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A B S T R A C T   

In a geological repository system, buffer is indispensable to ensure the safe disposal of high-level 
radioactive waste (HLW). Because heat generated from spent nuclear fuel in a canister is released 
to the surrounding buffers, thermal properties of such materials are fundamental in determining 
the overall disposal safety. Specifically, given that thermal expansion causes thermal stress to 
canisters and intact rock masses in the near-field location, it is imperative to evaluate the thermal 
expansion characteristics of the buffer, particularly when bentonite is used. This study in-
vestigates the linear thermal expansion properties of Kyeongju bentonite buffer, a type of Ca- 
bentonite produced in South Korea. The linear thermal expansion coefficient of dried bentonite 
was measured considering the heating rate, dry density, and temperature variation using dila-
tometer equipment. The linear thermal expansion coefficient values of the KJ bentonite buffers 
were found to be 4.0–6.2 × 10⁻⁶/◦C. Based on test results, a numerical analysis was conducted, 
and the thermal strain values were similar between the test and numerical analysis. The overall 
linear thermal expansion coefficient of the KJ bentonite, considering radially confined or un-
confined conditions and dried or saturated states, was predicted to be between 3.2 × 10⁻6/◦C and 
1.0 × 10⁻5/◦C.   

1. Introduction 

Spent fuel from nuclear power plants releases decay heat and harmful radiation, causing frequent issues of high-level radioactive 
waste (HLW) disposal. Among the various types of disposal systems, deep geological repositories (where HLWs are safely isolated by a 
surrounding buffer), backfill, and near-field rock are preferred based on the concept of EBS (Fig. 1) in most countries because of their 
safety and reliability [1–4]. The buffer, an essential component of a repository, minimizes groundwater inflow from intact rock and 
protects the canister from any mechanical impact by filling the void between the near-field rock and the canister. Canisters packed with 
spent fuel are sealed with buffer and gap materials. Therefore, the hydraulic conductivity of buffers must be low to minimize the inflow 
of water from surrounding rocks that are saturated with groundwater [5–7]. Buffers must also have high thermal conductivity to 
release as much decay heat as possible from the spent fuel, as the high thermal conductivity of the buffer plays a critical role in 
dissipating the decayed heat [8,9]. 

Several studies have attempted to determine the most suitable candidate buffer materials to satisfy the requirements of the 
functional criteria of such a material. The results indicate that bentonite clay is among the most suitable materials [11,12]. Bentonite 
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clay belongs to the smectite group, which contains large amounts of expansive montmorillonite and forms 2:1 layer platy structures 
that consist of two silica tetrahedral layers and an aluminum hydroxide octahedral layer [13]. Anions generated via isomorphous 
substitution in montmorillonite absorb cations (e.g., Na+, Mg2+, Ca2+) between the layers to become electrostatically neutral [7]. 
Bentonite may be classified into Na and Ca types, depending on the exchangeable cations necessary to become neutral. In Korea, 
Ca-type bentonite (KJ) has been produced in the Kyeongju region by Clariant Korea and may be considered a candidate buffer material 
for use in the HLW repository facilities of Korea [1,9,14]. 

Despite various studies on the complex thermal-hydro-mechanical (THM) behaviors of bentonite buffer materials, there remains a 
lack of research on the thermal expansion characteristics, which is a mechanical property, in contrast to thermal properties such as the 
thermal conductivity and specific heat capacity. Initially, the buffers were dried from the thermal energy by the canister but reached a 
saturated condition from the groundwater inflow. Consequently, buffers may be subject to thermal stress due to the high-temperature 
heat from the canister and swelling pressure from the surrounding rock mass groundwater flow. 

Research on the thermal expansion of buffers considering both dried and saturated conditions thus becomes as necessary as the 
study of other physical properties. In most cases, thermal expansion coefficient values have been fitted from laboratory tests by 
considering axial thermal strains under heating at almost saturated conditions [15–17] or determined by model calibration [18]. 
However, the thermal expansion characteristics under dry conditions have rarely been studied. This study investigates the thermal 
expansion characteristics of bentonite buffer materials under both saturated and dry conditions. The linear thermal expansion coef-
ficient calculated according to the heating rate, dry density, and temperature range was first measured for the KJ-dried bentonite using 
dilatometer equipment. The thermal expansion behavior of each influencing factor was then analyzed and compared with values from 
other bentonites. Numerical analyses were conducted to evaluate the strain induced by thermal expansion and to compare the linear 
thermal expansion coefficients of both dried and fully saturated KJ bentonite specimens. 

2. Dilatometer test 

2.1. Test materials 

The Ca-type bentonite produced in Kyeongju (KJ) contains montmorillonite (62%), albite (20%), and small amounts of quartz 
(5%). Table 1 presents the results of a quantitative analysis of Ca-type bentonite, based on the XRD technique, with three quantitative 
analyses conducted in total. Unlike the Ca-type bentonite used in this study, the amount of montmorillonite is remarkably high in 
MX80, a very popular commercial Na-type bentonite produced in Wyoming, USA [8,19,20]. MX80 contains montmorillonite (75%– 
90%), quartz (15%), and feldspar (10%) [15], and FEBEX contains more than 90% montmorillonite [19]. Table 2 shows the clay 
properties considering the Atterberg limits [13,21]; most bentonites are classified as CH with very high levels of plasticity based on the 
unified soil classification system (USCS). Higher Atterberg limits imply that they have many expansive characteristics [22]. The KJ 
powder was compacted into a homogeneous cylindrical specimen using cold isostatic pressing (CIP). The specimens with diameters of 

Fig. 1. Diagram of EBS (modified from Ref. [10]).  
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10 cm and heights of 20 cm were fabricated by a cutting machine in an initial unsaturated state and fully dried for the dilatometer test. 

2.2. Test equipment 

Dilatometer equipment (C-Therm Technologies Ltd.) was used to measure the linear thermal expansion coefficient of the com-
pacted bentonite buffer materials (Fig. 2). This equipment is largely composed of a furnace, chiller, and control system. The furnace 
creates a temperature environment for the sample, which is in contact with a pushrod. Once the sample expands owing to heat, the 
displacement of the pushrod is measured by a linear variable differential transformer (LVDT) sensor, which is located in the opposite 
position. The linear thermal expansion coefficient αT can be obtained using Eq. (1). 

αT =
1
Lo

ΔL
ΔT

=
1
Lo

(Li − Lo)

(Ti − To)
(1) 

Table 1 
Quantitative XRD analysis of KJ [9].  

Bentonite Type KJ powder 

Sample No. 1 2 3 Avg. 
Montmorillonite 63.4 61.7 60.5 61.9 
Albite 19.4 22.8 20.4 20.9 
Quartz 5.8 4.9 5.3 5.3 
Cristobalite 4.0 4.5 3.7 4.1 
Calcite 4.3 3.3 6.8 4.8 
Heulandite 3.0 2.7 3.3 3.0  

Table 2 
Geotechnical properties of various kinds of bentonites.   

Specific Gravity Liquid Limit (%) Plastic Limit (%) Plastic Index (%) USCS 

KJ [9] 2.71 146.7 28.4 118.3 CH 
MX80 [19] 2.82 350–570 70 280–500 CH 
FEBEX [19] 2.7 102 53 49 MH 
GMZ01 [16] 2.66 313 38 275 CH 
Kunigel [31] 2.7 416 21 395 CH  

Fig. 2. Dilatometer for the measurement of the thermal expansion coefficient.  
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Here, αT represents the linear thermal expansion coefficient (1/K), L is the length of the sample (mm), and T is the temperature (K). The 
linear thermal expansion coefficient can be determined by dividing the initial length by the length displacement at two temperature 
points [23]. 

3. Numerical simulation 

In this study, numerical analyses using COMSOL Multiphysics 5.6 [24] were conducted to simulate the dilatometer test. The model 
evaluates the strain induced by thermal expansion and calculates the effective linear thermal expansion coefficient for both dried and 
fully saturated KJ bentonite specimens. During the temperature rise in the dilatometer test, the study assumed that heat propagates 
only by conduction in the specimen, and the heat from the phase changes of porewater due to evaporation for the saturated specimen 
was neglected. Thus, the energy balance equation is as follows: 

ρC
∂T
∂t

− ∇ · (λ∇T) + (1 − n)βT
∂ε
∂t

= 0 (2)  

λ= − 1.211 + 2.648
nS

(1 − n)Gs
+ 1.054ρd + 0.034 ln(T) (3)  

where ρ is the density (kg/m3), C is the volumetric heat capacity (J/m3/K), T is the temperature (K), and n is the porosity. The effective 
thermal conductivity, λ, depends on the dry density, saturation, and temperature, and is calculated using an empirical model [25]. β is 
the thermal stress parameter. ε is the volumetric strain, which is defined as the sum of the elastic strain εel and thermal strain εth. It was 
assumed that heat from the furnace was introduced on the surface of the bentonite specimen. The boundary condition at the surface of 
the specimen is as follows: 

− ∇ · (λ∇T)|surface = h(Text − T) (4)  

where h is the heat transfer coefficient (W/(m2∙K)). Text is the external temperature of the specimen (K) and is applied as a function of 
time that matches the heating rate considered in the test. 

For the mechanical analysis, it was assumed that the swelling effect due to the porewater for the saturated specimen is negligible 
and that the expansion is caused only by the thermal effect. The linear-elastic constitutive model with a thermal expansion term is 
applied as follows: 

ρ ∂2u
∂t2 =∇ · (C : εel) (5)  

εelatic = ε − εth (6)  

εth = αT(T) ·(T − Tref ) (7)  

ε= 1
2
[(∇u)T

+∇u] (8)  

where u is the displacement (m) and C is the constitutive tensor, which is a function of Young’s modulus E and Poisson’s ratio ν. αT (T) 
is the thermal expansion coefficient (1/K). Bentonite consists of three different phases. The volumetric fraction, θ, of the saturated 
bentonite can be expressed as a function of the degree of saturation, S, and porosity, n. The material properties used in the simulation 
model are listed in Table 3. Here, the effective thermal expansion coefficient was assumed to follow a logarithmic law; αT,solid, αT,water, 
αT,air is the thermal expansion coefficient of particle, water, and air, respectively. It can be measured through experiments under a 
specific dry unit weight condition. In this study, the thermal expansion coefficient of the solid particle (αT,solid) was obtained through 
back-calculation from the numerical simulation model by matching with the effective thermal expansion coefficient derived from the 
experiment under a specific dry unit weight condition. Besides, the volume fractions depend on temperature, the considered thermal 
expansion coefficient also varies according to the temperature increase through the coupling analysis. 

Table 3 
Input properties used for the simulation model.  

Properties value 

Thermal expansion coefficient of solid particle (1/K) 1.24E-7 
Thermal expansion coefficient of air (1/K), averaged from 30 to 105 ◦C 2.94E-3 
Thermal expansion coefficient of water (1/K), averaged from 30 to 105 ◦C 5.19E-4 
Convective heat transfer coefficient (W/(m2⋅K)) 10 
Heat capacity (J⋅kg− 1⋅K− 1) 660 
Initial temperature (◦C) 30 
Young’s modulus (GPa) 1.45 
Poisson’s ratio 0.216 
Elapsed time (min) 78  
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θsolid = 1 − n, θwater = Sn, θair = (1 − S)n (9)  

4. Results and discussion 

4.1. Experimental results 

In deep disposal systems, bentonite buffers are known to have low heating rates. The initial maximum heating rate at the interface 
between the canister and the buffer was found to be in the range of 0.1–0.3 ◦C/min [26], and the thermal expansion behavior of 
bentonite as a buffer considering the temperature increase was studied. The compacted bentonite specimens were dried at 110 ◦C for 
48 h. In this study, dried specimens were used to investigate only the thermal expansion behavior more easily by considering various 
factors. 

First, the thermal expansion behavior from 30 ◦C to 105 ◦C was observed from the dilatometer test with varying dry densities of the 
compacted bentonite. The change in the lengths of the compacted bentonite buffer materials was measured at a heating rate of 0.5 ◦C/ 
min, which is the minimum heating rate of the dilatometer. As shown in Fig. 3, the length increased linearly in the temperature range 
of 30–105 ◦C, and the linear thermal expansion coefficient for the given temperature range was calculated using Eq. (1). 

In addition, this study measured the linear thermal expansion coefficient for various heating rates. Although the heating rate of the 
buffer should be 0.1–0.3 ◦C/min when considering actual deep disposal systems, the heating rate was set to 0.5–10 ◦C/min due to the 
limitations of the equipment used in the experiment. As illustrated in Fig. 4, the linear thermal expansion coefficient of the bentonite 
buffer materials tended to decrease as the heating rate increased, with the exception of heating rates lower than 1 ◦C/min, which 
resulted in a nearly constant value of the linear thermal expansion coefficient. This is a result of the nature of bentonite as a three-phase 
material containing water, air, and soil particles [27]. Unlike metals, where heat is transferred across the entire specimen with a high 
heating rate, heat cannot be transferred properly across the entire body of bentonite because of the low thermal conductivity of water 
and air, resulting in temperature increases only in certain sections. As a result, the overall linear thermal expansion coefficient is lower. 
Therefore, setting the heating rate to 0.5–1 ◦C/min should not be problematic when considering actual disposal environments. The 
linear thermal expansion coefficient of the compacted bentonite buffer materials according to dry density was measured at heating 
rates between 0.5 ◦C and 1 ◦C/min, and the overall linear thermal expansion coefficient value of the dried KJ-compacted bentonites 
was 4.0–6.2 × 10− 6/◦C. 

4.2. Numerical simulation results 

Fig. 5 shows the simulation results of the dilatometer test with radially unconfined condition. During the test, the distributions of 
the temperature and thermal stress were evaluated using the simulation model. Because the high-temperature distribution was 
relatively more concentrated on both ends of the specimen, the thermal stress was also concentrated in the tip regions (Fig. 5(a)–(b)). 
During the whole test, the thermal expansion coefficient calculated at each time step varies with increasing temperature, even though 
the difference is not very large (Fig. 5(c)). Thus, the displacement at the tip of the specimen increased almost linearly as the tem-
perature increased (Fig. 5(d)). To verify the accuracy of the simulation model, the thermal strains at the tip of the specimen were 
compared between the dilatometer test and numerical model. As shown in Fig. 6, the thermal strain from the model almost matched 
that of the dilatometer test. Therefore, the simulation model provides a reasonable prediction for determining the thermal expansion 
coefficient of the compacted bentonite buffer. The linear thermal expansion coefficient was subsequently evaluated according to the 
initial dry density. As shown in Fig. 7, the measured and predicted linear thermal expansion coefficients decrease as the initial dry 
density of the bentonite buffer increases. That is, the linear thermal expansion coefficient tended to be inversely proportional to the 
initial dry density for both, the dilatometer test and simulation. This was because soil samples with lower dry density levels had a 
greater ratio of air. Since air has a thermal expansion coefficient of 2.6–3.3 × 10− 3 (1/K), which is substantially greater than that of soil 

Fig. 3. Displacement with respect to the temperature range.  
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particles, this contributes to the large linear thermal expansion coefficient of the sample. 
In the current status, the experimental setup using the dilatometer test has difficulty in measuring linear thermal expansion for the 

saturated specimen condition due to technological limitations. Thus, this study attempted to obtain the linear thermal expansion 
coefficient for the saturated specimen using a validated numerical simulation model. It also analyzed the thermal strain behaviors 

Fig. 4. Linear thermal expansion coefficient with respect to the heating rate (Dilatometer test results).  

Fig. 5. Simulation result of dilatometer test: (a) Temperature distribution (after 78 min), (b) Thermal stress distribution (after 78 min), (c) Calculated effective thermal 
expansion coefficient, (d) Displacement due to the thermal load. 
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between radially confined and unconfined conditions based on numerical simulations. Some previous studies derived thermal 
expansion coefficient value from the radially confined condition [16,17]. Fig. 8 shows the comparison results of the linear thermal 
expansion coefficient between the dried and saturated specimen conditions from the numerical simulation model. Because the thermal 
expansion coefficient of water is substantially lower than that of air [28], this resulted in a relatively low linear thermal expansion 
coefficient value. It can also be noted that there have been larger axial thermal strain values under the radially confined condition than 
under the unconfined condition. It is thought that thermal expansion behavior occurs in one dimension under radial confined con-
ditions and causes higher thermal strain. The thermal expansion coefficient values of KJ were experimentally obtained under the 
radially unconfined condition, which might cause relatively smaller thermal expansion coefficient values than other bentonites. The 
overall range of the linear thermal expansion coefficient values of KJ bentonites was derived from 3.2 × 10− 6/◦C to 1.0 × 10− 5/◦C, 
depending on the experimental conditions for the dried and saturated specimens (Table 4). Previous studies have mentioned thermal 
expansion coefficient values for various compacted bentonites (Table 4). MX-80 has linear thermal expansion coefficients of 2.0 ×
10− 4/◦C [8] and 1.0 × 10− 5/◦C [15]. The linear thermal expansion coefficient of FEBEX showed 7.0 × 10− 5/◦C [29] and 1.5 × 10− 4/◦C 
[17,30]. GMZ bentonite, which contains more than 75% montrillonite, showed a linear thermal expansion coefficient of 1.0 × 10− 4/◦C 
[16]. Rutqvist et al. [17] also derived a linear thermal expansion coefficient of 1.0 × 10− 6/◦C for compacted bentonite based on model 
calibration with in-situ test results. The bentonite in-situ test (Kamaishi mine heater test) is Kunigel bentonite, which contains less than 
50% montrillonite [31]. There have been insufficient test results to obtain thermal expansion coefficient values, and most of the results 
are values at a certain dry density. It showed several time differences depending on the methods used to derive the linear thermal 
expansion coefficient despite the same bentonite. The linear thermal expansion coefficient of KJ bentonite was 3–10 times higher than 
that of Kunigel, and 1.0–62 times lower than that of MX-80, FEBEX, and GMZ bentonites. It is thought that the test method may 
produce different results because the thermal expansion coefficient values of other bentonites were fitted from oedometer test results, 
which are horizontally confined conditions [16,32]. 

Fig. 6. Thermal strain with respect to the temperature range.  

Fig. 7. Linear thermal expansion coefficient with respect to the dry density.  
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5. Conclusion 

This study adopted experimental and numerical methods to evaluate the thermal expansion properties of compacted bentonites 
under test conditions and dried or saturated states. The following conclusions were drawn: 

First, after drying KJ-compacted bentonites, which were obtained from the Kyeongju region in Korea, the linear thermal expansion 
coefficients using dilatometer equipment were measured according to the heating rate and dry density at temperatures ranging from 
room temperature to 110 ◦C. As the heating rate increased, the linear thermal expansion coefficient decreased, but no significant 
change was observed at rates lower than 1 ◦C/min. Therefore, the heating rate can be set to 0.5–1 ◦C/min. In addition, the linear 
thermal expansion coefficients of compacted bentonites with various dry densities were measured, and the results showed that the 
linear thermal expansion coefficient decreased as the dry density increased. The overall linear thermal expansion coefficient of the 
dried KJ-compacted bentonites used in the test was found to be in the range of 4.0–6.0 × 10-⁶/◦C when the dry densities were 1.65–1.8 
g/cm3. 

Second, the dilatometer test results were numerically simulated. The thermal strain for the dried compacted bentonites between the 
test and numerical simulation were similar. As it is difficult to measure the thermal strain for saturated compacted bentonite, a nu-
merical analysis was also conducted to predict the linear thermal expansion coefficient for the saturated condition. The thermal 
expansion coefficients of the dried compacted bentonites were slightly higher than those of the saturated specimens. The linear 
thermal expansion coefficients under the radially confined condition were also higher than those under the radially unconfined 
condition. The overall thermal expansion coefficients of the KJ-compacted bentonites based on the dilatometer test and numerical 
analysis were between 3.2 × 10-⁶/◦C-1.0 × 10− 5/◦C and derived to be several to tens of times smaller than those of MX-80, FEBEX, and 
GMZ bentonites. On the other hand, the thermal expansion coefficients of KJ bentonites were several times larger than those of Kunigel 
bentonite. Several factors, such as the test method, dry or saturated status, confined condition, and expansion characteristics of each 
bentonite may yield different thermal expansion behaviors. As the thermal expansion coefficients were reported differently in spite of 
the same types of bentonites, it is expected that the method suggested by this research may be applied efficiently to derive the thermal 
expansion coefficient of the compacted bentonites considering various repository conditions. 
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Fig. 8. Simulation results according to test conditions.  

Table 4 
Linear thermal expansion coefficient of various bentonites.  

Bentonite Type Linear thermal expansion coefficient (1/◦C) Methods Ref. 

KJ 3.2 × 10− 6–1.0 × 10− 5 (γd =1.65–1.8 g/cm3) Dilatometer test & Numerical modeling This study 
MX-80 2.0 × 10− 4 (γd =1.78 g/cm3) Isotropic cell test [8] 

1.0 × 10− 5 (γd =1.53 g/cm3) Not specified [15] 
FEBEX 7.0 × 10− 5 (γd =1.70 g/cm3) Fitted parameter from Oedometer [29] 

1.5 × 10− 4 (γd =1.60 g/cm3) Fitted parameter from Oedometer [17] 
GMZ 1.0 × 10− 4 (γd =1.69 g/cm3) Fitted parameter from Oedometer [16] 
Kunigel 1.0 × 10− 6 (γd =1.65 g/cm3) Model calibration from in-situ test [18]  
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