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a b s t r a c t

An engineered barrier system (EBS) for the deep geological disposal of high-level radioactive waste
(HLW) is composed of a disposal canister, buffer material, gap-filling material, and backfill material. As
the buffer fills the empty space between the disposal canisters and the near-field rock mass, heat energy
from the canisters is released to the surrounding buffer material. It is vital that this heat energy is rapidly
dissipated to the near-field rock mass, and thus the thermal conductivity of the buffer is a key parameter
to consider when evaluating the safety of the overall disposal system. Therefore, to take into consider-
ation the sizeable amount of heat being released from such canisters, this study investigated the thermal
conductivity of Korean compacted bentonites and its variation within a temperature range of 25

�
C to 80

e90 �C. As a result, thermal conductivity increased by 5e20% as the temperature increased. Furthermore,
temperature had a greater effect under higher degrees of saturation and a lower impact under higher dry
densities. This study also conducted a regression analysis with 147 sets of data to estimate the thermal
conductivity of the compacted bentonite considering the initial dry density, water content, and variations
in temperature. Furthermore, the Kriging method was adopted to establish an uncertainty metamodel of
thermal conductivity to verify the regression model. The R2 value of the regression model was 0.925, and
the regression model and metamodel showed similar results.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Spent fuel can be deemed as high-level radioactive waste (HLW)
with extremely high radiation levels; hence, it must be safely
disposed of using the deep geological method [1]. An engineered
barrier system (EBS), which was developed to safely dispose of
HLW, is composed of a disposal canister, buffer material, backfill
material, and gap-filling material (Fig. 1). The buffer material fills
the empty space between the container and the near-field rock
mass, protecting the disposal container by minimizing physical
impacts and the penetration of groundwater from the near-field
rock mass [2e4]. Additionally, the buffer material also has the
role of rapidly releasing the heat generated by decay in the disposal
container to the surrounding buffer material. Decay heat must be
propagated to prevent heat from accumulating in the canister,
which can potentially compromise the overall safety of the EBS
by Elsevier Korea LLC. This is an
[2,5]. Bentonite clay mineral, which is composed of montmoril-
lonite, has been reported by several researchers as the most suit-
able buffer material since it meets all performance requirements
[3,6,7]. Bentonite has a structure consisting of bonded aluminum
octahedral layers and silicon tetrahedral layers. This structure en-
ables isomorphous substitution, in which aluminum is replaced
with magnesium or iron [8,9]. According to the exchangeable cat-
ions between the layers, bentonite clay can be largely divided into
Na-type bentonite and Ca-type bentonite. In Korea, Ca-type
bentonite is produced in the Gyeongju area.

As the dry density of a bentonite buffer should be greater than
1.6 g/cm3 [2,7], buffers are installed as compacted blocks that are
produced by compressing bentonite powder. A bentonite buffer
must meet several requirements to achieve an acceptable level of
performance. For example, the specific heat capacity and thermal
conductivity of the bentonite buffer are key factors that impact the
overall performance of an EBS. Specifically, thermal conductivity is
a key parameter that determines the maximum temperature of the
buffer material as it controls the transfer rate of decay heat [10]. For
this reason, there has been a multitude of research on the thermal
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Nomenclature

A correlation matrix
F regression function
H probe constant
I heating current (A)
K probe constant
R electric resistance of the probe per unit length (U/

m)
S degree of saturation
T temperature (�C)
n number of design variables
t time (s)
z random error

Greek letters
gd dry density (g$cm�3)
l thermal conductivity (W/(m$K))
u water content
q unknown smoothing parameter

Fig. 1. Components of an engineered barrier system [2].

Table 1
Specifications of QTM-500 [20].

Note Specification (QTM-500 equipment)

Measuring method Hot wire method
Precision ±5%
Reproducibility ±3%
Temperature �10e200 �C
Heater current precision ±0.05%
Measuring time Standard 60 s
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conductivity of compacted bentonites [2,10e13]. Recently, Zhou
et al. (2021) [14] presented a mathematical model for three-layer
media such as bentonite blocks, bentonite pellets, and near-field
rock-mass in nuclear waste repositories. However, the majority of
studies focus on a limited number of factors, such as dry density
and saturation. In real-world disposal environments, large amounts
of heat are emitted from the disposal canister and subsequently
transferred to the bentonite buffer. In addition, groundwater that
penetrates from the intact rock-mass increases the water content of
the bentonite buffer. Therefore, it is necessary to comprehensively
consider both the saturation and the temperature of the buffer.
During the initial stages of disposal, heat from the disposal canister
causes the bentonite buffer to decrease in saturation [2]. However,
the buffer may be subsequently saturated by groundwater
depending on its hydraulic conductivity, pore pressure, and ther-
mal gradient. The saturation of the buffer is maintained at constant
levels, even though high-temperature heat is continuously trans-
ferred to the buffer [15]. Despite this importance, there are few
studies that investigate the thermal conductivity of bentonite
buffers and its variation with temperature changes, and a thermal
conductivity model that considers temperature has yet to be
developed. Xu et al. (2019) [16] experimentally investigated MX-80
3360
and GMZ bentonite to determine how thermal conductivity varies
according to increasing temperature. The results determined that
the thermal conductivity of compacted bentonites increased more
rapidly with temperature for samples with higher water content.
Therefore, overall safety evaluations of EBSs require thermal con-
ductivity behavior models of compacted bentonites that consider
changes in thermal conductivity according to temperature changes.
Whereas several thermal conductivity model equations that
consider water content or dry density have been introduced for
bentonite [2,12,17,18], a thermal conductivity behavior model that
also considers temperature has yet to be proposed.

Therefore, this research experimentally investigated the ther-
mal conductivity of a Korean compacted bentonite for tempera-
tures ranging from 25 �C to 80e90 �C. In addition, a thermal
conductivity model that considers dry density, water content, and
temperature was proposed through regression analysis. Further-
more, a meta-analysis was also conducted to verify the regression
model.

2. Test setup

2.1. Materials and test equipment

In this research, the thermal conductivity of Gyeongju (KJ)
compacted bentonite was measured. Using the USCS (unified soil
classification system) method, KJ bentonite powder is classified as
CH, which refers to a highly plastic clay [8]. The chemical compo-
sition is primarily Al2O3 and SiO2, and the composition ratio of CaO
is 5e6 times higher that of Na2O [19]. Furthermore, KJ bentonite
contains 62e65% montmorillonite, as reported in a previous
research on its detailed basic properties [19]. The KJ bentonite
powder was compacted in a steel mold using a hydraulic press to
achieve a target density. The sample shape for the thermal con-
ductivity test was a cuboid form with dimensions of
100 mm � 50 mm � 20 mm [20].

The QTM (Quick thermal conductivity meter)-500 equipment,
which is based on the transient hot wire theory tomeasure thermal
conductivity as shown in Eq. (1), was used to measure the thermal
conductivity of the Korean compacted bentonite. This equipment
uses the heating time and relative temperature increase between
heated wires when a certain amount of heat is applied to the wires
[21].

l¼K$R$I2$lnðt2 = t1Þ
.
ðT2 � T1Þ � H (1)

where l is the thermal conductivity (W/(m$K)), I is the current (A),
t1 and t2 represent measurement time (s), and T1 and T2 represent
the temperature (K) at times t1 and t2. Furthermore, K and H indi-
cate the probe constants, which should be calculated from refer-
ence samples with pre-obtained thermal conductivity values.
Styrofoam (0.036 W/(m$K)), silicon rubber (0.24 W/(m$K)), and
quartz (1.42 W/(m$K)) were used as reference samples. Table 1
shows the specifications of QTM-500 [20]. The precision and
reproducibility of the QTM-500 equipment is ±5% and ±3%,
respectively [20].
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2.2. Test process

The thermal conductivity of the bentonite specimen was
measured according to temperature. The bentonite sample and the
QTM-500 probe were completely sealed with heat resistant tape
and silicon to prevent water from escaping out of the bentonite
sample. Both the sample and probe were subsequently place in a
convection oven to adjust the temperature (Fig. 2). A temperature
sensor was also inserted into another bentonite sample under the
same conditions to measure the temperature of the bentonite (this
sample was not used in the test). After setting the temperature of
the convection oven, as shown in Fig. 3, equilibrium was achieved
after approximately 300e400 min. For the test at room tempera-
ture, the convection oven was set to 25 �C. The thermal conduc-
tivity of the compacted bentonite was measured when the
temperature of the bentonite reached a steady state condition.
Fig. 4 summarizes the test process to measure the thermal con-
ductivity of the compacted bentonite sample considering temper-
ature increases.
Fig. 3. Temperature increase during the test.

Fig. 4. Test process for measuring thermal conductivity.
3. Results and discussion

3.1. Test results

Although the dry density of a buffer material should be at least
1.6 g/cm3 to satisfy performance requirements [22,23], variations in
thermal conductivity according to water content and temperature
were measured under dry density conditions between 1.31 g/cm3 ~
1.84 g/cm3 to investigate temperature effects under various dry
density and water content conditions. As shown in Fig. 5, the
thermal conductivity of the compacted bentonite increases with
increasing temperature, increasing by approximately 4e20%
compared to the thermal conductivity value at 25 �C. The results
show that higher water content values result in greater increases in
thermal conductivity, which is believed to be due to the heat
transfer by latent heat [16]. Soils are composed of three phases:
water, air, and solid particles such as clay particles. It is known that
the thermal conductivity of a soil increases with temperature [24]:
as the temperature increases, water islands [16,24] are formed by
the increasedmovement of water vapor due to themenisci of water
in the bentonite.

In addition, the thermal conductivity was measured at various
temperatures for compacted bentonite with different dry densities
under controlled water content conditions. As a result, the thermal
conductivity of the compacted bentonite was found to increase as
temperature rises, although the thermal conductivity generally
increased by a lesser degree for samples with higher dry densities.
This is believed to be due to the greater proportion of space in the
soil taken up by air in samples with lower dry densities, resulting in
Fig. 2. Experimental apparatus for the the
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latent heat transfer due to pure air movement, which causes the
thermal conductivity to increase. The sample weight was also
measured according to a rise in temperature under confined con-
ditions, where the sample volumewas assumed to be constant. As a
rmal conductivity measurement test.



Fig. 5. Thermal conductivity with respect to increasing temperature.

Fig. 6. Water density with respect to increasing temperature.

Fig. 7. Thermal conductivity variation under dry conditions.
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result, the sample weight slightly decreased as the temperature
rose, which is believed to be due to a decrease in the mass of water
according to temperature as the pore water density decreased.
Fig. 6 shows the changes inwater density according to temperature
proposed by a previous research [25] in addition to the changes in
pore water density as experimentally derived by the present study.
The decreased sample weight is thought to be due to the decreased
water mass, which is converted to water density with respect to
temperature. The dry density of the sample was 1.61 g/cm3, and
initial water content was 11.93%. As shown in Fig. 6, the results of
both cases are almost identical. In the present study, the mass
balance used to measure the sample mass under confined condi-
tions was placed in the convection oven with the sample, at which
the sample temperature and mass were measured.

Xu et al. (2019) [16] reported similar experimental results for
Na-type bentonite, with thermal conductivity increasing with
temperature to a greater degree under higher water content and
lower dry density conditions.

Furthermore, thermal conductivity was measured according to
increasing temperature under dry conditions. Fig. 7 shows the
thermal conductivity variation of compacted bentonite samples
3362
with various dry densities under dry conditions; the increase in
thermal conductivity was approximately 4e10% higher in the
80e90 �C range than at room temperature. This is because water is
not present in dry conditions, and thus water islands are not
formed by the movement of steam. Consequently, the increase in
thermal conductivity due to the clay particles and air is smaller
thanwhenwater is present. In particular, less heat is transferred by
air movement as the dry density increases. For this reason, the
increase in thermal conductivity with increasing temperature is
miniscule. FEBEX bentonite also exhibited a linear increase in
thermal conductivity of approximately 3e4% from 20e30 �C to
80e90 �C [1,26].

Fig. 8 shows the thermal conductivity test results of the com-
pacted bentonite samples and the change in thermal conductivity
of water [25]. The results were deduced with the dry density of the
compacted bentonite as 1.61 g/cm3, and the initial water contents
were 0 and 11.93%. The results show that the thermal conductivities
of the clay particles, water, and air increases with increasing tem-
perature. However, the thermal conductivity of water is known to
increase at a decreased rate as temperature rises, ultimately



Fig. 8. Summary of the thermal conductivity variations with respect to increasing
temperature.
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resulting in the thermal conductivity decreasing beyond 120
�
C

[25]. As such, whereas the thermal conductivity of compacted
bentonite under dry conditions linearly increases within the tem-
perature range from 25 �C to 80e90 �C, the rate of increase of
thermal conductivity under the three-phase condition is slightly
lower within the same temperature range.
Table 3
Multiple regression analysis results.

B Standard error t P-value VIF

Constant �1.198 0.081 �14.727 <0.01
X1 (water content) 2.628 0.073 36.021 <0.01 1.028
X2 (dry density) 1.055 0.041 25.966 <0.01 1.054
X3 (temperature) 0.030 0.010 3.059 <0.01 1.026
R2 0.925
adjR2 0.924
3.2. Multiple regression analysis

In this section, an empirical model is suggested to predict
thermal conductivity for compacted bentonite with 39 experi-
mental data sets involving Ca-type bentonite from a previous study
[23] and 108 data sets from the experiments conducted in this
study. All data sets were obtained using the QTM-500 equipment,
and all specimens comprised of the same Ca-type bentonite with a
compacted shape. Table 2 shows basic statistical quantities of the
147 data sets.

As the dependent variable must follow a normal distribution
[27], it was verified using a PeP plot module of the SPSS (Statistical
Package for the Social Sciences) software. The dependent variable
satisfies a normal distribution due to the fact that most data follow
linearity [23]. Multiple regression analysis was performed with
initial water content, initial dry density, and temperature as inde-
pendent variables, and thermal conductivity as the dependent
variable. Five outliers among the 147 data sets were excluded in the
regression analysis. As thermal conductivity showed a nonlinear
increase with increasing temperature, it was converted to a loga-
rithmic scale. Eq. (2) represents the multiple regression equation:

l¼ � 1:198þ 2:628uþ 1:055gd þ 0:030 lnðTÞ (2)

where u is the water content, gd is the dry density (g/cm3), and T is
the temperature (�C). By considering the decrease in water content
Table 2
Statistical quantities of the 147 data sets.

N Minimum Maximum

Water content 147 0 0.234
Dry density (g/cm3) 1.314 1.836
Temperature (�C) 25 87
Thermal conductivity (W/(m$K)) 0.388 1.536
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shown in Fig. 6, which is due to the decrease in pore water as the
temperatures rises, Eq. (2) can be modified to Eq. (3).

l¼ � 1:211þ 2:648uþ 1:054gd þ 0:034 lnðTÞ (3)

As both Eq. (2) and Eq. (3) have relative errors within 0.2%, this
indicates that the decrease in the sample water content due to the
increased temperature was negligible.

Table 3 shows the multiple regression analysis results. Based on
a t-test, the P-values for the three independent variables were less
than 0.01, indicating that the three independent variables can be
statistically selected to predict thermal conductivity [28]. The P-
value represents the probability that the test statistic of the
observed data supports the null hypothesis, which assumes that
the independent variable does not affect the dependent variable
[27]. In addition, the variance inflation factor (VIF) was significantly
less than 10, indicating that there was no correlation among the
independent variables [27,28], which is important for regression
analysis [28]. The coefficient of determination (R2), which is the
regression sum of squares divided by the total sum of squares, and
the adjusted coefficient of determination (adjR2) were 0.924 and
0.925, respectively.

An analysis of variance, also referred to as ANOVA, should be
performed to support the significance of the regression analysis
[27e29]. In ANOVA, the degree of freedom and sum of squares can
be used to obtain an F-value [23], which can be defined as themean
regression sum of squares divided by the mean squared error [28].
Table 4 represents the ANOVA results. As the P-value was less than
0.01, it is thought that the independent variables can affect the
dependent variable.

A residual analysis should also be performed to support the
statistical assumption of the regression equation [19,28]. Residuals
refer to the differences between themeasured and predicted values
of thermal conductivity. In particular, residuals should follow the
normality and homoscedasticity condition in regression analysis.
The normal distribution condition for the residual analysis can be
investigated based on kurtosis and skewness values as well as the
P-values of the ShapiroeWilk and KolmogoroveSmirnov tests [30].
Since the kurtosis and skewness values, which were �0.267 and
0.550, respectively, were less than 2, it can be thought that the
residuals follow a normal distribution condition [27]. The
ShapiroeWilk test is used to investigate the normal distribution
condition for small sample sizes less than 2000 [30]. If the P-value
of the ShapiroeWilk test for standardized residuals is larger than
0.05, the residuals satisfy a normal distribution condition [19]. In
Average Standard deviation Skewness Kurtosis

0.072 0.067 0.401 �1.055
1.636 0.116 �0.767 0.781
44.847 22.204 0.634 �1.086
0.834 0.227 0.767 0.661

B: non-standardized coefficient, t: B/standard error, VIF: variance inflation factor.



Table 4
ANOVA results.

DF SS MS F P-value

Regression 3 5.151 1.717 570.144 <0.01
Residuals 138 0.416 0.003
Total 141 5.567

Table 5
Constants of the metamodels based on Gaussian Kriging theory.

Mean Variance Water content Dry density Temperature

Coefficients 0.8942 0.071 9.405Eþ01 3.602Eþ02 1.355E-04
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this analysis, the P-value based on the ShapiroeWilk test was 0.963.
Additionally, the residuals should follow the homoscedasticity
condition to use the regression equation, which is determined by
plotting standardized residuals in disorder within a range of ±3
[31]. In this analysis, the residuals satisfy the homoscedasticity
condition due to the absence of a specific regular distribution [32].

3.3. Metamodel

An accurate mathematical model is often difficult to obtain due
to the uncertainty involved. As described in the previous section,
thermal conductivity of compacted bentonite also has uncertainty,
exhibiting a nonlinear tendency with regard to temperature vari-
ation. Thus, as a means of improving the accuracy of predicting the
target value, this study presents a metamodel that serves as a
simplified approximation of the actual, complicated model.
Referred to as a ‘model of a model’ or a surrogate model, meta-
modeling techniques are frequently employed across the engi-
neering disciplines in conjunction with complicated simulation
models or physical experiments [33]. Representative techniques for
metamodeling comprise of polynomial response surfaces, neural
networks, and the Kriging model [34]. In this study, the Kriging
model was employed as a metamodel as it is an optimal Gaussian
interpolation process based on the regression analysis of compli-
cated computational simulations and is weighted depending on
spatial covariance values [35]. Furthermore, as the Kriging model is
also known as a suitable approximation for highly nonlinear
functions [36], this method was selected to estimate thermal con-
ductivity in this study. The ordinary Krigingmodel is represented as
the summation of a regression model and a stochastic process,
representing an unknown function y(x), as formulated in Ref. [5]:

yðxÞ¼
XL
j¼0

bj$BjðxÞ þ zðxÞ (4)

where bj is the unknown coefficient of function Bj(x) where j ¼ 1, 2
… L is a selected basis over the experimental domain, and z(x)
indicates the random error.

The Gaussian correlation function rðq; s; tÞ with zero mean and
variance s2 can be employed to calculate the random error in the
Kriging model, as follows:

r
�
q; s; t

�¼Corr
�
z
�
s
�
; z
�
t
��¼ exp

(
�

Xn
k¼1

qkjsk � tkj2
)

(5)

where qk is an unknown smoothing parameter, n indicates the
number of input factors, and sk and tk are kth components of the
samples. Predicted Kriging estimates, byðxÞ, of the response y(x) for
untried values of x can be represented as:

byðxÞ¼ bðxÞbb þ r0ðxÞA�1ðqÞðy�BbbÞ (6)

where A represents the correlation matrix and r'(x) ¼ {r(q;x1,x),
…,r(q;xn,x)}’. When it comes to the Gaussian process, the likelihood
is defined by a function b(x) (with variance s2) and correlation
parameters. In this case, the maximum likelihood estimator of s
can be obtained as follows:
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bs2 ¼ðy� F~bÞR�1ðy� FbbÞ.ns (7)

where F is the regression function and ns is the number of samples.
The Kriging method was conducted by running the MATLAB

code that was developed in Ref. [37]. Among the total 147 data sets
of the experimental results, 50 data sets were used to develop the
Kriging metamodel, whereas the remaining 97 data sets were
tested to validate the constructed metamodel. Table 5 presents the
constants of the metamodel with regard to each dependent
variable.

Using the metamodel with the obtained coefficients, thermal
conductivity was estimated for the 97 data sets with the same in-
dependent variables as the validation data sets. The estimated
thermal conductivity values were then compared with the exper-
imental data to analyze the accuracy of the metamodel. Relative
error analysis was initially conducted, which resulted in the met-
amodel exhibiting an average relative error of 5.77%. In addition,
the independent-samples t-test, with the assumption of equal
variance, was performed to investigate the significant differences
between the experimental results and the estimated values [38]. As
a result, the significant probability (P-value) was determined as
0.69 (Table 6). As this value exceeds the significance level of 0.05, it
can be said that there is no statistical significance, which represents
the difference between the experimental data and the predicted
values.

The results of the uncertainty analysis indicate that the estab-
lished Kriging metamodel is a highly reliable means of predicting
the thermal conductivity of compacted bentonite with respect to
unknownwater content, dry density, and temperature. Fig. 9 shows
the thermal conductivity values that were obtained using the
metamodel and the regression model with respect to the original
experimental data sets, which clearly shows the lack of significant
differences between the metamodel and the regression model.

4. Conclusion

In actual radioactive waste disposal environments, bentonite
buffers undergo a complex phenomenon involving temperature
and saturation changes. This is due to the large amounts of heat
released from the disposal container and the groundwater inflow
from the intact rock. Therefore, it is necessary to investigate the
physical properties of bentonite that are affected by changes in
buffer temperature and saturation. For this purpose, this study
investigated changes in thermal conductivity considering temper-
ature change and water content.

Firstly, the thermal conductivity of compacted bentonite was
measured under various water content conditions at temperatures
ranging from room temperature to 80e90 �C. To measure the
change in thermal conductivity with temperature, the samples
were placed in a convection oven. At the 80e90 �C range, the
thermal conductivity of the compacted bentonite was approxi-
mately 10e20% higher than the thermal conductivity at room
temperature. In addition, the value of thermal conductivity
increased with water content. Furthermore, the thermal conduc-
tivity of compacted bentonite at different temperatures was ob-
tained for various dry densities under controlled water content
conditions and in a dry state. As a result, thermal conductivity



Table 6
Result of the statistical T-test.

Mean Variance Pooled variance Degree of freedom P-value (2-tailed)

Experiment data 0.8420 0.0494 0.0482 192 0.6985
Predicted data 0.8542 0.0471

Fig. 9. Thermal conductivity according to the metamodel and the regression model.
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increased to a lesser degree according to temperature as dry den-
sity increased, and to an even lesser degree in a dry state.

Using the 108 data sets derived from this study in addition to 39
data sets from a previous study that used the same sample spec-
imen, a multiple regression analysis was performed using a total of
147 data sets to propose a thermal conductivity model for com-
pacted bentonite. The independent variables were initial satura-
tion, initial dry density, and temperature, and the temperature
range for the test was from room temperature to 80e90 �C. The
multiple regression analysis resulted in a relatively high R2 value of
0.925, and all statistical significances of the multiple regression
analysis were satisfied. Furthermore, the regression model was
compared with the metamodel, and the results between the met-
amodel and the regression model were highly similar. Therefore,
the regression equation proposed in this study can be used as key
input data in future disposal site stability analysis tasks.

In addition, under actual medium-to-long-term disposal con-
ditions, the saturation of the bentonite buffer continuously in-
creases despite the emission of heat from the disposal canister
due to the infiltration of groundwater from the intact rock. This
leads to an increase in the thermal conductivity of the compacted
bentonite. The test results obtained in this study are expected to
be used as a significant resource when evaluating the integrity of
bentonite buffers under medium-to-long-term disposal condi-
tions. Further, the results could be useful in disposal site design
processes and engineering barrier system performance evalua-
tions that aim to increase the maximum temperature and
decrease the disposal area.
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