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A B S T R A C T   

High-level radioactive waste produced by nuclear power plants are disposed subterraneously utilizing an engi-
neered barrier system (EBS). A gap inevitably exists between the disposal canisters and buffer materials, which 
may have a negative effect on the thermal transfer and water-blocking efficiency of the system. As few previous 
experimental works have quantified this effect, this study aimed to create an experimental model for investi-
gating differences in the temperature changes of bentonite buffer in the presence and absence of air gaps between 
it and a surrounding stainless steel cell. Three test scenarios comprised an empty cell and cells partially or 
completely filled with bentonite. The temperature was measured inside the buffers and on the inner surface of 
their surrounding cells, which were artificially heated. The time required for the entire system to reach 100 ◦C 
was approximately 40% faster with no gap between the inner cell surface and the bentonite. This suggests that 
rock–buffer spaces should be filled in practice to ensure the rapid dissipation of heat from the buffer materials to 
their surroundings. However, it can be advantageous to retain buffer–canister gaps to lower the peak buffer 
temperature.   

1. Introduction 

It is necessary to safely dispose of high-level radioactive waste pro-
duced by nuclear power plants in rock layers several hundreds of meters 
below the Earth’s surface, as such radioactive waste products are haz-
ardous to humans [1,2]. Both natural and engineered barrier systems are 
utilized for the safe disposal of high-level radioactive waste. The KBS-3 
disposal method developed by SKB and Posiva [3] involves the estab-
lishment of artificial barriers that consist of disposal canisters, bentonite 
buffer materials, and backfill materials that are installed in deposition 
holes which are drilled vertically into disposal tunnel floors, as shown in 
Fig. 1. After the installation of a disposal canister, its deposition hole will 
be filled with bentonite buffer; however, gaps inevitably form between 
the canister and the bentonite buffer blocks, as well as between the 
bentonite and the surrounding rock. This process is nevertheless used 
because it is easier to install bentonite buffer and backfill material, and, 
in the case of deposition holes with uneven rock walls, it is necessary to 
have regular spaces [4]. Countries at the forefront of radioactive waste 
disposal, such as Sweden and Finland, only permit canister–buffer gaps 
of up to 10 mm and rock–buffer gaps of up to 50 mm; in addition, the 
canister–buffer gaps are not filled, whereas the rock–buffer gaps are 

filled with smaller materials such as bentonite pellets or granules [4,6]. 
Such gaps need to be filled with materials, as they can cause disposal 
hole walls to undergo spalling, or buffer blocks may be able to move 
around within these gaps [7]. 

In Korea, an improved geological disposal system was developed as 
described in the Korea Atomic Energy Research Institute (KAERI) 
Reference Disposal System Plus concept of 2020; nevertheless, this 
system still does not consider the impact of gaps in an EBS [8], which can 
influence the performance of different EBS components [4,9]. Notably, 
there is a need to analyze how the gaps affect the temperature of 
bentonite buffer materials. Many countries set the upper limit for buffer 
temperature exposure at 100 ◦C, based on the KBS-3 concept in crys-
talline rocks [3,10]. Such a restriction is necessary because bentonite 
undergoes mineralogical deterioration when exposed to high tempera-
tures for extended periods, which results in the deterioration of its 
buffering properties (e.g., swelling capacity) that are required for proper 
EBS functioning [11]. However, several studies have investigated 
bentonite properties above 100 ◦C to assess the effects of increasing the 
upper temperature limit of buffer material [11,12]. Nevertheless, in 
contrast to a significant amount of research focusing on EBS compo-
nents, very few studies have investigated the gaps that are shaped 
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between such components. 
Here, our objective was to investigate empirically how bentonite 

temperature varies with changes in the gaps that occur between EBS 
components. This involved the installation of bentonite blocks within a 
steel canister and examining the temperature trends as this buffer ma-
terial was heated from room temperature to 100 ◦C in setups with and 
without gaps. 

2. Methods 

2.1. Materials and test equipment 

Ca-type bentonite powder in which Ca2+ is the dominant 
exchangeable cation was obtained from Clariant Korea Ltd. (Seoul, 
Korea). This powder is generally compressed into block shapes for use as 
buffer material in an EBS [13,14], and Table 1 lists the basic properties 
of identical bentonite powder used in this study [15]. Mineral and the 
chemical components were characterized via X-ray diffraction [16] and 
X-ray fluorescence [17] analyses, respectively. The main mineral com-
ponents were montmorillonite (62%), ablite (21%), and quartz (5%). 
Ca-type bentonite has a montmorillonite crystal nucleus with abundant 
Ca2+ cations [18], and its main chemical components are SiO2 and 
Al2O3; the amount of CaO (5.72%) in the powder was 5–6 times higher 
than that of Na2O (1.06%) [19]. The cation exchange capacity (CEC) of 
the bentonite was determined to be 64.7 meq/100 g through the barium 
chloride method [20]. The specific area of the bentonite was 61–62 
m2/g. In terms of basic geotechnical properties, the bentonite powder 
used in this study was classified as having high plasticity (CH) [19] by 
using the unified soil classification system [21]. The thermal conduc-
tivity and specific heat of bentonite powder are 0.092–0.099 W/(m⋅K) 
and 0.873–0.877 (kJ/kg⋅K) when the dry density of the bentonite is 0.98 

g/cm3 and the bentonite is in a dry state [19]. 

2.2. Experimental setup 

Bentonite powder was compacted into a block with a steel mold and 
hydraulic press. The initial dry density, water content, and thermal 
conductivity of the compacted bentonite block were 1.61 g/cm3, 
11–12%, and 0.85 W(m⋅K), respectively. A temperature sensor (EE310; 
E + E Elektronik, Engerwitzdorf, Austria) with an accuracy of ± 0.2 ◦C 
was inserted into a groove that was dug into the bentonite sample. Next, 
a cylindrical cell (internal diameter: 50 mm; height: 72 mm) was man-
ufactured from 304 stainless steel. An external heating jacket was used 
to adjust the temperature around the cell. Temperatures of the bentonite 
sample and cell surface were measured with and logged into a data 
logging system. As described in Table 2 and Fig. 2, experiments were 

Fig. 1. Gap spaces in an engineered barrier system [4].  

Table 1 
Basic properties of bentonite powder [15].  

Property Gyeongju bentonite 

Water content (%) 11~12% 
Swelling index (mL/2 g) 6.5 
Specific gravity 2.71 
Specific surface area (m2/g) 61.5 
Cation exchange capacity (meq/100 g) 64.7 
Plastic limit (%) 28.4 
Liquid limit (%) 146.7  

Table 2 
Experimental cases.  

Scenario Components Note 

Scenario 1 Only air  
Scenario 2 Air + bentonite 2 mm air gap between cell and bentonite 
Scenario 3 Bentonite No gap  

Fig. 2. Diagram of experimental cases.  
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performed for three scenarios to analyze how the temperature of 
bentonite change when the temperature of the overall experimental 
system is increased from room temperature to 100 ◦C. Once the tem-
perature of the cell reached 100 ◦C, the heating jacket could maintain 
this as a constant temperature inside the inner cell, compensating for 
any temperature loss to the external environment. In scenario 1, the 
stainless steel cell contained only air (no bentonite); in scenario 2, a 
bentonite sample 46 mm in diameter was placed within the cell (mostly 
bentonite and air); in scenario 3, the 50 mm diameter cell was 
completely filled with a 50 mm diameter bentonite sample (bentonite 
only). 

3. Results and discussion 

3.1. Validation of experimental system 

To verify the reliability of our experimental results, the temperature 
of the air (scenario 1) and the compacted bentonite (scenario 3) in the 
stainless steel cells were measured. Fig. 3 shows the experimental results 
regarding the temperature variation of the air, bentonite, and heater 
surface. The temperature variation of a heat transfer medium with 
respect to time can be derived using Newton’s law of cooling [22,23], 
using the formula in Eq. (1) below: 

dT
dt

= − k(T − TA) (1)  

where t is the time (min), k is a constant, T is the sensor temperature 
inside the cell (◦C), and TA is the cell surface temperature (◦C). When the 
cell surface first reached 100 ◦C, time was established as t = 0. Eq. (1) 
was applied using the sensor temperature inside the cell when t = 10 
(min), when the cell surface temperature reached convergence. Conse-
quently, for a cell in which the interior is filled with only air, Eq. (1) can 
be expressed as follows: 

Tair(t)= − 54.57e− 0.075t + 100 (2)  

When the inside of the cell is filled with a compacted bentonite sample, 
as in scenario 3, Eq. (1) can be expressed as follows: 

Tsample(t) = − 67.6e− 0.079t + 100 (3) 

Because the interior of the cell is a confined space, the pressure in the 
cell increases along with an increase in temperature; as a result, heat 
conduction occurs faster with the active movement of air molecules [24, 
25], and the measured temperature may be higher than that of the 
model. Nevertheless, the experimental results obtained using Eq. (2) and 
Eq. (3) showed very similar trends when the analytical formula for each 

experimental condition was compared with that after the cell surface 
first reached 100 ◦C. In our assessment of the accuracy of the experi-
mental environment, including the process of convergence of the cell 
surface temperature to 100 ◦C (Fig. 4), the experimental results followed 
Newton’s law of cooling with relative accuracy. Therefore, it can be 
assumed that our experimental system accurately reflected the tem-
perature variation of compacted bentonite (with or without gap effects). 

3.2. Experimental results 

Experiments were performed for the three scenarios described in 
Table 2. The rate at which heat from the heating jacket was transferred 
to the cell varied, depending on the initial temperature of the cell sur-
face. For a more accurate analysis, the experiments were performed by 
initially heating all cell surfaces to 100 ◦C and then measuring and 
comparing the times required for the temperature readings of the sen-
sors inside the cells to reach 100 ◦C. 

In scenario 1 (only air in the cell), the initial temperature of the cell 
surface at the beginning of the experiment was 18.80 ◦C and that of the 
cell interior was 23.90 ◦C. Upon activation of the heating jacket, the cell 
surface temperature increased sharply to 100 ◦C, rose to approximately 
107 ◦C, then started to decrease until settling at 100 ◦C. Overall, 255 s 
(4.25 min) were required for the cell surface temperature to reach 
100 ◦C. According to the internal sensor, 4554 s (75.90 min) was 
required to reach an internal temperature of 100 ◦C. In other words, 
4299 s (71.65 min) elapsed before the internal temperature matched 
that of the cell surface. 

Scenario 2 included both an air layer and bentonite material inside 
the stainless steel cell. At the onset of the experiment, the surface and 
interior cell temperatures were 18.90 ◦C and 22.46 ◦C, respectively. It 
took 267 s (4.45 min) for the surface temperature to rise to 100 ◦C 
following activation of the heating jacket. Thereafter, the surface tem-
perature continued to increase to approximately 106 ◦C, after which it 
fluctuated until finally reaching a plateau at 100 ◦C. A total of 4467 s 
(74.45 min) elapsed before the temperature reading of the sensor inside 
the cell reached 100 ◦C. This translated to a time of 4200 s (70.00 min) 
for the internal temperature to match the 100 ◦C reached on the cell 
surface. 

For scenario 3 (with a 50 mm diameter compacted bentonite sample 
filling the cell), the cell surface and interior temperatures at the begin-
ning of the experiment were 18 ◦C and 21.02 ◦C, respectively. This 
represented a starting internal temperature 2.88 ◦C lower than that for 
Case 1. Following activation of the heating jacket, it took 275 s (4.58 
min) for the cell surface to reach 100 ◦C. The cell surface temperature 
increased to approximately 106 ◦C, then fluctuated until plateauing at 

Fig. 3. Experimental results for the temperature variation of the air, compacted 
bentonite, and cell surface. Fig. 4. Comparison of experimental results and analytical solution.  
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100 ◦C. A total of 3256 s (54.27 min) elapsed for the temperature inside 
the cell to reach 100 ◦C, which represented an elapsed time of 2982 s 
(49.70 min) to match the cell surface temperature. 

In comparing the results from scenario 1 and 3, the cell filled with 
bentonite reached an internal temperature of 100 ◦C that matched the 
external 100 ◦C approximately 1317 s (22.00 min) faster than the empty 
cell did. This discrepancy can be explained by the difference in thermal 
conductivity between the media within the two cells. Because the 
thermal conductivity of bentonite is significantly higher than that of air, 
heat was transferred to the center of the cell faster via the buffer sample. 
In comparing the results from scenario 1 and 3, the empty cell of sce-
nario 2 took 99 s (1.65 min) less for its internal temperature to reach 
100 ◦C after its surface had been heated to the same temperature. The 
bentonite diameter was 4 mm smaller than the inner diameter of the 
surrounding cell. Although the sample occupied most of the space within 
the cell, the time taken for the internal sensor reading to reach 100 ◦C 
was similar to that of the cell containing only air. Considering the small 
scale of this experiment, the loss in heat transfer efficiency of actual deep 
disposal sites can be expected to be substantial if gaps are present in the 
buffer layers. This emphasizes a need to fill any rock–buffer gaps with 
suitable material [4,5]. Furthermore, as gaps also interfered with heat 
transfer from our stainless steel cell to the compacted bentonite, it can be 
advantageous to retain buffer–cannister gaps in practice to lower the 
peak temperature of the buffer. Lee et al. [9] reported similar results 
based on numerical simulations. It might be thought that there is just air 
between canister and buffer material in this reason. Table 3 and Fig. 5 
summarize our findings across the three different experimental 
scenarios. 

4. Conclusion 

This study conducted laboratory experiments to analyze how air 
spaces between the EBS components (which are installed for the deep 
disposal of high-level waste) influence temperature changes in the 
system. 

First, to verify the consistency of the experimental system, we 

conducted temperature measurements on an empty stainless steel cell 
and one completely filled with bentonite. Overall, the measured values 
were mostly consistent with Newton’s law for the cooling model. The 
subsequent experiments also included a cell with a 2 mm air gap be-
tween its inner wall and a bentonite sample. The cells in the three sce-
narios (empty, partially filled, or filled completely with bentonite) did 
not start at the same initial temperature, and each cell required different 
lengths of time for the cell surface to reach 100 ◦C. Once the cell surfaces 
reached 100 ◦C, we measured the time required for the inside of each 
cell to reach the same temperature. The cell lacking gaps between the 
bentonite sample and its surrounding wall reached 100 ◦C within the 
shortest length of time. Compared to this cell, the one with a 2 mm air 
gap between the bentonite and the cell wall took 1.3 times longer for the 
core to reach 100 ◦C. This can be ascribed to poor heat transfer, given 
that the thermal conductivity of air is substantially lower than that of 
bentonite. 

Our findings confirmed that the time that it takes buffer materials in 
an EBS to reach their maximum temperature can be influenced by the 
presence of air gaps between the different components. In particular, 
rock–buffer spaces should be filled to ensure the rapid dissipation of heat 
from the buffer material to its surroundings. Furthermore, given that the 
diameter of our bentonite sample was rather small at 50 mm, it will be 
necessary to establish an experimental system at a larger scale that also 
considers the effect of natural water infiltration on the bentonite satu-
ration process. 
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