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Abstract: This study employed two thermal conductivity measuring techniques, including the needle
probe-based transient needle-probe method in accordance with ASTM 5334-14 and the surface probe-
based transient plane source method in compliance with ISO 22007-2:2015, to examine the thermal
conductivity of compacted SPV200 bentonite. The effects of temperature, water content, and dry
density on the thermal behavior of SPV200 bentonite were extensively investigated. The test results
indicate: (1) thermal conductivity measured by the two methods agreed well, while the transient
plane source method exhibited good efficiency; (2) the thermal conductivity of compacted SPV200
increases with water content, dry density, and temperature; (3) three-dimensional representations
of the thermal conductivity of SPV200 bentonite as functions of dry density, water content, and
temperature were generated to illustrate a clear relationship among them; (4) two multi-parameter
models for predicting thermal conductivity of compacted SPV200 bentonite were proposed, and both
showed good fits to the experimental data. The results provide a practical approach to the prediction
of thermal properties of compacted bentonite, which can be helpful in the coupled thermo-hydro-
mechanical analysis of buffer materials.
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disposal of high-level radioactive waste (HLW) by many nuclear power-generating coun-
Academic Editor: Gianvito Scaringi tries in the world [1-8]. The geological structure of HLW disposal is composed of natural
barriers mainly provided by the repository host rock and engineered barriers, consisting of
components, such as waste canisters, buffer/backfill, seals, and plugs. The buffer material,
commonly made using bentonite, plays a crucial role in the conduction and dissipation of
radioactive waste decay heat for the safety and stability of geological repositories. Over
the past decades, much research have explored the thermal properties of various types of
bentonite. Related experiments can be found in the works of Madsen (1998) and Dixon
(2019) on MX80 bentonite [9,10], suggesting that thermal properties can be affected by
material source, texture, and dry density, Villar (2000) and Rutqvist (2020) on Febex ben-

tonite, proposing that the thermal conductivity is linearly dependent on saturation in
the numerical model [11,12], Ould-Lahoucine et al. (2002) and Huang (2020) on Kunigel-
V1 bentonite [13,14], which does not behave very differently from MX80 in terms of the
moisture distribution and heat transfer characteristics with the same boundary conditions
This article is an open access article  assumed in the simulation model, Chen and Huang (2004) on ZH-clay which is found to be
distributed under the terms and @ temperature-sensitive Ca-bentonite produced in Taiwan [15], Ye et al. (2010) and Xu et al.
conditions of the Creative Commons ~ (2021) on GMZ bentonite, drawing the conclusions that thermal conductivity increased
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40/). describing the thermal conductivity of compacted bentonite as a function of water fraction
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at each dry density [18,19]. Additionally, there are research indicating that soil thermal
conductivity is strongly affected by soil structure and chemical composition [20,21]. All
these studies have shown that the thermal conductivity of bentonite is closely related to
temperature, dry density, the water content of bentonite, and chemical factors. However,
these previous studies on the measurement of thermal conductivity were mostly performed
with a needle probe in accordance with ASTM 5334 based on the transient heating method.
Meanwhile, a tiny hole with a constant diameter must be drilled carefully through the
specimen with the grease-coated needle probe, and related calibration is a demanding
process. In addition, the thermal properties of SPV200 bentonite were barely discussed
though it originated from the same place as MX80.

Moreover, models have been proposed to predict the thermal conductivity of bentonite.
Johansen (1975) proposed a model with four parameters, the degree of saturation, soil bulk
density, soil porosity, and mineral composition [22]. Cho (2011) considered the thermal
conductivity of the compacted bentonite as a weighted sum of the thermal conductivity
of the components [23]. A modified geometric mean model was suggested by Chen
(2018) based on multi-parameters (e.g., saturation, dry density, particle density) to predict
the thermal conductivity of GO-GMZ bentonite [24]. Machine-learning methods were
used by Bang (2020) to predict a thermal conductivity model, while the results of the
Gaussian process regression with exponential kernel and the ensemble show the best
results [25]. A multiple regression analysis was performed by Yoon (2021) to propose a
thermal conductivity model introducing the Kriging model for suitable approximation of
highly nonlinear functions [26]. Despite all these fruitful results, the relationship between
different parameters of predicting models were seldom displayed in visualization, and
models with easily accessible parameters still need to be established for quick prediction.

To seek a non-destructive and efficient approach for the measurement of thermal
conductivity, this study aims to provide a systematic approach in the measurement of the
thermal conductivity of SPV200 bentonite by both traditional and alternating methods
in comparison. Therefore, two thermal-conductivity-measuring techniques, the thermal
needle probe traditionally based on the transient needle-probe (NP) method and the
surface probe based on the transient plane source (TPS) method [27], were adopted to
determine the thermal conductivity of compacted bentonites under varying water contents,
dry densities, and temperatures. Furthermore, three-dimensional representations of their
relationship were illustrated, and calculation models were proposed in predicting the
thermal conductivity of a compacted bentonite.

2. Materials and Methods
2.1. Specimen Preparation

The bentonite used in this study, SPV200 bentonite, is produced by American Colloid
Co. Ltd. and originated from the same source as MX-80 but is milled to a fine powder.
For many years, it has been a multi-purpose agent used in industrial products where a
dry 200-mesh particle size is required. As a selectively mined and processed high-quality
sodium bentonite, it is considered a candidate for buffer /backfill material for HLW disposal.
The basic physical properties and chemical composition of SPV200 are shown in Table 1.

Table 1. Basic properties and chemical composition of SPV200 bentonite.

Basic Properties

Water Content Specific Gravity Liquid Limit Plastic Limit Plastic Index
w (%) Gs LL(%) PL(%) PI
10.8 2.67 421 43 378
Chemical Composition (%)
SiO, Fe, O3 MgO CaO Al,O3 FeO Na,O Trace LOI
63.02 3.25 2.67 0.65 21.08 0.35 2.57 0.72 5.64
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Figure 1 shows the X-ray diffraction pattern of SPV200 bentonite. The major minerals
identified are montmorillonite and quartz with some sodium aluminum silicate and gyp-
sum. Basically, the mineralogical content of SPV200 is typical of Na-type bentonite, similar
to MX-80 bentonite [28,29].
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Figure 1. Powder X-ray diffractograms of the SPV200 bentonite.

SPV200 bentonite specimens were compacted at an as-received water content of 10.8%
in different steel molds for the NP method and TPS method, as shown in Figure 2a,b
respectively. Figure 2a shows the compacted specimen consisting of two half-cylinders
(D =100 mm, H = 100 mm) with a vertical hole (d = 10 mm) in the center so that it can be
easily assembled with a column ready to be placed by the thermal probe instead of destruc-
tively drilling a hole through the height of the specimen as used by other studies [30-34].
Figure 2b is a bentonite disk 100 mm in diameter and 20 mm in height statically compacted
inside a steel basin for the transient plane source testing.

D=100mm

D=100mm

20mm

h=;

(b)
Figure 2. Specimen preparation for (a) NP method and (b) TPS method.

2.2. Experiment Methodology

The apparatus based on the NP method is a PC-based experimental system, as shown
in Figure 3, for data collection, monitoring, recording, and analysis of the thermal property
of compacted bentonite. The core part is the MX100 DAQ (Yokogawa Devices), which is
operated following the specifications in accordance with ASTM 5334-14 [35].

The thermal needle probe shall be calibrated in advance according to ASTM 5334-14
for each continuous measurement. Calibration is especially important because the probe
may cause potentially significant differences in estimation of the thermal conductivity due
to non-negligible heat storage and transmission in the needle probe itself. Calibration is
performed by comparing the thermal conductivity of the material to be measured with
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the known value of the calibration material (e.g., water, 0.607 W/m-K). Additionally, the
calibration factor is calculated, as shown in Equation (1):

C= )\muterial (1)
Ameasured
where C is the calibration factor, Ayteriz is the known thermal conductivity of the calibration

material, Apeasured 15 the thermal conductivity of the material to be measured with the
thermal needle probe.
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Figure 3. PC-based experimental system for the NP method. @) MX100 DAQ, @ computer, (3) heat
supplier, @ thermal needle probe, () steel frame.

Suitable materials with known thermal conductivity are glycerin with a thermal
conductivity of 0.286 W/m-K at 25 °C and water stabilized with 5 g of agar per liter (in
prevention of free convection) with a thermal conductivity of 0.607 W/m-K at 25 °C. The
latter was used in this study for calibration. The needle probe was coated with thermal
grease to minimize contact resistance. To prevent errors coming from free convection, the
water specimen was physically stabilized by adding agar into hot water and was stirred
well until the mixture was homogenous. The mixture was then brought to a boil and then
re-homogenized in the container to be used to hold the specimen during calibration. After
cooling down to room temperature, the mixture is a solid with the consistency of jelly,
as shown in Figure 4. After calibration, SPV200 specimen was compacted in the mold
and inserted with the needle probe through the center hole for measurement, as shown in
Figure 5.

Figure 4. Calibration for the NP method.
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Figure 5. Specimen with the thermal probe.

The thermal needle-probe method determines the thermal conductivity of soil using
the transient heat method. The set up of the method is considered a close imitation of
the heat conduction in a HLW repository with the heat-generating canister being placed
in the center of a borehole and surrounded by buffer material. To maintain highly tight
contact between the compacted bentonite and the needle-shaped probe, extra care must be
exercised to assure good heat conduction at the interface.

Then, the thermal conductivity is determined using Equation (2), which is the slope of
a straight line representing the temperature versus In(t) for the transient heating phase.

C
A= % @
and
Q=r7=" )

where C is calibration factor, A is thermal conductivity (W/m-K), S is the slope used in
calculating the thermal conductivity, t is time (s), I is the current passing through the heater
wire (A), R is the total resistance of the heater wire (Q), L is the length of the heated needle
(m), and E is the measured voltage (V).

As a non-destructive method for measurement of thermal conductivity, the apparatus
based on the TPS method is a portable device (ISOMET model 2104, Applied Precision
Ltd., Bratislava, Slovakia), as shown in Figure 6, for direct measurement of thermophysical
properties of a wide range of materials. These surface probes can be used both as a heat
source and a temperature sensor. The probe is placed in good contact with a flat and slightly
polished surface of a sample and a transient-heating signal is transmitted. By recording
and analyzing the rise or decay of the temperature with time, the thermal properties of the
sample, i.e., the thermal conductivity, the thermal diffusivity, the volumetric heat capacity,
and the temperature of the sample, can be obtained. Surface probes are more appropriate
than needle probes when there are difficulties in drilling for a narrow and long hole with a
constant diameter. It applies a dynamic method, which reduces the time for the thermal
conductivity measurements to about 10 min. The measurement is based on the analysis of
the time dependence of the thermal response of a tested material on the impulses of heat
flux, the concept of which is consistent with the TPS method and in compliance with ISO
22007-2:2015 [36].

The operation of the TPS method is straightforward by emplacing the thermal surface
probe on the surface of the specimen. With the wait for a steady heat flux of about 10 min,
the result is displayed on the screen. However, it is suggested by the manufacturer that
testing using the surface probe method is in the temperature range of —15 °C to 50 °C.

For both experimental methods, the testing conditions included combinations of the
following variables: dry density ranging from 1.4 g/cm? to 1.7 g/cm?, water content from
10.8% to 31.0%, and temperature from 25 °C to 80 °C (maximum 50 °C for ISOMET model
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2104). The thermal conductivity was measured at least three times, and the average is used
for each specimen.
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(D ISOMET model 2104  (2) surface probe (3) probe plaged on the specimen

Figure 6. ISOMET-based experimental system for the TPS method.

For the preparation of different specimens with varied dry densities, the bentonite
powder with calculated weight was compressed statically into the different steel molds
previously shown in Figure 2 to obtain compacted bentonite specimens at the targeted
dry density. For the preparation of different specimens with varied water contents, the
bentonite powder was firstly wetted by spraying the calculated amount of distilled water to
achieve the desired water content. Then, it was carefully mixed and stored in a sealed bag
or container at the room temperature of 25 °C for seven days to homogeneously distribute
the water [31].

For the measurements of the different specimens with varied temperatures, the com-
pacted specimen, wrapped in plastic and sealed with adhesive tape to prevent a change
in moisture, was placed into a small thermotank at the temperatures of 25, 50, 60, 70, and
80 °C, respectively, with the precision of £0.1 °C. It should be noted that for each specimen,
about 5 h was needed to reach the temperature equilibrium, while it took at least 72 h to
ensure the complete redistribution of water within the specimen [32].

3. Experimental Results and Discussion
3.1. Thermal Conductivity of SPV200 Bentonite Based on the NP and TPS Methods

Figure 7 shows the thermal conductivity of compacted SPV200 bentonite determined
by the NP and TPS methods with varying dry densities at an as-received bentonite water
content of 10.8% and room temperature of 25 °C. The results show that the thermal con-
ductivity of compacted SPV200 bentonite increases with the increase in dry density, and
a linear relationship can be observed. This is similar to the findings obtained by other re-
searchers [37,38] from different bentonites. The phenomenon may be explained by the fact
that the voids between particles are reduced with the increase of dry density as bentonite is
statically compressed with much greater pressure to attain the desired dry density. More-
over, the increase of dry density means increasing the contact area between the particles
(bentonite and water particles), leading to a better performance of heat transmission and
an increase in its thermal conductivity.
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Figure 7. Thermal conductivity of compacted bentonite at varying dry densities.
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It is also noted that the thermal conductivities measured by the NP method and by
the TPS method are very close in Figure 7. For comparison, more measurement results,
including the means and standard deviations, obtained by the two methods at different
temperatures are presented in Figure 8 (water content of 10.8%). It can be seen from Figure 8,
at the 0.05 level of significance, one-way ANOVA indicates that the means derived from the
two methods at each dry density are not significantly different. Considering that the NP
method is more time-consuming and labor-demanding in the preparation of the compacted
specimens, the TPS method is recommended for testing of the thermal conductivity of
compacted bentonite at temperatures below 50 °C.
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Figure 8. Comparison of thermal conductivities determined using NP and TPS methods.

The thermal conductivity of SPV200 bentonite at constant dry densities with varying
water contents was determined by the TPS method at room temperature (25 °C). The dry
density of the tested bentonite included 1.7 g/ cm?, 1.6 g/ cm?, 1.5 g/ cm?, and 1.4 g/ cm?,
and the results are shown in Figure 9. All four linear regressions exhibit R-squared values
greater than 0.98. The thermal conductivity was observed to increase proportionally to the
increase in water content at different densities. The water content is defined as the ratio
of the weight of water to the weight of a dry solid. As the water content increases, water
with a higher thermal conductivity (0.607 W/m-K) will replace air with a lower thermal
conductivity (0.024 W/m-K) in the void of the compacted bentonite. Finally, it leads to an
increase of the thermal conductivity of the compacted bentonite.
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Figure 9. Thermal conductivity of compacted bentonite at varying water contents.
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Considering the thermal environment in a repository, measurements were made on
compacted bentonites at elevated temperatures using the NP method. The results shown in
Figure 10 reveals that for varying dry densities the thermal conductivity of compacted ben-
tonites increases with increasing temperature. All four linear regressions exhibit R-squared
values greater than 0.97 in Figure 10. With increasing temperature, the thermal conduc-
tivity of water and air increases. Moreover, for the compacted bentonite, it is supposed
that its overall thermal conductivity is a combination of the thermal conductivities of the
solid phase substance, water, and air. Therefore, the thermal conductivity of compacted
bentonites increases with increasing temperature.
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Figure 10. Thermal conductivity vs. temperatures based on the NP method.

In Figure 10, the thermal conductivity of SPV bentonite increases slowly with temper-
atures from 20 °C to 50 °C, while the increase becomes noticeable at temperatures greater
than 50 °C. For dry densities ranging from 1.4 g/ cmd to 1.7 g/ cm?, the change in thermal
conductivity with temperature shares a similar trend.

3.2. Comparison of Thermal Conductivity of SPV200 Bentonite with Other Bentonites

Figure 11 shows the measured thermal conductivity of many different bentonites
having similar mass water content at various dry densities. All the bentonites exhibit
increasing thermal conductivity with increases in dry density, and the increasing rate
appears to be very close. Meanwhile, it seems that the thermal conductivity of compacted
bentonites can be divided into two groups. In the density range of 1.4 g/cm? to 1.7 g/cm?,
the thermal conductivities of SPV 200, MX80, and GMZ bentonites fall in the lower group,
ranging from 0.44 W/m-K to 0.70 W/m-K, while that of FEBEX, Kyeongju, and KV1
bentonites are in a somewhat higher group, ranging from 0.61 W/m-K to 0.89 W/m-K.
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Figure 11. Thermal conductivity vs. dry density relationship for various compacted bentonites [11,
16,38-40].

Figure 12 plots the relationship between measured thermal conductivity and water

content
that the

of various bentonites compacted to a constant density of 1.6 g/m?. It is noticed
thermal conductivity of bentonite spans over a broader range of 0.4 W/m-K to

1.5 W/m:K for the varying water contents from 5% to 26%. This indicates that the thermal
conductivity is more sensitive to the water content than the dry density. Apparently,
increased dry density will reduce the porosity and improve the contact conditions between
bentonite particles. However, bentonites with higher water content indicates that more
voids are filled with water, which is more efficient in heat conduction [30,39-42]. The
data in Figure 12 show that the thermal conductivities of most bentonites are very close

at varying water content levels, with the KV1 bentonite having slightly higher thermal
conductivity than others.

g " 1 DKV1 Suzuki, H. et al 1992
g [T p— - m
= 1+ /
Z 140 ] GMZ Xu,Y.X. et al 2019
& 1 XKyeongju Cho, W.J. 2001 m
B 1 m X
g 1.20 ] @®SPV200 Current Research X +e T
3 Lop ] OMX80 Xu, Y. X. et al 2019 m +. o
TE 1 OMXS80 Dixon, D.A. 2019 + x Leded
g ]
Z 080 ] m X <
] + X @
0.60
] i <©
0o
0.40 ©
o4+
0 4 8 12 16 20 24 28
Water Content (%)
Figure 12. Thermal conductivity vs. water content relationship for various compacted bentonites [10,

32,39,40].
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3.3. Three-Dimensional Representation of Thermal Conductivity with Water Content and Dry
Density

As discussed above, the thermal conductivity of SPV200 bentonite increases approxi-
mately linearly with dry density and water content. To illustrate a more explicit relationship
among them, Figure 13a generates a 3-D representation of the thermal conductivity of
SPV200 bentonite as a function of the dry density and water content. It can be observed
that the thermal conductivity increases more rapidly if the water content is raised than the
dry density. Figure 13b shows a non-linear surface fit simulated by the software Orginlab,

which provides a predicting model with an adjusted R-square of 0.932. The predicting
model in Figure 13b can be represented as Equation (4).

A = 0.31355—0.95859p,4+0.03958w + 0.6p3—6.96848x 105w’ — 0.00426wp,  (4)

where A is the thermal conductivity (at room temperature 25 °C), w is the water content
(10.8%-31.0%) of compacted SPV200 bentonite, and py is the dry density (1.4 g/cm3-1.7 g/cm?).
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Figure 13. Thermal conductivity (A\-D-W): (a) 3-D representation; (b) 3-D non-linear surface fit.

3.4. D Representation of Thermal Conductivity with Dry Density and Temperature

As discussed earlier, the thermal conductivity of SPV200 bentonite increases with dry
density and temperature. To give a clear picture of their relationship, Figure 14a generates
a 3-D representation of the thermal conductivity of SPV200 bentonite as a function of dry
density and temperature (A-D-T). It is observed that the thermal conductivity of bentonite
is very sensitive to changes in temperature. Figure 14b is a non-linear surface fit obtained
from the software Orginlab, which provides a predicting model with an adjusted R-square
of 0.967. The predicting model in Figure 14b can be represented as Equation (5).

A = 2.37198—2.77132p4—0.001032T + 1.07p2—1.35841x 10T° + 0.00191Tp;  (5)

where A is the thermal conductivity (at the water content w = 13%), T is the temperature
(25 °C-80 °C) of compacted SPV200 bentonite, and p;is the dry density (1.4 g/cm3-1.7 g/cm?).
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Figure 14. Thermal conductivity (A-D-T): (a) 3-D representation; (b) 3-D non-linear surface fit.

3.5. Comparison between the Calculated and Measured Thermal Conductivity

Since the thermal conductivity of compacted bentonite is highly affected by its water
content, temperature, and dry density, a predicting model capable of dealing with the
ever-changing conditions of bentonite is of great importance in the simulation of the
coupled thermal-hydro-mechanical processes of bentonite. Therefore, 3-D representations
in Figures 13 and 14 can provide a quick estimate of the thermal conductivity of bentonite.
Figure 15 presents the thermal conductivities calculated using Equations (4) and (5) versus
the measured values for compacted SPV200 bentonite. As shown in the figure, all the
predicted values fall within the £15% relative error bound. The thermal conductivity

model with equations can support numerical simulation in the thermal analysis of the
bentonite buffer for an HLW repository.
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Figure 15. Comparison between the calculated and measured thermal conductivities (a) calculated
by Equation (4) vs. measured; (b) calculated by Equation (5) vs. measured.
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4. Conclusions

This study measured the thermal conductivity of SPV200 bentonite as a candidate
for buffer in the HLW repository and investigated the influence of dry density, water
content, and temperature of the compacted bentonite on the thermal conductivity. The
experimental methodology demonstrated that the NP method was featured as its simulation
for the way of heat conduction in a HLW deposition hole, while the TPS method was
highlighted in its practical convenience in measurement. While the measured data from the
NP method and TPS method agreed very well, the obtained results showed that the thermal
conductivity of compacted SPV200 bentonite was influenced by the dry density, water
content, and temperature. Finally, by best fitting the experimental data, this study proposed
two predicting models with 3-D visualization for the thermal conductivity of compacted
SPV200 bentonite, which may be useful in modelling the coupled T-H-M processes of the
bentonite in a HLW repository.
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