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Abstract. In geological disposal for high-level radioactive waste, bentonites are planned to be 
used as the buffer material surrounding radioactive waste in Japan. Bentonite-based buffer 
material requires low water permeation for delaying contact between groundwater and the waste. 
Because of the extremely long half-lives of radionuclides of the waste, several barriers including 
the buffer material are designed to maintain workability of the geological disposal facility for 
tens of thousands of years. However, in the disposal circumstances with high water pressure, 
high temperature and various groundwater chemistries, occurrence of cementation and 
consequently property changes of the bentonite in the buffer are concerned. Few studies are 
available to understand the effect of cementation on bentonite properties because of the 
difficulties of simulating long-term alteration process experimentally. From the viewpoint of 
natural analogues, cementation process of the buffer may be regarded as part of formation 
process of bentonite ore. Thus, in this study, permeability tests were conducted on three kinds of 
Na-type bentonite ores with different geological ages from respectively, Japan, USA, and China 
to see the influence of cementation on permeability of bentonites. For comparison, undisturbed 
and reconstituted specimens were prepared. The results show that difference of hydraulic 
conductivities of the undisturbed and reconstituted specimens for each ore is less than one order, 
and this difference seems not to correlate with the geological age of the ores. From these results, 
the influence of cementation on the hydraulic properties of bentonite buffer seems small. It may 
also be a counteracted result by cementation effects in terms of restriction of the swelling of 
montmorillonite and blockage of water flow paths. 

1.  Background 
In geological disposal for high-level radioactive waste, bentonite materials are planned to be used as the 
buffer material surrounding the waste [1-3]. Figure 1 portrays the conceptual design of Japanese 
geological disposal facility [4]. Bentonite-based buffer material is required to separate the waste from 
human sphere of life. Buffer material should have high swelling capacity for filling the gaps potentially 
becoming water channels, and low water permeability for delaying contact between the waste and 
groundwater. Ogata et al. (1999) proposed 1×10-10 m/s as a design value on hydraulic conductivity of 
the buffer material in Japanese project [3]. Many experimental studies on hydraulic properties of 
bentonite materials have been carried out [5-8], and theories have been developed [9-12].  

On the other hand, because of long half-lives of radionuclides contained in the wastes, various barrier 
materials including the buffer material are required to have sufficient barrier performance for a long 
period of time such as tens or hundreds of thousands of years. Buffer material is expected to be in contact 



 
 
 
 
 
 

with groundwater containing salts for such a long period of time in a complex deep ground environment 
with high temperature and pressure. The bentonite buffer material is expected to be in contact with saline 
groundwater for such a long period of time in deep geological environment under high temperature and 
high pressure. In such a case, there is a concern that the material properties related to the required 
performance, such as swelling and hydraulic properties, may be changed because of cementation in the 
buffer material. Cementation is referred as a part of diagenesis and a kind of bonding among minerals 
by precipitation of amorphous silica, carbonates, and aluminum hydroxide due to increase of 
temperature and pressure during burial [13]. It is very important to quantitatively evaluate the changes 
in the barrier performance accompanied by such long-term alteration to ensure the technical reliability 
and safety of geological disposal. However, it is extremely difficult to reproduce and evaluate such 
changes only by laboratory experiments. As an approach to evaluate such long-term alteration 
phenomena, geological concept of natural analogue research exists which predicts the progress of 
alteration of barrier materials by finding similar phenomena to be assessed in nature and simulates the 
relationship between alteration rate and elapsed time [14]. The alteration of buffer by cementation can 
be regarded as a part of the process of formation of bentonite deposit. Based on similar idea, the long-
term stability of bentonite materials under high-temperature conditions has been evaluated using natural 
bentonite deposits as research targets [15]. 

In this paper, the effect of cementation on the hydraulic properties of bentonite materials was 
experimentally investigated using bentonite ores from three bentonite deposits. Also, long term changes 
in barrier performance with occurrence of cementation was discussed. 

Figure 1 Conceptual design of geological disposal facility. 

2.  Material and methodology 
Three types of bentonite ore were used: from the Tsukinuno Mine in Yamagata, Japan (Tsukinuno ore), 
from the Ten Sleep Mine in Wyoming, USA (Ten Sleep ore), and from the Liufangzi Mine in Jilin, 
China (Liufangzi ore). Figure 2 shows appearance of bentonite ore samples. Fundamental properties of 
ores are shown in Table 1. According to previous studies, all the bentonite ores are considered to have 
been produced by diagenetic alteration. Geological ages of Tsukinuno, Ten Sleep, and Liufangzi ores 
are estimated to be about 10 million, 100 million, and 150 million years, respectively [16-18]. 

Figure 3 portrays hydraulic conductivity test system used in this study. The apparatus consists of a 
test cell, burettes, and regulators. In this test, 2 mm thick specimens were used, and bottom and top 
plates of the test cell were fixed to prevent swelling and deformation of specimen. The hydraulic gradient 
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was applied by adding air pressure to the burette of the inlet and outlet sides of the specimen. The 
applicability of this test system has already been shown in previous studies [19,20]. 

 
To evaluate the effect of cementation using ores, undisturbed specimens with remaining cementation 

and reconstituted specimens with removed cementation were prepared and used for the experimental 
investigations. The undisturbed specimens were made by shaping rock fragments to fit into a ring with 
an inner diameter of 28 mm and a height of 2 mm using a knife. It was confirmed that there were no 
cracks and gaps between the rings and specimens. The reconstituted specimens were made by crushing 
the rock pieces to less than 0.425 mm using a crushing machine, placing the samples directly into the 
rings, and compacting them by applying static load. The thickness and diameter of the specimens were 
measured to the nearest 1 μm, and the weight was measured to the nearest 1 μg. After making the 
specimens, membrane filters were placed on the top and bottom of the specimens, and the test cell was 
assembled. The test cell was then immersed in distilled water and saturated by water absorption under 

   
Figure 2 Appearance of bentonite ore samples (Left: Tsukinuno ore, Center: Ten Sleep ore, Right: 
Liufangzi ore. 

Table 1 Fundamental properties of bentonite ore. 
 Tsukinuno ore Ten Sleep ore Liufangzi ore 

Soil particle density(g/cm3) 2.77 2.67 2.73 
Liquid limit (%) 419.1 588.2 541.6 
Plastic limit (%) 29.2 57.2 35.6 
Plasticity index 389.9 531.0 506.0 
Content of montmorillonite (%) 44.7 50.4 51.1 
Leached cation Na+ (cmol(+)/kg) 43.7 60.7 48.8 
Leached cation Ca2+ (cmol(+)/kg) 5.6 14.4 21.0 
Leached cation Mg2+ (cmol(+)/kg) 0.9 0.4 3.4 

Leached cation K+ (cmol(+)/kg) Lower than minimum determination 
limit 0.6 

Accessory minerals Quartz, Plagioclase, 
Calcite 

Plagioclase, Cristo-
balite, Dolomite Plagioclase, Quartz 

 (a)  (b) (c) 
Figure 3 Test system: (a) illustration of whole test system, (b) cross-sectional view of the test cell, 
(c) specimen and 2 mm thick stainless ring. 
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reduced pressure (-98 kPa) for one day. After saturation, the test cell was connected to the inlet and 
outlet burette, and the hydraulic conductivity test was started. During the test, the air pressure applied 
to the burettes was varied as shown in Table 2 to change the hydraulic gradient. To avoid compression 
of the specimens, the applied pressure was lower than the swelling pressure obtained in previous study 
[21]. The room temperature and the water levels in the burettes were measured sequentially. 

The hydraulic conductivity kT was calculated using equation (1), and the hydraulic conductivity at a 
water temperature of 15°C k15 was calculated using equation (2) based on JGS (2018) [22]. 

 
In those equations, the following variables are used: Ain and Aout respectively stand for the cross-

sectional area of the burette on both inflow and outflow side (=0.51 cm2); L denotes the specimen 
thickness; Aspe expresses the cross-sectional area of the specimen; Δh1 and Δh2 respectively signify the 
water level differences at times t1 and t2; γw represents the unit volume weight of water; ΔP represents 
the differential pressure between the inflow (Pin) and outflow (Pout); and ηT/η15 is the correction factor 
for calculating k15. 

 

𝑘𝑘T = 2.303
(𝐴𝐴in × 𝐴𝐴out)𝐿𝐿

(𝐴𝐴in + 𝐴𝐴out)𝐴𝐴spe(𝑡𝑡2 − 𝑡𝑡1)
log10

∆ℎ1𝛾𝛾w + ∆𝑃𝑃
∆ℎ2𝛾𝛾w + ∆𝑃𝑃

 (1) 

𝑘𝑘15 = 𝑘𝑘T ×
𝜂𝜂T
𝜂𝜂15

 (2) 
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Figure 4 An example of relation between flow volume and time (top left) and relation between flow 
flux and hydraulic gradient. 



 
 
 
 
 
 

3.  Test results and discussion 

3.1.  Relation between flow velocity and hydraulic gradient 
Figure 4 shows an example of relation between flow volume and time (Case of reconstituted specimen 
ρd 1.77 Mg/m3 of Tsukinuno Ore) and the relationship between the flow flux and hydraulic gradient of 
the undisturbed and reconstituted specimens of each ore. In each case, the hydraulic gradient was varied 
by adjusting the air pressure applied to the inlet and outlet burets during the test period, as shown in the 
upper left graph of Figure 4 and Table 2. In all cases for Tsukinuno and Ten Sleep ore, the variation in 
flow flux of the undisturbed and reconstructed specimens were generally within a factor of two. In the 
cases of Liufangzi ore, although the variation seems to be larger than that of the other two types of ore, 
the flow flux is in the same order. From these results, there is a proportional relationship between the 
flow flux and the hydraulic gradient, and the macroscopic water flow in the specimens is in accordance 
with Darcy’s law. Furthermore, no deformation or damage of the specimens occurred in the range of the 
hydraulic gradient set in this study. 

3.2.  Effect of cementation on hydraulic conductivity of bentonites 
Figure 5 shows the relation between hydraulic conductivity and dry density, as well as the calculation 
results of theoretical equation by Komine (2008) [11]. In each ore, the hydraulic conductivity of the 
undisturbed and reconstituted specimens is not different significantly from that of the reconstituted 
specimen. Although geological age of the ores is older in the order of Tsukinuno, Ten Sleep, and 
Liufangzi, there is apparently no correlation between the geological ages and the difference in hydraulic 

 

 

 

Figure 5 Relation between hydraulic conductivity and dry density 
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conductivity of the undisturbed and reconstructed specimens. These results suggest that the effect of 
cementation on the hydraulic properties of bentonite materials might be small. The reason for this is that 
cementation causes both positive factors for low permeability, such as complication of soil particle shape 
and structure, and negative factors for low permeability, such as inhibition of swelling of 
montmorillonite minerals. For the former, SEM observation showed that the particle surface of the 
undisturbed specimen was more complex than that of the reconstructed specimen, and more macroscopic 
pores existed in the reconstructed specimen [23]. For the latter, XRD tests showed that the basal spacing  
 

Table 2 Specimen and test condition 

  
Specimen  

dry density 
ρd(Mg/m3) 

Applied air pressure at 
inflow and outflow 

� 𝑃𝑃in𝑃𝑃out
� (kPa) 

Approximate 
hydraulic gradient 

i (-) 

Tsukinuno 

Undisturbed 
specimen 

1.73 �10020 �→�20040 �→�30060 �→�40080 �→�500100� 
4000→8000→12000
→16000→20000 

1.72 �20040 �→�30060 �→�40080 �→�440120�→�560160� 8000→12000→ 
16000→20000 

1.66 �
500
100

� 20000 

Reconstituted 
specimen 

1.56 �10020 �→�20040 �→�30060 �→�40080 �→�500100� 
4000→8000→12000
→16000→20000 

1.77 �20040 �→�30060 �→�40080 �→�440120�→�560160� 
8000→12000→ 
16000→20000 

1.73 �
500
100

� 20000 

Ten Sleep 

Undisturbed 
specimen 

1.35 �10020 �→�20040 � 4000→8000 

1.42 �20040 �→�30060 �→�40080 �→�440120� 8000→12000→
16000 

1.41 �
500
100

� 20000 

Reconstituted 
specimen 

1.42 �20040 �→�30060 �→�40080 � 8000→12000→
16000 

1.33 �20040 �→�30060 �→�40080 �→�440120� 8000→12000→
16000 

1.59 �
500
100

� 20000 

Liufangzi 

Undisturbed 
specimen 

1.77 
�20040 �→�30060 �→�40080 �→�500100�→�640160�→�760200�

→�800160� 

8000→12000→
16000→20000→

24000→ 
28000→32000 

1.69 �30060 �→�40080 �→�440120�→�560160� 12000→16000→
20000 

1.82 �
500
100

� 20000 

Reconstituted 
specimen 

1.89 
�10020 �→�20040 �→�30060 �→�40080 �→�500100�→�600120�

→�640160�→�760200�→�800160� 

4000→8000→12000
→16000→20000→

24000→28000→
32000 

1.75 �20040 �→�30060 �→�40080 �→�440120�→�560160� 
8000→12000→ 
16000→20000 

1.69 �
500
100

� 20000 



 
 
 
 
 
 

of montmorillonite in the undisturbed specimen was smaller than that in the reconstructed specimen 
with the same water content, suggesting that the hydration and swelling of montmorillonite was inhibited 
by cementation [24]. It can be inferred that there is no significant change in hydraulic conductivity of 
undisturbed specimens and reconstituted specimens. Incidentally, the ores used in this study differ in 
their not only geological age but also environmental conditions such as formation and burial depth, and 
the results obtained in this study imply that cementation may have no effect on the hydraulic 
conductivity. 

4.  Conclusion 
 
In this paper, the following three conclusions can be obtained. 
1) In the range of hydraulic gradient set in this study (4000 - 32000), the macroscopic hydraulic behavior 
of bentonite satisfies Darcy's law. 
2) The hydraulic conductivity of the undisturbed and reconstituted bentonite ore specimens is in the 
same order.  
3) Cementation causes both complication of the soil particle structure and inhibition of swelling of 
montmorillonite, and as a result, almost no change in hydraulic conductivity is inferred. 
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