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The swelling capacity of bentonite buffers is vital in high-level radioactive waste (HLW) repositories, as it minimizes
groundwater infiltration, prevents nuclides from reaching the biosphere, and stabilizes the HLW canisters. As swelling
capacity is a function of temperature, understanding bentonite’s behavior at approximately 100°C (its presumed upper
limit) is essential. However, research on this subject has been scarce. Hence, this study explored the effects of thermal treat-
ment of Ca-bentonite at 105°C under injected water pressures. The results suggest a 19% reduction in “swell index” and a
35%-36% decrease in the total pressure in thermally treated bentonite. The heated samples demonstrated higher hydraulic
conductivity than the non-heated ones, indicating potential performance deterioration in controlling the fluid movement.
Furthermore, the injected water pressure (base pressure) was not fully transmitted to the sample owing to the difference
between the base and back pressures, leading to variations in the total pressure despite maintaining a constant differential
pressure. Thus, the results demonstrated a degradation in bentonite’s swelling capacity and its compromised role in safe
HLW disposal, when subjected to treatment at 105°C. The insights from this research can assist in HLW repository design,
while highlighting the need for further research into bentonite’s performance.
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1. Introduction

The safe management of high-level radioactive waste
(HLW) is a critical challenge in nuclear waste disposal, re-
quiring the design and operation of repositories that can se-
curely isolate radioactive materials over extended periods.
These repositories are typically constructed within stable
geological formations and comprise both a natural barrier
system (NBS) and an engineered barrier system (EBS) [1,
2]. While the NBS leverages the inherent properties of the
surrounding rock to contain canisters with HLWs, the EBS
enhances containment through engineered components,
making its design as pivotal as the selection of an appropri-
ate geological site.

The EBS consists of several key components: the can-
ister, buffer, backfill, and near-field rock (Fig. 1). Among
these, the buffer plays a crucial role by minimizing ground-
water inflow, preventing the release of radionuclides, pro-
viding mechanical support to the canister, shielding it from
external forces, and facilitating the dissipation of decay
heat into the surrounding environment. The thermal prop-
erties of the buffer directly influence the layout of disposal
tunnels and deposition holes within the repository. Specifi-
cally, the thermal conductivity of the buffer affects the max-
imum temperature it reaches during HLW disposal, which
in turn dictates the spacing of waste packages. Higher ther-
mal conductivity allows for closer spacing, optimizing the
repository’s footprint, whereas lower thermal conductivity
necessitates greater spacing [3-5].

Bentonite clay is widely used as a buffer material due
to its exceptional chemical and physical stability over geo-
logical timescales. Its swelling capacity is a key property
that contributes to canister support and the inhibition of mi-
crobially induced corrosion [6, 7]. This swelling capacity
is largely determined by the montmorillonite content and
the dominant exchangeable cations present in the clay. Ben-
tonite is classified as either sodium (Na)-type or calcium
(Ca)-type, depending on whether Na* or Ca®* ions are pre-

dominant [8]. Na-type bentonite exhibits a higher swelling
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capacity compared to Ca-type, making it the preferred
choice for buffer materials in HLW repositories [9, 10].

However, the swelling of bentonite buffers does not oc-
cur unless sufficient water is supplied, and the buffer may
remain unsaturated or even desiccated due to decay heat be-
fore groundwater ingress occurs. This raises concerns about
the thermal behavior of bentonite under repository condi-
tions. Some studies report an increase in swelling pressure
with temperature in saturated bentonite [11]. In contrast,
other studies have observed a decrease in swelling pressure
as temperature increases [12-14]. For the safety of nuclear
waste disposal, it is important to consider the potential de-
crease in swelling capacity due to thermal effects.

Despite extensive research on the temperature-depen-
dent swelling behavior of bentonite, there is a notable lack
of studies focusing on the effects of prolonged thermal treat-
ment at temperatures around 100°C. This temperature is the
maximum allowable for buffer materials in HLW reposi-
tories [3, 4]. Most previous investigations have examined
the effects of short-term exposure to higher temperatures
(> 150°C) [15-18]. This leaves a gap in understanding the
long-term performance of bentonite under repository-rele-
vant thermal conditions. This knowledge gap is particularly
critical for Ca-type bentonite, which has a lower swelling
capacity than Na-type bentonite.

Additionally, when measuring the swelling pressure of
bentonite, the total recorded pressure reflects contributions
from both the swelling of the clay particles and the applied
water pressure. The influence of injected water pressure on
the total pressure measurement complicates the accurate
assessment of the intrinsic swelling behavior of bentonite.
There is a need to distinguish between these two compo-
nents to properly evaluate the swelling capacity of the buf-
fer material.

Thus, this study investigated how the swelling capac-
ity and hydraulic conductivity of Ca-type bentonite buffer
materials change when subjected to thermal treatment at a
temperature close to the HLW repository design criterion of

100°C, specifically at 105°C. To account for the possibility
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Fig. 1. Schematic diagram of the high-level radioactive waste repository.

that the temperature could actually exceed 100°C, a con-
servative approach was adopted by specifying 105°C. In
addition, variations in the total pressure according to the in-
jected water pressure were investigated. By accounting for
the effects of the injected water pressure, this study enables
the determination of how the swelling pressure caused sole-
ly by the bentonite particles should be properly considered
under different injected water pressure conditions, as well
as the thermal treatment effect on the bentonite buffer in

terms of swelling capacity and hydraulic conductivity.

2. Sample and Experimental Procedure
2.1 Sample

KIJ-II bentonite, produced in Gyeongju, Korea, was
used for the tests to confirm the swelling capacity. The ba-
sic properties of the KJ-II bentonite are listed in Table 1
[19], and its element and mineral constituents are shown in
Tables 2 and 3, respectively. The main exchangeable cation

of KJ-1I is Ca?*. To create the thermally treated sample, the
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KJ-II powder was dried in an oven at 105°C for 10 months.
After drying, the thermally treated KJ-II powder was mixed
with deionized (DI) water to achieve a water content of
12% and allow the comparison of results with those for
non-thermally treated KJ-II at the same water content. The
powder and water mixture was placed in a mold and com-
pressed by a press to create a block with a diameter of 5 cm
and a thickness of 1 cm. The dry density of the samples was
1,580 kg'm™.

2.2 Measurement of Swell Index

The swell index (SI) measures the swelling capacity of
a soaked bentonite sample under unconstrained conditions
in water. It is determined by measuring how much a 2 g
sample swells in volume when placed in a graduated cylin-
der. The SI was measured following the ASTM D5890-11
[20] standard under unconstrained water conditions.

2.3 Measurement of Swelling Pressure

To measure the swelling pressure, the non-thermally
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Table 1. Basic properties of KJ-II bentonite [19]

Specific gravity  Liquid limit ~ Plastic limit ~ Plasticity index USCS Specific surface D5, Organic carbon
(%) (o) (m?/g) (%)

KJ-II
(Non-thermally 2.71 146.7 28.4 118.3 CH 61.5 3.1 0.25
treated)
Table 2. Element composition of thermally treated and non-thermally treated KJ-II

Sio, Al,O; Fe,0, CaO MgO K,0 Na,0O TiO, MnO Ref.
K-l (Non-thermally —5¢ ¢ 15.17 528 572 2.70 127 1.06 0.67 0.13 [19]
treated)
KJ-AI (Thermally 6358 1289 473 521 2.49 118 0.8 0.6 0.11
treated)
Table 3. Mineral composition of thermally treated and non-thermally treated KJ-1I

Montmorillonite Albite Quartz Cristobalite Calcite Heulandite Reference
KJ-II (Non-thermally 61.9 20.9 53 4.1 48 3 [19]
treated)
KJ-II (Thermally 414 124 224 12.1 8 38

treated)

treated sample was first placed into an oedometer cell. For
the swell test, a force of 0.5 kN was applied vertically to the
sample by the ram to ensure full contact with the sample,
while all outlets were open to atmospheric pressure to al-
low air pushed out by the ram to escape (Fig. 2). After ram
contact, the base pressure pump with 0.25% volume accu-
racy of the measured value and 0.15% pressure accuracy
of the full range (3 MPa) injected water at 0.2 MPa into
the bottom of the sample. The load cell measured the to-
tal force exerted by the sample swelling from the injected
water; these values were obtained until force convergence.
This process was repeated for the thermally treated sample,
using an initial base pressure of 0.2 MPa. Especially, for the
thermally treated sample, once the measured force stabi-
lized at each pressure, the water pressure was incrementally

raised to 0.5, 1.0, and 1.5 MPa to confirm how much water

14

base pressure is delivered to the load cell depending on the
base pressure applied to the sample. The total pressure was

calculated using the force measurements from the load cell.

2.4 Measurement of Hydraulic Conductivity

After measuring the swelling pressure, the hydraulic
conductivity for the thermally treated sample was deter-
mined using the same setup by applying back pressure us-
ing the back pressure pump with the same specifications
as the base pressure pump. After the force measured by
the load cell was converged when the base pressure was
1.5 MPa, the outlet valve connected to the atmosphere was
closed, and 0.5 MPa was applied on top of the sample by
the back-pressure pump. When the load cell forces under

each back-pressure condition stabilized, the back pressure
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Fig. 2. Schematic of the experimental setup for measuring swelling pressure and hydraulic conductivity.

was incrementally increased to 0.7 and 1 MPa. The hydrau-
lic conductivity was calculated using Darcy’s law, based
on the volume change of the back-pressure pump and the

differential pressure between the base and back pressure.

3. Results
3.1 Swell Index

The SI of the thermally treated sample decreased by
19% from 6.8 to 5.5 mL/2 g (Fig. 3), indicating that the
swelling capacity of the sample was reduced by the thermal
treatment.

3.2 Swelling Pressure

The total pressure of the non-thermally treated sample

with a dry density of 1,580 kg'm~ was approximately 2.25
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Fig. 3. Comparison of swell index between (a) non-thermally treated and
(b) thermally treated samples.

MPa when the base pressure of 0.2 MPa was applied (Fig.
4). However, under the same injected water pressure, the
total pressure for the thermally treated sample was lower
at 1.43 MPa, a decrease of 36% compared with that of the
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Fig. 4. Results of measuring the total pressure of the sample.

non-thermally treated sample. Compared to the total pres-
sure result of approximately 2.85 MPa reported by Kim et
al. (2021b) [21] for the non-thermally treated sample with a
dry density of 1,600 kg-m™ at a base pressure of 1 MPa, the
total pressure for the thermally treated sample decreased by
35% to 1.85 MPa (Fig. 4). The effect of thermal treatment
was confirmed by the discrepancy in swelling pressures.
Even if swelling of the sample does not occur, the swell
index does not become 0 due to the volume of the sample
itself, so the rate of decrease in swelling pressure is greater
than the rate of decrease in swell index.

For each base pressure of 0.2, 0.5, 1, and 1.5 MPa, the
total pressures for the thermally treated sample were 1.43,
1.61, 1.85, and 2.09 MPa, respectively (Fig. 5). Assuming
that the swelling pressure of the thermally treated sample is
1.23 MPa (excluding the base pressure) at a base pressure of
0.2 MPa, the actual applied base pressures at 0.5, 1, and 1.5
MPa were 0.37, 0.62, and 0.85 MPa, respectively (Fig. 6).
In other words, only 74, 62, and 57% of the 0.5, 1, and 1.5
MPa base pressures, respectively, were effectively applied.

When the increase in the injected base pressure was 0.3
MPa, the ratio of the actual pressure increase was higher
than when the increase in the injected base pressure was

0.5 MPa (Fig. 7). Actually, applied base pressure to the
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o

with the base pressure: (a) total pressure, and (b) normalized total pressure.

20
©
% 1.5 4
9]
5
g 1.0
5 |
v
3
©
=] 26%
E 0.5 A §

0 T . .
0 0.5 1.0 15 20

Applied base pressure (MPa)

Fig. 6. Actual base pressure to the thermally treated sample measured by
the load cell with base pressure.

total pressure was 0.17 MPa which is 57% of the increase
amount of base pressure of 0.3 MPa. When the base pres-
sure increased from 0.5 to 1 MPa and from 1 to 1.5 MPa,
the applied base pressures to the total pressure were 0.246,
and 0.233 MPa, respectively, which are approximately 49%
and 47% of the increased amount of base pressure of 0.5
MPa. Even though the increased amount of base pressure
was the same as 0.5 MPa, the actual base pressure was

different. The higher the base pressure was, the more the
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Fig. 8. Total pressure of the thermally treated sample measured by the load
cell at the same difference between base and back pressures. (Legend of
Base means when the back pressure is 0).

actual base pressure applied became less than the amount of
increased pressure. When the difference between base pres-
sure and back pressure is 0.5 MPa and 1 MPa, respectively,
the pressure measured by the load cell was higher when
back pressure was applied to the sample than when the back

pressure was atmospheric (Fig. 8).

3.3 Hydraulic Conductivity

Regardless of the hydraulic head difference when the
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Fig. 9. Measurement of flow volume for thermally treated sample with
base and back pressures.

base pressure was constant at 1.5 MPa, the hydraulic con-
ductivity of the thermally treated sample remained relative-
ly stable, measuring 6.21x107'%, 6.42x107"%, and 6.11x107"
m-s™' when the back pressure was 0.5, 0.7, and 1 MPa, re-
spectively (Fig. 9). The hydraulic conductivity of the ther-
mally treated sample was higher than that of the non-ther-
mally treated sample, with a dry density of approximately
1,600 kg'm™, and 3.5x107* m-s™! [19], which indicates that
the swelling capacity of the thermally treated sample was

reduced.

4. Discussion

4.1 Reduction of Swelling by Thermal
Treatment

The swelling mechanisms are classified into two mech-
anisms. One is crystalline swelling, and the other is swell-
ing by hydration in the diffusion double layer (DDL). Since
the swelling in the DDL is affected by the spacing of aggre-
gates, the swelling pressure of the bentonite depends on the
crystalline swelling in the particles for block-type bentonite
with a high dry density such as a buffer that has low spacing
of aggregates [13, 22].

17



Gi-Jun Lee et al. : Effects of Thermal Treatment at 105°C and Conditions of Injected Water Pressure on Swelling and Hydraulic Conductivity of Ca-

Bentonite Buffer Materials

Tetrahedral silica (SiO,) layer

Octahedral alumina (Al,O,) layer

Silicate layer

Tetrahedral silica (SiO,) layer

Basal spacing

e o © H,O o

Interlayer

Tetrahedral silica (SiO,) layer

Octahedral alumina (Al,O,) layer

Tetrahedral silica (SiO,) layer

Fig. 10. Schematic of the structure of montmorillonite composed of several silicates.

The crystalline swelling occurs when water is adsorbed
to the surface of the basal crystal [23], and it is regulated
by maintaining equilibrium between potent electrostatic at-
traction and repulsive hydration forces [24-29]. However,
the repulsive hydration force is reduced by heat treatment.
Furthermore, when bentonite undergoes prolonged high-
temperature thermal treatment in a dry state, the subsequent
reaction with water results in a decrease in the repulsive
hydration force compared to that before undergoing high-
temperature thermal treatment.

The crystalline swelling capacity can be predicted
roughly by the variation of the basal spacing of the mont-
morillonite (Fig. 10). For the thermally treated sample at
105°C for 10 months, the basal spacing was decreased from
1.5 to 1.43 nm (Fig. 11). Also, the basal spacing was de-
creased from 1.45 to 0.98 nm by thermal treatment at 200°C
for 27 months [18], and similarly, thermally treated benton-
ite up to a temperature of 650°C also exhibits a decrease
in basal spacing from 1.5 to 0.98 nm [30]. Decreased basal
spacing means decreased interlayer induced by equivalent
force changes between silicate layers. According to the re-
sults of the basal spacing changes depending on the thermal
treatment temperature, it can be observed that changes in

basal spacing occur up to 200°C (Fig. 11). Additionally, it
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Fig. 11. Basal spacing variation with temperature of thermal treatment.

is noted that an increase in temperature at 105°C leads to a
further decrease in basal spacing. Furthermore, it can be in-
ferred that the hydration capacity is structurally reduced in
the interlayers of the aggregates completely by the thermal
treatment at 200°C. The SI of the bentonite also decreased
by 24% after thermal treatment at 200°C for more than 15
months [18], which indicates that the temperature of ther-
mal treatment may affect the reduction rate of swelling ca-
pacity at least up to 200°C to compare the decrease ratio of

the SI, 19% when the temperature of thermal treatment is
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105°C, and the duration is 10 months.

In addition, the interlayer can be collapsed by thermal
treatment, reducing the hydration capacity of cations in the
DDL [18]. Through XRF analysis, it was confirmed the
exchangeable cations in the thermally treated sample were
reduced compared to those in the non-thermally treated
sample (Table 2). This collapsed interlayer structure limits
swelling compared to untreated bentonite. The prolonged
thermal treatment is presumed to prevent full rehydration
and the restoration of hydrated cations in the DDL that en-
able swelling. The interlayer collapse and decreased hydra-
tion sites for cations lead to lower swelling.

The mineral composition changes caused by thermal
treatment probably contributed to the reduced swelling
capacity. Some studies suggest that when montmorillonite
undergoes heat treatment, it transforms into a more stable
silicate mineral, resulting in a decrease in the montmoril-
lonite content [31, 32]. Likewise, in this study, the substan-
tial montmorillonite content of the sample decreased by
33% from 61.9 to 41.4% after 105°C treatment, leading to
an increase in the proportion of other minerals without new
phase formation (Tables 2 and 3). Similar variations oc-
curred with 200°C treatment for 27 months [18]. Addition-
ally, 650°C treatment for 4 hours increased silica and alu-
mina contents [17]. This indicates that both prolonged ther-
mal treatment (even at relatively low temperatures above
100°C) and brief exposures to high temperatures can induce
structural changes in bentonite, reducing montmorillonite
content. The decreased proportion of swelling montmoril-
lonite minerals plausibly contributed to the lower SI and
swelling pressure after 105°C thermal treatment.

Above all, the decrease of montmorillonite in the ther-
mally treated sample was clearly confirmed through the
XRD intensity results (Fig. 12). Indeed, after prolonged
thermal treatment of bentonite, a comparison of its cation
exchange capacity (CEC) before and after thermal treat-
ment revealed a decrease in CEC [18]. Since the CEC
which is related to hydration affects the swelling, the re-

duced CEC means the reduced swelling.
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4.2 Swelling Pressure With Injected Water
Pressure Conditions

The bentonite swells in the direction in which layers
are piled up. Thus, when the bentonite is compressed by
a press, the particles are likely to be mainly aligned in the
direction of compression, so the swelling pressure in the
radial and vertical directions of the buffer material can
be measured differently [33] (Fig. 13). In addition, when
bentonite particles swell, forces act up and down, and the
forces acting up and down between layers cancel each other
out in constraint conditions [34]. Therefore, when a water
pressure of 1 MPa is applied to the bottom of the sample,
all of the water pressure of 1 MPa is not transferred to the
load cell. Therefore, it should not be judged that the total
pressure minus the water pressure is the swelling pressure
of the sample itself [35]. In addition, after saturation, all the
interlayers in the sample are filled with water. At that time,
if the base pressure increases, rearrangement of aggrega-
tion, and squeeze phenomenon occur, so that the water mol-
ecules are exchanged with injected water molecules and the
water comes out through outlet at the top of the sample by

squeezing effect, which draws damping of pressure [36].
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Fig. 13. Schematic of particle swelling in the sample.

Thus, as base pressure increases in an already saturated
state, the degree of influence of base pressure on total pres-

sure decreases [37].

5. Conclusions

This study investigated the swelling behavior of ther-
mally treated bentonite and determined how applied hy-
draulic pressure affects the swelling pressure. The follow-
ing conclusions can be drawn:

m The swelling capacity of bentonite decreased, and
the hydraulic conductivity increased by thermal
treatment at 105°C for 10 months. The increase in
hydraulic conductivity indicates a reduction in pore
space, thereby confirming a decrease in swelling ca-
pacity. Also, in the case of bentonite thermally treated
at a temperature between 105 and 200°C, the reduc-

tion rate of the swelling capacity may increase with

20

increasing thermal treatment temperature.

m At temperatures above 100°C, structural changes in

the bentonite can occur if thermal treatment is pro-
longed. Conversely, high temperatures might also
lead to structural changes in bentonite, even if only

briefly applied.

m The hydraulic conductivity remains almost constant

regardless of the injected water pressure, but the
swelling pressure of bentonite has to be considered
according to the injected water pressure. By the
swelling mechanism, the swelling pressure among
each layer in bentonite is cancelled out in constraint
conditions, so the injected water is not fully taken
into account in the pressure of the buffer in constraint

conditions.

It is thought that this study can contribute to the assess-
ment of potential performance degradation of bentonite
buffer in the HLW repository by demonstrating the antici-

pated decrease in swelling capacity at 105°C.

JNFCWT Vol.23 No.1 pp.11-23, March 2025



Gi-Jun Lee et al. : Effects of Thermal Treatment at 105°C and Conditions of Injected Water Pressure on Swelling and Hydraulic Conductivity of Ca-

Conflict of Interest

No potential conflict of interest relevant to this article was

reported.

Acknowledgements

This research was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (Ministry of Science and ICT) (No. RS-2021-
NRO056237), and carried out under the KICT Research Pro-
gram (project no. 20250260-001, Evaluation and Analy-
sis of Radionuclide Release from Support Materials for a
High-Level Radioactive Waste Disposal Tunnel) funded by
the Ministry of Science and ICT.

REFERENCES

[1] W.J. Cho, J.O. Lee, and S. Kwon, “Analysis of Thermo-
Hydro-Mechanical Process in the Engineered Barrier
System of a High-Level Waste Repository”, Nucl. Eng.
Des., 240 (6), 1688-1698 (2010). https://doi.org/10.1016/j.
nucengdes.2010.02.027

[2] S.Yoon, S. Chang, and D. Park, “Investigation of Soil-Wa-
ter Characteristic Curves for Compacted Bentonite Con-
sidering Dry Density”, Prog. Nucl. Energy, 151, 104318
(2022). https://doi.org/10.1016/j.pnucene.2022.104318

[3] M.J. Kim, G.J. Lee, and S. Yoon, “Numerical Study on
the Effect of Enhanced Buffer Materials in a High-Level
Radioactive Waste Repository”, Appl. Sci, 11(8), 8733
(2021). https://doi.org/10.3390/app11188733

[4] Svensk Kérnbrénslehantering AB. Design Premises for
a KBS-3V Repository Based on Results From the Safe-
ty Assessment SR-Can and Some Subsequent Analyses,
SKB Technical Report, TR-09-22 (2009).

[5]S. Yoon, G.J. Lee, T.J. Park, C. Lee, and D.K. Cho,

“Thermal Conductivity Evaluation for Bentonite Buffer

JINFCWT Vol.23 No.1 pp.11-23, March 2025

Bentonite Buffer Materials

Materials Under Elevated Temperature Conditions”,
Case Stud. Therm. Eng., 30, 101792 (2022). https://doi.
org/10.1016/j.csite.2022.101792

[6] Posiva Oy. Safety Case for the Disposal of Spent Nucle-
ar Fuel at Olkiluoto, Description of the Disposal System
2012, Posiva Oy Report, POSIVA 12-5 (2012).

[7] S. Maanoja, M. Palmroth, L. Salminen, L. Lehtinen, M.
Kokko, A.M. Lakaniemi, H. Auvinen, M. Kiczka, E.
Muuri, and J. Rintala, “The Effect of Compaction and
Microbial Activity on the Quantity and Release Rate of
Water-soluble Organic Matter From Bentonites”, Appl.
Clay Sci., 211, 106192 (2021). https://doi.org/10.1016/].
clay.2021.106192

[8] G.J. Lee, S. Yoon, and W.J. Cho, “Effect of Bentonite
Type on Thermal Conductivity in a HLW Repository”,
J. Nucl. Fuel Cycle Waste Technol., 19(3), 331-338
(2021). https://doi.org/10.7733/jnfcwt.2021.19.3.331

[9] N. Giiven, “Longevity of Bentonite as Buffer Material in a
Nuclear-Waste Repository”, Eng. Geol., 28(3-4), 233-247
(1990). https://doi.org/10.1016/0013-7952(90)90010-X

[10] G. Xiang, W. Ye, Y. Xu, and F.E. Jalal, “Swelling De-

formation of Na-bentonite in Solutions Containing
Different Cations”, Eng. Geol., 277, 105757 (2020).
https://doi.org/10.1016/j.enggeo0.2020.105757

[11] B. Akinwunmi, L. Sun, J.T. Hirvi, S. Kasa, and T.A.

Pakkanen, “Influence of Temperature on the Swelling
Pressure of Bentonite Clay”, Chem. Phys., 516, 177-181
(2019). https://doi.org/10.1016/j.chemphys.2018.09.009

[12]Y. Chen, Z. Sun, Y. Cui, W. Ye, and Q. Liu, “Effect of

Cement Solutions on the Swelling Pressure of Com-
pacted GMZ Bentonite at Different Temperatures”,
Constr. Build. Mater., 229, 116872 (2019). https://doi.
org/10.1016/j.conbuildmat.2019.116872

[13] Y.G. Chen, X.X. Dong, X.D. Zhang, WM. Ye, and Y.J.

Cui, “Cyclic Thermal and Saline Effects on the Swelling
Pressure of Densely Compacted Gaomiaozi Bentonite”,
Eng. Geol., 255, 37-47 (2019). https://doi.org/10.1016/j.
enggeo.2019.04.016

[14] K. Ruan, H. Wang, H. Komine, and D. Ito, “Experimental

21


https://doi.org/10.1016/j.nucengdes.2010.02.027
https://doi.org/10.1016/j.nucengdes.2010.02.027
https://doi.org/10.1016/j.csite.2022.101792
https://doi.org/10.1016/j.csite.2022.101792
https://doi.org/10.1016/j.clay.2021.106192
https://doi.org/10.1016/j.clay.2021.106192
https://doi.org/10.1016/0013-7952(90)90010-X
https://doi.org/10.1016/j.conbuildmat.2019.116872
https://doi.org/10.1016/j.conbuildmat.2019.116872
https://doi.org/10.1016/j.enggeo.2019.04.016
https://doi.org/10.1016/j.enggeo.2019.04.016

Gi-Jun Lee et al. : Effects of Thermal Treatment at 105°C and Conditions of Injected Water Pressure on Swelling and Hydraulic Conductivity of Ca-

Bentonite Buffer Materials

Study for Temperature Effect on Swelling Pressures
During Saturation of Bentonites”, Soils Found., 62(6),
101245 (2022). https://doi.org/10.1016/j.sandf.2022.101
245

[15] R.A. Couture, “Steam Rapidly Reduces the Swelling
Capacity of Bentonite”, Nature, 318, 50-52 (1985).
https://doi.org/10.1038/318050a0

[16] Y. Sarikaya, M. Onal, B. Baran, and T. Alemdaroglu,
“The Effect of Thermal Treatment on Some of the Phys-
icochemical Properties of a Bentonite”, Clays Clay
Miner., 48(5), 557-562 (2000). https://doi.org/10.1346/
CCMN.2000.0480508

[17] V. Zivica and M.T. Palou, “Physico-Chemical Charac-
terization of Thermally Treated Bentonite”, Compos.
B Eng., 68, 436-445 (2015). https://doi.org/10.1016/j.
compositesb.2014.07.019

[18] F. Laufek, I. Hanusova, J. Svoboda, R. Vasicek, J. Na-
jser, M. Koubovéa, M. Curda, F. Pticen, L. Vaculikova,
H. Sun, and D. Masin, “Mineralogical, Geochemical
and Geotechnical Study of BCV 2017 Bentonite—The
Initial State and the State Following Thermal Treat-
ment at 200°C”, Minerals, 11(8), 871 (2021). https://
doi.org/10.3390/min11080871

[19] GJ. Lee, S. Yoon, T. Kim, and S. Chang, “Investigation
of'the Various Properties of Several Candidate Additives
as Buffer Materials”, Nucl. Eng. Technol., 55(3), 1191-
1198 (2023). https://doi.org/10.1016/j.net.2022.11.017

[20] ASTM, D5890-11 Standard Test Method for Swell In-
dex of Clay Mineral Component of Geosynthetic Clay
Liners, ASTM International, West Conshohocken,
Pennsylvania (2011).

[21] M. Kim, S. Lee, E. Cheon, M. Kim, and S. Yoon, “Ther-
mochemical Changes on Swelling Pressure of Com-
pacted Bentonite”, Ann. Nucl. Energy, 151, 107882
(2021). https://doi.org/10.1016/j.anucene.2020.107882

[22] C.M. Zhu, WM. Ye, Y.G. Chen, B. Chen, and Y.J. Cui,
“Influence of Salt Solutions on the Swelling Pressure
and Hydraulic Conductivity of Compacted GMZ01
Bentonite”, Eng. Geol., 166, 74-80 (2013). https://doi.

22

org/10.1016/j.enggeo0.2013.09.001

[23] M. Onal, “Swelling and Cation Exchange Capacity Re-
lationship for the Samples Obtained From a Bentonite
by Acid Activations and Heat Treatments”, Appl. Clay
Sci., 37(1-2), 74-80 (2007). https://doi.org/10.1016/].
clay.2006.12.004

[24] PF. Low, “The Swelling of Clay: III. Dissociation of
Exchangeable Cations”, Soil Sci. Soc. Am. J., 45(6),
1074-1078 (1981). https://doi.org/10.2136/sssaj1981.
03615995004500060013x

[25] B.E. Viani, PF. Low, and C.B. Roth, “Direct Measure-
ment of the Relation Between Interlayer Force and In-
terlayer Distance in the Swelling of Montmorillonite”,
J. Colloid Interface Sci., 96(1), 229-244 (1983). https://
doi.org/10.1016/0021-9797(83)90025-5

[26] R.N. Yong and A.M.O. Mohamed, “A Study of Par-
ticle Interaction Energies in Wetting of Unsaturated
Expansive Clays”, Can. Geotech. J., 29(6), 1060-1070
(1992). https://doi.org/10.1139/t92-123

[27]1 T. Sato, T. Watanabe, and R. Otuska, “Effects of
Layer Charge, Charge Location, and Energy Change
on Expansion Properties of Dioctahedral Smectites”,
Clays Clay Miner., 40(1), 103-113 (1992). https://doi.
org/10.1346/CCMN.1992.0400111

[28] D.A. Laird, C. Shang, and M.L. Thompson, “Hys-
terisis in Crystalline Swelling of Smectites”, J. Col-
loid Interface Sci., 171(1), 240-245 (1995). https://doi.
org/10.1006/jcis.1995.1173

[29] D.A. Laird, “Influence of Layer Charge on Swelling
of Smectites”, Appl. Clay Sci., 34 (1-4), 74-87 (2006).
https://doi.org/10.1016/j.clay.2006.01.009

[30] O. Zuzana, M. Annamaria, D. Silvia, and B. Jaroslav,
“Effect of Thermal Treatment on the Bentonite Proper-
ties”, Arh. Tehnicke Nauk., 7(1), 49-56 (2012). https://
doi.org/10.5825/afts.2012.0407.0490

[31] P. Wersin, L.H. Johnson, and I1.G. McKinley, “Perfor-
mance of the Bentonite Barrier at Temperatures Be-
yond 100°C: A Critical Review”, Phys. Chem. Earth,
32(8-14),780-788(2007). https://doi.org/10.1016/j.pce.

JNFCWT Vol.23 No.1 pp.11-23, March 2025


https://doi.org/10.1016/j.sandf.2022.101245
https://doi.org/10.1016/j.sandf.2022.101245
https://doi.org/10.1038/318050a0
https://doi.org/10.1346/CCMN.2000.0480508
https://doi.org/10.1346/CCMN.2000.0480508
https://doi.org/10.1016/j.compositesb.2014.07.019
https://doi.org/10.1016/j.compositesb.2014.07.019
https://doi.org/10.3390/min11080871
https://doi.org/10.3390/min11080871
https://doi.org/10.1016/j.enggeo.2013.09.001
https://doi.org/10.1016/j.enggeo.2013.09.001
https://doi.org/10.1016/j.clay.2006.12.004
https://doi.org/10.1016/j.clay.2006.12.004
https://doi.org/10.2136/sssaj1981.03615995004500060013x
https://doi.org/10.2136/sssaj1981.03615995004500060013x
https://doi.org/10.1016/0021-9797(83)90025-5
https://doi.org/10.1016/0021-9797(83)90025-5
https://doi.org/10.1346/CCMN.1992.0400111
https://doi.org/10.1346/CCMN.1992.0400111
https://doi.org/10.1006/jcis.1995.1173
https://doi.org/10.1006/jcis.1995.1173
https://doi.org/10.5825/afts.2012.0407.049O
https://doi.org/10.5825/afts.2012.0407.049O

Gi-Jun Lee et al. : Effects of Thermal Treatment at 105°C and Conditions of Injected Water Pressure on Swelling and Hydraulic Conductivity of Ca-

2006.02.051

[32] L. Dong, Y. Biao, Y. Zhongtian, L. Honghui, L. Yuchen,
and L. Wei, “The Alteration on the Mineral Composition
of GMZ Sodium Bentonite After Thermal Aging”,
China Mining Magazine, 29(11), 212-219 (2020).
https://doi.org/10.12075/j.issn.1004-4051.2020.11.004

[33] Z. Zeng, Y.J. Cui, N. Conil, and J. Talandier, “Experi-
mental Study on the Aeolotropic Swelling Behaviour of
Compacted Bentonite/Claystone Mixture With Axial/
Radial Technological Voids”, Eng. Geol., 278, 105846
(2020). https://doi.org/10.1016/j.enggeo.2020.105846

[34] A. Kianersi, M. Hajipour, and E.B. Delijani, “Experimen-
tal Evaluation of Bentonite Clay Swelling and Inhibition
Effect of Nanoparticles”, Environ. Earth Sci., 82(22), 526
(2023). https://doi.org/10.1007/s12665-023-11210-9

[35]1Y. Cui, T. Liu, Z. Yang, X. Liu, X. Yi, and X. Ling, “Ef-
fect of Salt Solution Concentration and Cation Types
on the Mechanical Properties of Bentonite as a Bar-
rier Material”, Bull. Eng. Geol. Environ., 83(11), 431
(2024). https://doi.org/10.1007/s10064-024-03934-0

[36] K. Jadda and R. Bag, “Swelling Behavior of Divalent
and Monovalent Indian Bentonites in Isochoric and
Free Swelling Conditions”, Bull. Eng. Geol. Environ.,
82(6), 217 (2023). https://doi.org/10.1007/s10064-023-
03236-x

[37]1 L. Selcuk, “A Rational Method for Determining the
Swelling Pressure of Expansive Soils: Paired Swell
Test (PS-test)”, Acta Geotech., 17(8),3161-3180 (2022).
https://doi.org/10.1007/s11440-022-01465-0

JINFCWT Vol.23 No.1 pp.11-23, March 2025

Bentonite Buffer Materials

23


https://doi.org/10.12075/j.issn.1004-4051.2020.11.004
https://doi.org/10.1007/s12665-023-11210-9
https://doi.org/10.1007/s10064-024-03934-0
https://doi.org/10.1007/s10064-023-03236-x
https://doi.org/10.1007/s10064-023-03236-x

