulic conductivity was developed based
on the assumption that water molecules flow laminarly
through the montmorillonite crystal interlayers. The theo-
retical equation was the same as that described in an earlier
study (Komine, 2008), considering the composition of
exchangeable cations existing between two montmoril-
lonite parallel layers. The properties of bentonite, such as
the CEC (cation exchange capacity), EXC (exchange
capacity of each exchangeable cation, such as Na+, Ca2+,
K+, Mg2+), and content of montmorillonite input to the
theoretical equations, are shown in Table 1. The input val-
ues of the parameters, such as the montmorillonite particle
density, non-hydrated radius exchangeable cations, mont-



Fig. 3. Time courses of water volume of inflow and outflow normalized by pore volume cases of 1.34 Mg/m3, 1.51 Mg/m3, 1.62 Mg/m3, 1.70 Mg/m3, and
1.79 Mg/m3.
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Fig. 4. Relation between Darcy flux v and hydraulic gradient i.

Fig. 6. Comparison with previous studies of relation between hydraulic
conductivity and dry density.
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morillonite layer thickness, and the coefficient of viscosity
of water, were the same as those reported by Komine
(2008). The parameter representing the ratio of density
and coefficient of viscosity between the interlayer water
and the free water (R) was substituted as 79.

As in earlier studies, a negative correlation was found
between the normal logarithm of k and the dry density of
the specimens, as shown in Fig. 6. Additionally, the rela-
tion between the k and the dry density obtained in this
study generally shows a similar trend to the trends found
in earlier studies. In particular, the results obtained from
this study were similar to those obtained using a similar test
system with a specimen thickness of 10 mm (black square
plot in Fig. 6). Moreover, the values obtained for this study
were almost in the middle of the dataset of values obtained
Fig. 5. Relation between hydraulic conductivity and hydraulic gradient in
experimental cases where flow volume is less than pore volume.
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in earlier studies. The scattering indicated by the error bars
is of a similar level to that of earlier studies obtained by the
same method.

For the system developed in this study, the specimen is
extremely thin. Small differences in thickness can strongly
affect the specimen dry density and i. Therefore, it is neces-
sary to measure the thickness of both the specimen and the
test cell before and after the test to confirm the changes in
dry density during the test. The variation in dry density due
to specimen deformation is in the range of �0.02 �
+0.01 Mg/m3 when the swelling pressure is measured using
a similar device (Wang et al., 2022a). According to Fig. 6,
the variation in dry density in the range of �0.02 �
+0.01 Mg/m3 is small for the k value of a specimen.
comparison between specimen thicknesses of 2 mm and 10 mm and



Table 3
Comparison of test conditions to previous studies used in Fig. 6.

Test method Specimen size
(Diameter � Height)
(mm)

Approximate
hydraulic gradient
i

(-)

Consolidation pressure
(MPa)

This study Falling head 28 � 2 4,000–16,000 –
Sadamatsu et al., 2020 Falling head 28 � 10 3,000–4,000 –
Komine et al., 2011 High pressure consolidation 60 � 10 – 4.9–9.8
Butsuda et al., 2006 High pressure consolidation 60 � 10 – 5.9–9.8
Hasegawa, 2004 Constant head 60 � 10 1,000–2,000 –

– indicates that there is/are no corresponding data.
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4. Conclusion

In this study, a permeability test system was developed
with specimens having a thickness of 2 mm and a diameter
of 28 mm, and its applicability was evaluated. The hydrau-
lic conductivity was measured using a specimen of ben-
tonite K_V1 compacted to a dry density of 1.34–
1.79 Mg/m3. The effects obtained by varying the hydraulic
gradient during the test period on the macroscopic hydrau-
lic behavior of the specimens were investigated. The possi-
bility of shortening the test period using 2-mm-thick
specimens was evaluated in terms of the relation between
the water flow volume and time. The results showed that,
under the same test system and conditions, the time neces-
sary to reach a water flow rate that is equal to the pore vol-
ume of the specimen can be reduced considerably, by about
one-tenth, compared to the case of 10-mm-thick specimens.
Furthermore, the hydraulic gradient set for this study (in
the range of 4,000–16,000) did not affect the measured
hydraulic conductivity, indicating that the macroscopic
hydraulic behavior of the specimens is consistent with
Darcy’s law. Finally, the relation between the hydraulic
conductivity and dry density of the specimens was com-
pared with the results obtained from an earlier study on
bentonite K_V1. The results indicated that the hydraulic
conductivity obtained in this study is similar to that found
in earlier studies, and that the variation in the values was
relatively smaller, particularly in terms of the consolidation
test results. In conclusion, the results demonstrated that the
permeability test system developed in this study can
shorten the test period and indicated that it is applicable
to permeability measurements of bentonite materials.
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