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Highlights 

• Column tests were conducted to investigate bentonite hydration up to 200 ºC 

• X-ray CT images revealed strongly dynamic and coupled THMC processes  

• Heating induced large density variations and displacements in bentonite backfill 

• Mineral precipitation occurred on the canister as a result of coupled THMC processes 
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Abstract. The behavior of heated bentonite buffer is critical for the security and long-term 1 

performance of a geological repository for high-level radioactive waste (HLW). While 2 

laboratory column experiments have been conducted to investigate compacted bentonite 3 

and coupled THMC (thermal-hydro-mechanical and chemical) processes for a moderate 4 

temperature range of up to 100ºC, data for a higher temperature range are limited. 5 

Understanding bentonite behavior and coupled THMC processes under higher 6 

temperatures (e.g., up to 200ºC) could allow for a more economic repository design and 7 

would expand the data and knowledge base for more reliable modeling. In this study, a 8 

bench-scale experiment was conducted in a compacted bentonite column experiencing both 9 

heating up to 200ºC in the center and hydration from a sand-clay boundary surrounding the 10 

column. During the experiment run for 1.5 years, frequent X-ray computed tomography 11 

(CT) scanning of bentonite provided insights into the spatiotemporal evolution of (1) 12 

hydration/dehydration, (2) clay swelling/shrinkage, (3) displacement, and (4) mineral 13 

precipitation. After the experiment, a comprehensive post-dismantling characterization of 14 

bentonite samples was conducted. Results showed that the bentonite hydration was axi-15 

symmetrical despite the initial heterogeneity due to packing, confirming the ability of 16 

bentonite to seal fast flow/transport paths. Compared to a non-heated control experiment, 17 

the heated column showed greater CT density variations along the radial distance, 18 

indicating that homogenization of bentonite might be more difficult if a temperature 19 

gradient is maintained in the repository. Precipitation of an anhydrite layer occurred in the 20 

inner hot zone, pointing to potential concerns about salt precipitation causing canister 21 

corrosion. Ultimately, the experiments provided a high-resolution window into the strongly 22 

dynamic and coupled behavior of bentonite exposed to heating, hydration and swelling, 23 
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which will be valuable for improving modeling of coupled processes, especially for the 24 

early state of a HLW repository. 25 

 26 

Keywords: High-level radioactive waste repository, Engineered barrier, Compacted 27 

bentonite, X-ray CT imaging, Hydro-mechanical behavior, Coupled THMC processes 28 
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1. Introduction 29 

Geologic disposal of high-level radioactive waste (HLW) relies on both natural barriers 30 

formed by rock formations and an Engineered Barrier Systems (EBS) in isolating the waste 31 

from biosphere (IAEA, 2003). In most repository designs, emplacement tunnels will be 32 

backfilled with bentonite material as an engineered barrier element that provides 33 

mechanical buffering for the waste canisters, additional retention capacity, and thermal 34 

stability (Meunier et al., 1998; Bourg et al., 2003; Sellin and Leupin, 2013). After waste 35 

emplacement, the bentonite buffer can be simultaneously heated from the decaying 36 

radioactive waste and hydrated from the surrounding host rock (IAEA, 2003), triggering 37 

complex coupled THMC (thermal-hydro-mechanical-chemical) processes. These include 38 

(1) moisture transport affected by strong capillary forces at the bentonite-rock interface and 39 

the large thermal gradient near the heat source; (2) swelling and shrinkage due to bentonite 40 

hydration or de-hydration; (3) dilution/concentration, evaporation, migration and exchange 41 

of ions impacted by moisture/thermal interactions, (4) dissolution/precipitation and mineral 42 

phase transformation, etc. (Zheng et al., 2020). These coupled processes evolve temporally 43 

and spatially and lead to changes in bentonite properties (e.g., porosity, permeability), 44 

which may be important for short-term barrier system evolution as well as long-term 45 

performance (Zheng et al., 2021). Assessing the safety of radioactive waste disposal thus 46 

requires a comprehensive understanding of bentonite behavior under geologic disposal 47 

conditions. 48 

Extensive field and laboratory experiments have been conducted to investigate the 49 

bentonite behavior subject to heating and hydration under conditions relevant to nuclear 50 

waste disposal (e.g., Börgesson et al., 2001; ENRESA, 2006; Åkesson et al., 2009; Gómez-51 
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Espina and Villar, 2010; Fernández and Villar, 2010; Rawat et al., 2019; Villar et al., 2018, 52 

2020). For example, the FEBEX (Full-scale Engineered Barrier Experiment in crystalline 53 

host rock) project had two large-scale tests: the in-situ field test at the Grimsel Test Site 54 

(Switzerland) and the mock-up test at CIEMAT (Research Centre for Energy, Environment 55 

and Technology) facilities in Madrid (Spain) (Alonso and Ledesma, 2005; ENRESA, 56 

2006). Both of the tests were conducted with maximum bentonite temperatures of 100 °C. 57 

Concomitantly, laboratory column tests (ENRESA, 2006; Zheng et al., 2010) were 58 

conducted with the heater temperature of 100°C. While long-term (10-20 years) field tests 59 

are the ultimate measure to study bentonite buffer at a scale similar to the “real” repository, 60 

laboratory column tests can be used to (1) characterize bentonite under a range of 61 

conditions and provide useful parameters for models, (2) study TH, THM, THC or THMC 62 

evolutions of bentonite in shorter time periods (0.5-3 years) at smaller scales, and (3) 63 

support and supplement field tests. For example, in a cylindrical cell, Villar et al. (2008) 64 

conducted a long-term (up to 8 year) laboratory tests on compacted bentonite barrier at a 65 

heater temperature of 100°C. Bentonite was heated at the bottom surface and hydrated 66 

through the top with granitic water. A fully coupled thermo-hydro-mechanical (THM) 67 

formulation was developed as a general framework to analyze the experiments. The 68 

geochemical behavior of bentonite in the column test was investigated by Fernández and 69 

Villar (2010). They observed the increase of pore water salinity and precipitation of calcite 70 

and anhydrite due to water evaporation in the heating zone. Villar et al. (2012) further 71 

summarized laboratory and field tests on the saturation of compacted bentonite under 72 

repository conditions at different scales. Results showed the heterogeneity of bentonite 73 

after full saturation in terms of dry density and water content distributions. Common to all 74 
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the field and laboratory studies described above is that they targeted at a maximum 75 

temperature range of about 100°C, which is consistent with the bentonite temperature limit 76 

considered in many disposal concepts throughout the world (Hicks et al., 2009).  77 

 Some disposal programs have recently started investigating if bentonite barriers can 78 

withstand temperatures higher than this 100°C threshold. Higher disposal temperatures 79 

would allow for less spacing between heat-emanating waste packages, which in turn would 80 

reduce the repository footprint for a given waste volume, allowing for significant cost 81 

reductions. Because of this emerging interest, some laboratory and field tests were recently 82 

conducted at temperatures higher than 100 °C. For example, the LOT test series at the Äspö 83 

Hard Rock Laboratory (HRL) were conducted under temperatures up to 140°C, focusing 84 

on identifying and quantifying potential mineralogical alterations in the bentonite exposed 85 

to typical repository-like conditions. The overarching conclusion was that the observed 86 

mineralogical alterations, as a consequence of the water saturation process and the 87 

exposure to high temperature, were relatively small and that these alterations did not 88 

change the physical properties to such an extent that the buffer function was jeopardized 89 

(Karnland et al., 2009). At the Mont Terri rock laboratory, two column tests were 90 

conducted with a heater temperature of 140°C using MX-80 bentonite and a sand-bentonite 91 

mixture to support the HE-E heater test (Villar et al., 2012, 2014; Ballarini et al., 2017; 92 

Bossart et al., 2017) A series of hydrothermal laboratory tests was conducted to study the 93 

geochemical alteration of bentonite, and its interaction with clay rock, granite and concrete, 94 

at temperatures up to 300°C (Cheshire et al, 2014; 2018). Both studies did not report 95 

significant changes in safety-relevant properties of the bentonite. This is consistent with 96 

modeling results from Zheng et al. (2015, 2017), which suggested that bentonite may 97 
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withstand temperatures up to 200 °C without compromising the buffer’s performance. 98 

Pusch et al. (2010), however, pointed out that at temperature >100°C, crystalline or 99 

amorphous SiO2 can precipitate and cement the stacks of montmorillonite together and 100 

reduce their expandability. This cementation then will compromise the function of EBS by 101 

reducing bentonite plasticity and capability to swell under hydration. Vomvoris et al. 102 

(2015) also recognized potential temperature-driven physico-chemical processes 103 

(cementation, illitization) that could detrimentally affect the bentonite properties at 150 to 104 

200°C. The European project EURAD includes a work package devoted to the “Influence 105 

of Temperature on Clay-based Material Behaviour” (HITEC), which evaluates whether or 106 

not elevated temperature limits (of 100‐150°C) are feasible for a variety of geological 107 

disposal concepts, and aims to determine where the buffer safety functions start to be 108 

unacceptably impaired (https://www.ejp-eurad.eu/implementation/influence-temperature-109 

clay-based-material-behaviour-hitec). Despite this rising interest, questions remain 110 

whether bentonite can sustain its favorable features with temperatures up to 200 °C. 111 

Large uncertainties in laboratory characterizations of bentonite behavior have been 112 

recognized (Birkholzer, 2018). For instance, in laboratory column tests, monitoring of 113 

bentonite behavior relies on sensors emplaced in the bentonite column (e.g., temperature 114 

and relative humidity sensors) or on the test vessel shell (e.g., the stress sensors). The 115 

limited ‘point’ measurements generally lumped over the entire column, however, often 116 

involved uncertainties in data interpretation due to the lack of resolutions to capture the 117 

spatiotemporal heterogeneity in bentonite behaviors (e.g., Ballarini et al., 2017). A better 118 

understanding of bentonite barriers requires improved monitoring resolution to reduce 119 

uncertainties in data interpretation, along with well-calibrated parameters. Recent 120 
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development in X-ray imaging and analysis techniques provided promising approaches for 121 

in-situ sample characterizations (e.g., Harjupatana et al., 2015; 2022). Laboratory bench-122 

scale column tests facilitated with frequent high-resolution X-ray CT scanning is expected 123 

to be an efficient approach to directly image bentonite and understand its behavior at the 124 

repository relevant conditions. 125 

In this study, bench-scale experiments were conducted in a compacted bentonite 126 

column experiencing both high temperature heating (up to 200ºC) in the center and 127 

hydration from a sand-clay boundary surrounding the column. These experiments fill an 128 

important research gap since the existing hydrothermal laboratory tests did not explore the 129 

full complexity of coupled THMC processes and bentonite behavior experienced in a 130 

repository for high-level radioactive waste disposal. In-situ field and laboratory column 131 

experiments, on the other hand, have not tested the full temperature regime of up to 200°C. 132 

More importantly, a new monitoring methodology—frequent X-ray computed tomography 133 

(CT) scanning—was used to provide “real time” spatial information of the HM behavior 134 

of bentonite. A control column undergoing only hydration was used for comparison. A 135 

comprehensive monitoring approach was applied to investigate bentonite behavior and 136 

coupled THMC processes, including (1) the above-mentioned frequent X-ray CT scanning 137 

to gain a detailed understanding of bentonite at a sub-millimeter spatial resolution; (2) 138 

emplaced sensors providing point measurements, and (3) detailed post-dismantling 139 

characterizations of bentonite samples after the experiments.  140 

2. Materials and methods 141 

2.1  Materials 142 
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The bentonite used for the experiments was MX-80 Wyoming bentonite (Cetco, IL), 143 

which came with granular particles of low moisture (<10%). The raw bentonite material 144 

was composed mainly by montmorillonite (79%) from X-ray powder diffraction (XRPD) 145 

analysis, similar to Villar (2005) and Karnland et al. (2006). It also contained quartz (9 %), 146 

Plagioclase (6%), cristobalite (4%), k-feldspars (1%) and calcite (1%). The CEC was 147 

reported at 74 -77 meq/100g, and the major exchangeable cations were: Na (55-61 148 

meq/100g), Ca (10-13 meq/100g) and Mg (3-5 meq/100g) (Villar, 2005; Karnland et al., 149 

2006). 150 

The saturating fluid used for bentonite hydration was made based on the computed 151 

MX-80 bentonite pore water chemistry for a closed system under room temperature 152 

(Bradbury and Baeyens, 2003). It was a solution dominated by Na+ and SO4
2- ions with an 153 

ionic strength of 0.314 M. Detailed chemical composition of the synthetic solution is 154 

presented in Table S1. 155 

2.2 Experimental setup and procedures 156 

An aluminum vessel was designed based on the testing temperature and pressure, and 157 

the ability to accommodate cross-sample characterization methods, i.e., X-ray CT imaging 158 

and electrical resistivity tomography (ERT) (Figure 1). The inner diameter (ID) of the 159 

vessel is 0.17 m, the outer diameter (OD) is 0.19 m, and the length is 0.46 m. A cartridge 160 

heater (0.30 m long and 0.006 m OD) was housed in a 0.01 m OD titanium shaft penetrating 161 

through the center of the vessel. The end caps for the vessel were also made of aluminum, 162 

with multiple electrical and fluid feedthroughs. Eight thermocouple sensors were emplaced 163 

at different distances from the heater shaft for heating control and monitoring temperature 164 

distributions in the column. Two ERT electrode arrays were emplaced oppositely along the 165 
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exterior surface of the bentonite column, in contact with the surrounding sand layer. To 166 

accommodate the ERT monitoring needs, the internal surface of the vessel, the end caps 167 

and other internal components of the vessel were coated with silicone to provide electrical 168 

insulation.  169 

A special procedure was developed for moisturizing and packing of the experimental 170 

clay column with various sensors precisely installed at the desired locations. The raw 171 

material was first sieved to remove large clumps and provide a homogenous sample for the 172 

tests. Mesh screen openings at 1000 μm and 600 μm were used, and particles >600 μm 173 

were rejected, accounting for 0.75% of the raw material. Microscope images (Figure S1 of 174 

the Supporting Information (SI), which could be found online) of the rejected particles 175 

showed that they were large clumps of the material same to the sieved fine particles. The 176 

sieved bentonite was then mixed with water by spraying to reach final gravimetric water 177 

contents of 0.17 and 0.18 (Table 1). Using a customized supporting mold, the moisturized 178 

bentonite was compacted in layers with sensors added at pre-defined locations during the 179 

process. After packing, the column was frozen to -20 °C, and the supporting mold was then 180 

removed so that the bentonite column could stand atop the bottom end cap. The bulk 181 

density for the non-heated and heated column was 1.44, 1.41 g/cm3, respectively. The 182 

aluminum pressure vessel was then lowered around the compacted bentonite column, and 183 

Accusand quartz sand (Unimin Corporation, Le Sueur, MN) at 1.0 mm grain size was 184 

placed between bentonite and the vessel wall. In this way, a high-permeability 0.006 m 185 

thick sand layer was created providing a homogeneous hydration boundary along the 186 

circumferential surface of the bentonite. The top end cap was the final piece installed before 187 
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conducting the pre-experiment characterization by X-ray CT scanning and temperature 188 

data acquisitions.  189 

 190 

Table 1. Summary of the initial and stable conditions of compacted bentonite, column 191 

dimensions and hydration conditions for the non-heated and heated columns 192 

 193 

a represents values estimated from X-ray CT scans, b represents the gravimetrically 194 

measured values. c refers to the measurements from collected bentonite samples after 195 

dismantling of both columns. 196 

 197 

Synthetic solution was first injected into the vessel at a high flow rate via a syringe 198 

pump (ISCO 500D, Teledyne) to displace air in the sand layer. Then a back-pressure pump 199 

(ISCO 500D, Teledyne) was connected to the outlet of the column. As the solution 200 

injection continued, the pressures in the column and the injection and back-pressure pumps 201 

increased. When the target pressure was achieved at 0.83 MPa, the back pressure pump 202 

was adjusted to constant pressure mode at 0.83 MPa, while the solution injection rate was 203 

Initial conditions 
Stable conditions by the end of the 

experiments 

 Non-heated 

column 
Heated column Non-heated column Heated column 

Dry density 
(g/cm3) 

1.20 1.20 1.13c 1.14c 

Bulk density 
(g/cm3) 

1.46a/1.44b 1.44a/1.41b 1.68a 1.64a 

Gravimetric 
water content  

0.17 0.18 0.47c 0.46c 

Porosity 0.53 0.54 0.57c 0.57c 

Column dimensions Hydration conditions 

Length (m) 0.46 Pressure (MPa)  0.83 

Inner diameter (m) 0.17 Flow rate (mL/min) 0.11 
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reduced to 0.11 mL/min. Two tubes were installed in the end caps, one for inlet and one 204 

for outlet. These tubes hydraulically connected the annular sand layer with water pumps 205 

through the end caps (see Figure 1). Because of the high permeability of the loosely packed 206 

sand layer, injected solution can be evenly distributed over the sand surfaces and the stable 207 

differential pressure along the vessel monitored by pressure transducers at the inlet and 208 

outlet kept <0.02 MPa. Meanwhile, effluent solution was collected for chemical 209 

composition analysis. In the heated column, the sand layer was saturated with the synthetic 210 

solution at t=1 day and kept constant flow rate at 0.11 mL/min under 0.83 MPa. At t=2 211 

days, the heater was turned on and the temperature of bentonite on the heater shaft was 212 

maintained constant at 200°C after 8 days. During the experiment, frequent X-ray CT 213 

scanning was conducted for over 1.5 years until both columns were dismantled.  214 

XRPD analysis was also used to characterize the mineralogical changes in bentonite 215 

samples after column tests. The instrument employed was a Rigaku SmartLab working in 216 

a theta-theta Bragg-Brentano configuration, equipped with a spinning sample holder, 217 

employed to improve the data collection statistics, and a D/teX Si strip linear detector. 218 

Filtered Cu Kα radiation was used, and an interval between 3° and 68° of 2θ was measured. 219 

The data were then analyzed via the Rietveld method using the MAUD software (Lutterotti, 220 

2010). All the samples from the vessels were collected and immediately sealed to prevent 221 

moisture loss, and testing processes were designed to minimize loss of moisture during the 222 

measurements. 223 

 224 
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 225 

Figure 1. Schematic of the experimental setup. 226 

 227 

2.3 X-ray CT imaging and CT density calibration 228 

During the experiment, X-ray CT images provided a 3-D visualization of the CT 229 

density distribution, resulting from changes in degree of saturation, clay swelling or 230 

structural deformation. A GE Lightspeed 16 medical CT scanner was used to scan the 231 

vessels periodically throughout the experiment. Each CT scan was performed at 120 kV 232 

and 160 mA, at a voxel size of 400 × 400 × 625 μm3. It should be noted that the bulk density 233 

is dependent on both dry density and water content, i.e., the value increases with increasing 234 

water content and dry density. The image processing and analysis were conducted using 235 

ImageJ – a public domain JAVA-based software (Rasband, 1997-2022). 236 
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The correlation between bentonite bulk density and CT number, i.e., the calibration 237 

curve and equation, was obtained by scanning separate columns compacted with bentonite 238 

of known bulk densities (see Figure S2 in SI). Note that CT numbers at 0 and 1 g/cm3 were 239 

obtained by scanning air and water, respectively. This close correlation between material 240 

bulk density and CT number has been suggested by Mull (1984). To further verify the 241 

calibration curve specifically for the experiment, seven bentonite samples were collected 242 

in the heated column after dismantling using tube samplers at an internal diameter of 0.7 243 

cm. The bulk wet mass was measured right after sampling. High-resolution X-ray CT 244 

scanning was then applied to obtain the sample volume, so that the bulk wet density can be 245 

calculated precisely and compared with CT density (density obtained from the CT images 246 

by applying the calibration equation). The CT density for each of the sample deviated <5% 247 

from the measured bulk density (����), indicating the effectiveness and precision of CT 248 

images in predicating bentonite bulk density. Assuming ��������, the dry density (�	
�), 249 

porosity (�) and degree of saturation (
) of the collected bentonite samples after the 250 

experiments can then be calculated as: 251 

�	
� =
����

���� ���⁄
                                                                Eq. (1) 252 

� = 1 −
����

�� !"�#$

                                                 Eq. (2) 253 


 =
����%����

��&���'���� ���⁄
                                                           Eq. (3) 254 

Where  �	
� refers to the stable sample mass measured after oven drying at 70 ºC for over 255 

1 month, and  ��()�
*+ is the mineral or grain density. ��*��
 is water density at 1 g/cm3
. 256 
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Here 2.623 g/cm3 was used for the mineral density of MX-80 Wyoming bentonite as 257 

measured by Karnland et al. (2006).  258 

It is noted that oven drying under 70 ºC may underestimate the water content. Detailed 259 

quantifications on the temperature impact were conducted under 70 ºC and 130 ºC, using 260 

(1) raw bentonite (after sieving for grain size <600 μm) with 3 parallel samples; (2) two 261 

types of bentonite samples with different added water. Results showed that under 130 ºC, 262 

the measured water content of the raw bentonite material was 0.089 ± 0.0002, while the 263 

value measured under 70ºC was 0.085± 0.0003. For bentonite samples with added water 264 

and under 130 ºC, the measured water contents were 0.497± 0.0106 in 10 parallel samples 265 

and 0.199± 0.0011 in 5 parallel samples. The corresponding values measured under 70ºC 266 

were 0.491± 0.0095 and 0.196±0.0025. For the column tests conducted at water contents 267 

ranged from 0.17 (before the heating and hydration experiments) to 0.55 (after the heating 268 

hydration experiments), the water content measured under 70ºC was expected to be 269 

underestimated <1.3%. Based on these characterizations, the water content and other 270 

parameters (dry density, porosity and degree of saturation) were calibrated in the raw 271 

material and the post-mortem samples. 272 

 It is also noted the wide range of grain density reported for MX-80 Wyoming 273 

bentonite. Karnland et al. (2006) conducted systematic lab characterizations on the 274 

physical, mineralogical and chemical properties of MX-80 Wyoming bentonite. They 275 

measured the grain density using volumetric flasks in different solutions, i.e., kerosene, 1.0 276 

and 3.0 M NaCl solutions, and 1.0 M CaCl2. They did not use pycnometers or pure water 277 

because of the massive swelling of bentonite. The grain density measured with kerosene 278 

was 2.623 g/cm3, while the values were considerably higher at 2.769, 2.777 and 2.753 279 
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g/cm3 by using 1M CaCl2, 1M NaCl and 3M NaCl solutions. They attributed the high 280 

measured grain density to the intercalation of water between the individual 2:1 281 

montmorillonite mineral layer by polar liquid containing water, but not of kerosene. They 282 

concluded that the volume of the solid was reduced in the presence of water, which resulted 283 

in the higher grain density from the measurements. The concept of a change in grain density 284 

was supported by literature XRD data and by the major difference between surface area 285 

measured using Brunauer-Emmett-Teller (BET) analysis and theoretical specific surface 286 

area. In this study, the 2.623 g/cm3 grain density measured by kerosene was used for 287 

calculating bentonite porosity and degree of saturation to eliminate potential water 288 

intercalation impacts on the measurement. 289 

3. Results and discussion 290 

In this section, the 3-D CT images and overall CT density distribution of bentonite in 291 

the non-heated control column are first presented in Section 3.1. Section 3.2 shows the 292 

temperature profile in the test column that is subject to heating and hydration. Section 3.3 293 

describes CT density distributions during heating and hydration as calculated from 3-D CT 294 

images. In Section 3.4, the structural deformation of bentonite is discussed by tracking 295 

some local and representative tracer particles. Finally, the deformation strain from X-ray 296 

CT imaging and porosity of collected bentonite samples are compared in both columns in 297 

Section 3.5. The ERT scans and effluent water chemistry after experiments are not the 298 

focus of this study and will be reported independently.  299 

3.1 CT density distribution from hydration 300 

Figure 2(a) depicts the 3-D orthogonal view of CT density distribution and selected 301 

time-lapse images in the non-heated column. The color bar bounds value changes from 1.2 302 
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to 2.4 g/cm3, with brighter yellow color indicating higher density. The sub-image at t=0 303 

days shows the initial conditions and CT density distribution after compaction, including 304 

1- heater and heater shaft in the center, 2- bentonite compacted between the sand layer and 305 

the central shaft, 3- the sand layer surrounding bentonite, 4- one of the ERT array emplaced 306 

at the sand-clay boundary. The CT density variations and compaction layers in bentonite 307 

and the crack (bounded by the white dotted lines in Figure 2(a)) induced by uneven 308 

compaction were expected to result in preferential flow of water in the following hydration 309 

process. Overall, the average CT density of bentonite was 1.46 g/cm3, similar to the 310 

gravimetrically measured bulk density at 1.44 g/cm3. The initial gravimetric water content 311 

and dry density were 0.17 and 1.20 g/cm3, respectively (see Table 1). The porosity was 312 

then calculated as 0.53 by Eq. (2). 313 

At t=1 day, the sand layer was saturated with water followed by a constant water 314 

injection at 0.11 mL/min while maintaining 0.83 MPa vessel pressure. Hydration was 315 

monitored by the changes of CT density, as shown at t=8 days in Figure 2(a). The figure 316 

also presents a decrease in CT density along the sand-clay boundary relative to adjacent 317 

bentonite, which might be attributed to the more pronounced dry density reduction by 318 

swelling rather than increased water content after hydration. The high-density region 319 

represents the hydration front, which by 8 days has advanced halfway to the center shaft 320 

(marked by the white arrows in the figure) from the sand layer saturated with water. Clay 321 

swelling along the sand-clay boundary may compress the interior clay, contributing to the 322 

peak density increase. At t=8 days, Figure 2(a) depicts sealing of the crack by bentonite 323 

swelling. The high-permeability crack initially provided preferential flow pathways for 324 

water intrusion into bentonite, sealing of the crack by bentonite swelling then closed these 325 
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flow pathways, and hindered the hydration propagation along the crack (see the magnified 326 

image in Figure 2(a) and Figure S3 of SI). After that, the hydration is axi-symmetrical from 327 

the sand layer surrounding the compacted bentonite. At t=29 days, the hydration front 328 

propagates to the central shaft (Figure 2(b)), then the CT density distribution becomes more 329 

uniform as shown at 255 days in Figure 2(a) and persists until the end of the experiment at 330 

561 days.  331 

To quantify bentonite CT density and variations with hydration, a 2-D plane normal to 332 

the middle heater was selected (bounded by the yellow dotted box in Figure 2(a)), and the 333 

radially averaged density vs. distance from the central shaft in this plan was presented in 334 

Figure 2(b). While bentonite hydration from the sand boundary is the dominant process 335 

contributing to the spatiotemporal density distribution, Figure 2(b) also shows bentonite 336 

CT density increases ahead of the density peak (the hydration front) at the early time. For 337 

instance, at locations <25 mm away from the central shaft, bentonite CT density increases 338 

the same amount by 0.055 g/cm3 from 2 days to 4 days, and 0.035 g/cm3 from 4 days to 8 339 

days. These CT density increases represented compression of interior clay by swelling at 340 

the sand-clay boundary. After the hydration front propagates to the central shaft at 29 days, 341 

Figure 2(b) also depicts a mechanical disturbance zone distributed from about 25 mm away 342 

from the central shaft to the sand-clay boundary (bounded by the two red dotted lines in 343 

the figure). Within this disturbance zone, bentonite CT density can be both higher and 344 

lower than the stable value obtained at the end of the experiment (shown by the blue curve), 345 

depending on the location and the dominant mechanical deformation/displacement 346 

behavior. Closer to the sand-clay boundary, swelling results in a CT density 0.05 g/cm3 347 

lower than the stable value, accompanied by a mechanical compression of interior 348 
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bentonite (25-55 mm away from the heater shaft) and a CT density 0.05 g/cm3 higher than 349 

the stable value. As hydration continues, the CT density gradient gradually diminishes and 350 

converges to the stable values as marked by the blue and red arrows in Figure 2(b). Beyond 351 

this mechanical disturbance zone and closer to the central shaft, bentonite was compressed 352 

at t=4 days, followed by monotonic density increase with hydration until the stable values. 353 

These dynamic and cm-scale variations in the mechanical behavior of bentonite buffer and 354 

evolutions of the mechanical disturbance zone (especially at the early stage of hydration) 355 

would inevitably impact the distributions of bentonite dry density, porosity and 356 

permeability, etc. In Section 3.4, the dynamic displacements of bentonite in this mechanical 357 

disturbance zone were further discussed by some tracer “particles”. More details on the 358 

time-lapse CT images, and evolution of CT density vs. radial distance from the central shaft 359 

can be seen in Figure S5 of SI. 360 

After the experiment, the column was dismantled and bentonite samples were collected 361 

at different locations. Figure 2(c) shows the dry density and degree of saturation measured 362 

from the collected samples at the end of the experiment, as well as their variations vs. radial 363 

distance from the central shaft. The high degrees of saturation (0.9 to 1.0) represented the 364 

hydration state at the end of the experiment, resulting in the increase of CT density from 365 

1.46 g/cm3 to 1.68 g/cm3 after hydration for 561 days (see Table 1). Meanwhile, the dry 366 

density varied from 1.11 to 1.16 g/cm3, presenting higher values at 30-60 mm away from 367 

the central shaft in the mechanical disturbance zone. This non-uniform dry density 368 

distribution indicated mechanical deformation of bentonite after hydration, which will be 369 

discussed in detail in Section 3.4. 370 
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Figure 2. (a) Selected time-lapse images showing the 3-D CT density distribution and 372 

variations as a function of time in the non-heated column. (b) The radially averaged CT 373 

density vs. radial distance from the central shaft in a 2-D plane. (c) The dry density and 374 

degree of saturation measured from collected bentonite samples after the experiment and 375 

their variations vs. radial distance from the central shaft. The sub-image at 0 days in (a) 376 

represents the initial condition after packing, including 1- heater and heater shaft, 2- 377 

compacted bentonite, 3- sand layer, 4- ERT arrays, 5- crack in bentonite (black color) 378 

induced by uneven compaction. The two bright spots (marked by ‘6’) in the sub-image at 379 

561 days represent emplaced thermocouples. The yellow dotted box in (a) at t=0 days 380 

bound the selected 2-D plane for plotting (b). The white arrows at t=8 days depict the 381 

continuous hydration from the surrounding sand layer, while the magnified image presents 382 

the preferential water intrusion along the crack at the early time. The red dashed lines in 383 

(b) bound the clay-sand boundary, the mechanical disturbance zone where bentonite 384 

compression and swelling occurred sequentially, and the compression zone where 385 

bentonite was dominated by mechanical compression. The red arrow indicates the gradual 386 

increase of CT density along the boundary after swelling and hydration, while the blue 387 

arrow represents the density decrease in the inner part of bentonite from 8 days to the end 388 

of the experiment. 389 

 390 

3.2 Temperature profile from heating and hydration 391 

Figure 3 presents the temporal temperature variations at different radial distances from 392 

the heater shaft, while Figure S4 in SI shows the corresponding temperature variation vs. 393 

radial distance from the heater shaft at different times. After t=125 days, the temperature 394 
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became stable throughout the column until the end of the experiments. Note the large 395 

temperature gradient (5.6°C/mm) within 10 mm away from the heater shaft, which was 5.5 396 

times higher than that from 10 to 20 mm away from the heater shaft. This may be attributed 397 

to the thermal conductivity changes of bentonite subject to water vaporization under 200°C. 398 

Xu et al. (2019) reported thermal conductivity of MX-80 bentonite moisturized at 0 to 22% 399 

water contents and constant dry density at 1.3 g/cm3. Their results showed that at 90°C, the 400 

thermal conductivity of 17% water content sample could be 4 times higher than that of the 401 

dry sample. In addition, for moisturized samples, test results showed the increase of thermal 402 

conductivity as a function of temperature increase, while the dry sample presented constant 403 

thermal conductivity that was independent of temperature changes. Although data above 404 

100°C was limited, a large thermal conductivity contrast between dry and moisturized 405 

bentonite could potentially contribute to the high thermal gradient observed near the heater 406 

shaft.  407 

 408 
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Figure 3. Temperature variations as a function of time and radial distance from the heater 409 

shaft in the heated column.   410 

 411 

3.3 CT Density distribution from heating and hydration 412 

Figure 4 is the 3-D CT density distribution and temporal variations in the heated 413 

column for 564 days. The bentonite was compacted to an initial CT density of 1.44 g/cm3, 414 

close to the gravimetrically measured value at 1.41 g/cm3. The measured gravimetric water 415 

content was 0.18, and dry density and porosity were calculated as 1.20 g/cm3 and 0.54, 416 

respectively. Similar to the non-heated column, Figure 4 presents (1) heterogeneous 417 

structures in the compacted bentonite, including the crack and compaction layers (see 418 

Figure 4 sub-image at 0 days), (2) CT density increase by hydration from the sand boundary, 419 

and (3) swelling of clay near the clay-sand boundary and crack sealing after hydration (see 420 

Figure 4 sub-image at 8 days). At the end of the experiment (564 days), the average 421 

bentonite CT density was measured at 1.64 g/cm3 in the heated column, lower than the 422 

value of 1.68 g/cm3 in the non-heated column (Table 1).  423 

Heating of the column, however, created a different CT density distribution from the 424 

non-heated control column at an early time. At t=8 days, Figure 4(a) shows a low-density 425 

zone around the heater shaft after heating. The average CT density in this dry-out zone was 426 

measured as 1.40 g/cm3 at t=8 days, lower than the value of 1.56 g/cm3 in the same region 427 

of the non-heated column. Figure 4(b) depicts the radially averaged CT density vs. distance 428 

from the heater shaft in a 2-D plane (bounded by the yellow dotted box in Figure 4(a)), 429 

presenting (1) larger density gradient ahead of the density peak (hydration front) than that 430 

in non-heated column, and (2) faster propagation of hydration front towards the heater shaft 431 
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at 2, 4, 8 and 11 days. The larger density gradient ahead of the hydration front can be 432 

attributed to the vaporization of the initial moisture in the innermost heating zone. For 433 

example, at 2 days as heating started, CT density reduction can be observed at <20 mm 434 

away from the heater shaft in Figure 4(b). It is noted that temperature on the heater shaft 435 

was measured as 152°C during this time, lower than the water boiling temperature (172°C) 436 

at 0.83 MPa. The observed CT density reduction around the heater shaft indicates that local 437 

pressure may be lower than the applied boundary pressure in the sand layer, allowing for 438 

water evaporation to occur at the innermost heating zone. Meanwhile, hydration and 439 

swelling of bentonite at the boundary compressed the inner part of the column and resulted 440 

in the quick increase of CT density around the heater shaft from 2 days to 4 days. The 441 

condensation of water vapor in this cooler area from the inner hot zone surrounding the 442 

heater may also contribute to the quick density increase. Compared to the non-heated 443 

column, heating may result in more compression of the interior bentonite by swelling at 444 

the clay/sand boundary at early time, contributing to the faster propagation of the peak CT 445 

density in addition to the larger moisture gradient. The drier and more compressed 446 

bentonite around the heater shaft is expected to induce more pronounced swelling 447 

deformation after the hydration front arrives, which will be presented in Section 3.3.  448 

At a later time, as the hydration front arrived 4 mm away from the heater shaft at 29 449 

days, Figure 4(b) shows a large density drop ahead, corresponding to the dry-out zone 450 

induced by heating. At the same time, CT density became more uniform towards the end 451 

of the experiment at 564 days (marked by blue curve), after the early-stage swelling along 452 

the sand-clay boundary and mechanical compression of interior bentonite. Note that from 453 

4-11 days, bentonite swelling along the sand-clay boundary results in a CT density 0.1 454 
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g/cm3 lower than the final value, accompanied by compression of interior bentonite with 455 

0.11 g/cm3 higher than the final value. These values are twice as high as those in the non-456 

heated column. Meanwhile, heating induced a larger mechanical disturbance zone between 457 

the dry-out zone and the sand-clay boundary, extending from 4 mm to 69 mm away from 458 

the heater shaft. By comparison, the mechanical disturbance zone in the non-heated column 459 

ranged from 25 to 68.5 mm away from the central shaft (see Figure 2(b)). By the end of 460 

the experiment (t=564 days), bentonite CT density decreased from 1.67 to 1.57 g/cm3 from 461 

the sand boundary to the inner part of the mechanical disturbance zone, maintaining a larger 462 

density gradient than that in non-heated column from 1.69 to 1.65 g/cm3. More details on 463 

the time-lapse CT images and the temporal evolution of CT density vs. distance from the 464 

heater shaft by heating and hydration are presented in Figure S6 of SI. Similar to the non-465 

heated column, bentonite samples after heating and hydration presented a high degree of 466 

saturation from 0.9 to 1.0, and the radially non-uniform dry density distribution shown in 467 

Figure 4(c). At the same time, heating induced larger bentonite deformation and dry density 468 

variations in bentonite. More discussion can be seen in Sections 3.3 and 3.4. 469 

Figure 4(a) and (b) also show a high-density layer along the heater shaft beginning to 470 

form at t=75 days in the dry-out zone. The CT density and thickness of this layer continued 471 

to grow until the end of the experiment, as illustrated by a close-view figure in Figure 4(a) 472 

at t=255 days. At t=564 days, the density stabilized at 1.90 g/cm3 with a thickness of 3 mm. 473 

As this high-density layer became thicker, the dry-out zone expanded to a thickness of 8 474 

mm from the heater shaft, as marked by the red dash lines in Figure 4(b). After the 475 

experiments, the column was dismantled and the high-density layer on the heater shaft was 476 

collected. XRPD analysis showed that the layer was composed entirely with anhydrite 477 
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(CaSO4) (see Table 2). The precipitation of pure anhydrite indicated a gap between the 478 

heating shaft surface and the bentonite was first present, providing the space for anhydrite 479 

to crystallize. This initial gap could be caused by the shrinking of bentonite after heating 480 

and drying. It could also result from the outwards displacement of bentonite as anhydrate 481 

precipitated and grew on the heater shaft. In any case, the CT image data clearly shows that 482 

this was a very localized phenomenon (coupled mechanical and chemical processes) that 483 

was initiated at the heater-bentonite interface, followed by continuous precipitation of pure 484 

anhydrite and dry-out zone expansion.  485 
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Figure 4. (a) Selected time-lapse images showing the 3-D CT density distribution and 487 

variations as a function of time in the heated column. (b) The radially averaged CT density 488 

vs. radial distance from the heater shaft in a 2-D plane. (c) The variations of temperature 489 

and degree of saturation in bentonite samples as a function of radial distance from the 490 

heater shaft. The sub-image at 0 days in (a) shows the initial condition after packing, and 491 

the crack in bentonite (marked by the white dotted lines) induced by uneven compaction. 492 

The yellow dotted lines in (a) at t=0 days bound the selected 2-D plane for plotting (b). The 493 

white arrows at t=8 days depict the continuous hydration from the surrounding sand layer. 494 

The magnified image at 255 days presents the high-density layer deposited on the heater 495 

shaft. The red dashed lines in (b) bound the dry-out zone, the mechanical disturbance zone 496 

and the clay-sand boundary by the end of the experiment, while the dotted line represents 497 

the boundary of the dry-out zone from 0 to 75 days. The blue and red arrows in (b) represent 498 

the trending of bentonite CT density variations from the early time to the end of the 499 

experiment.  500 

 501 

Table 2 also presents the mineralogical variations in the collected bentonite samples at 502 

the end of the experiments. The raw bentonite material was composed mainly by 503 

montmorillonite with 1-layer hydrate (79%), i.e., there was a single water layer per 504 

montmorillonite mineral layer. In the non-heated column, the collected bentonite samples 505 

showed the presence of gypsum and increase in plagioclase. More noticeably, 506 

montmorillonite was 2-layer hydrated (two water layers between the mineral layer) or 3-507 

layer hydrated (three water layers between the mineral layer), with the hydration level 508 

increased towards the center of the vessel, but never reached a 100% amount of 509 
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montmorillonite with 3-layer hydrates. In the samples collected from the heated vessel, all 510 

the samples contained montmorillonite with three water layers in the mineral interlayer, 511 

except for the sample closer to the heater (6.35 mm away from the heater shaft), where 512 

about 45% of the total montmorillonite amount was 2-layer hydrates, showing a loss in 513 

moisture by heating.  514 

Table 2. Mineralogical composition (weight %) of the investigated bentonite samples, 515 

including the raw sample and samples collected from the non-heated and heated columns 516 

after the experiments.  517 

 518 

Note: *The numbers under each column represent the radial distance from the central/heater 519 

shaft. Axially, all bentonite samples after column tests were collected at 9-12 cm from the 520 

end cap.   521 

  Heated column Non-heated column 
Raw 

bentonite 
Sampling 

locations* 
<3 mm  6.35 mm  19.1 mm  38.1 mm  63.5 mm 19.1 mm 38.1 mm 63.5 mm - 

Montmorillonite 
19Å (3-layer 

hydrates) 
0 36 64 62 63 50 13 8 0 

Montmorillonite 
16Å (2-layer 

hydrates) 
0 29 0 0 0 2 37 43 0 

Montmorillonite 
12.5Å (1-layer 

hydrate) 
0 0 0 0 0 0 0 0 79 

Phlogopite 0 2 2 2 1 3 2 1 0 

K-feldspar 0 1 2 1 1 3 3 2 1 

Quartz 0 15 11 13 17 16 14 15 9 

Cristobalite 0 0 2 4 4 8 6 6 4 

Plagioclase 0 7 7 9 3 7 17 15 6 

Calcite 0 0 0 0 0 0 3 3 1 

Halite 0 0 0 0 0 0 0 0 0 

Pyrite 0 1 1 1 0 1 0 1 0 
Anhydrite 100 0 0 0 0 0 0 0 0 
Gypsum 0 9 12 8 11 10 4 7 0 
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3.4 Displacement 522 

 In this section, the mechanical behavior of bentonite subject to hydration and heating 523 

was further quantified by tracking the displacements of thermocouple sensors (working as 524 

tracer “particles”) emplaced in both columns and imaged through frequent X-ray CT scans. 525 

3.4.1 Dynamic displacement from hydration 526 

Figure 5(a) depicts the 2-D CT images selected from the non-heated column at different 527 

times, while Figure 5(b) is the magnified image focusing on the displacement of the tracer 528 

particle. The tip of the white arrow in Figure 5(a) and crossing of the dotted lines in Figure 529 

5(b) point to the initial location of the tracer particle before hydration, i.e., 48 mm away 530 

from the central shaft. The sub-image at t=0 days in Figure 5(a) presents the compacted 531 

bentonite, the surrounding sand layer, the brightly white shaft and inserted heater (never 532 

turned on during the experiment) in the center, and the cross-section of the ERT arrays 533 

emplaced at the sand-clay boundary. The sub-images at t=4 and 8 days in Figure 5(a) depict 534 

that as the hydration front (marked by the white dotted circle) propagated from the 535 

surrounding sand layer to interior bentonite, swelling along the sand-clay boundary 536 

induced considerable density reduction. Meanwhile, the tracer particle was pushed towards 537 

the central shaft along with the compression of surrounding clay (see the offset of the 538 

particle relative to the arrow tip in Figure 5(a) and the dotted lines crossing in Figure 5(b)). 539 

At t=8 days, the offset was maximum as hydration front passed the tracer particle, followed 540 

by reverse displacement to its original location.  541 

The distance between the particle and the central shaft was measured and normalized 542 

to 0 before the experiment. Figure 5(c) presents the dynamic displacement vs. time in red 543 

curve, in which a negative displacement is defined when the particle moves towards the 544 
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central shaft, whereas a positive displacement is defined when the particle moves outward 545 

from its initial position. Also plotted with the blue curve in the figure is the bentonite CT 546 

density around the tracer particle. At early time (1-8 days), the displacement continuously 547 

decreased from 0 mm to the lowest value of -2.3 mm, representing that the inner part of 548 

bentonite was dominated by compression as the hydration boundary of bentonite was 549 

dominated by swelling. After the inner part of bentonite was gradually hydrated, the 550 

displacement rebounded back because of the swelling of bentonite in the column interior. 551 

This might also result in the gradual decrease of bentonite CT density after 8 days shown 552 

in Figure 5(c). By the end of the experiment (561 days), the displacement and bentonite 553 

CT density were relatively stable at -0.77 mm and 1.68 g/cm3, respectively.  554 
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Figure 5. (a) Selected time-lapse 2-D CT images showing the displacement of the selected 556 

tracer particle and temporal CT density distributions in the non-heated column. (b) The 557 

magnified images showing the displacement of the tracer particle relative to its initial 558 

CT density 
(g/cm3) 

Displacement away from the center  

Displacement towards the center 

t=8 days 

  0 day       4 days          8 days        40 days      75 days     561 days 

    0 days                            4 days                           8 days 

    40 days                         75 days                            561 days 

(a) 

(b) 

Central shaft 

ERT 

ERT 

Bentonite 

Sand 

50 mm 

 

(c) 



 34

location marked by the crossing of the white dotted lines. (c) Dynamic displacement of the 559 

tracer particle and surrounding bentonite CT density variations as a function of time. The 560 

white dotted circles in (a) mark the high-density hydration front and the white arrows point 561 

to the initial position of the tracer particle before test. The white dotted box in (a) at 561 562 

days bounds the magnified images in (b).  563 

 564 
3.4.2 Dynamic displacement from heating and hydration 565 

Figures 6(a) and (b) are the 2-D time-lapse CT images and displacement of the tracer 566 

particle located 11 mm away from the central shaft in the heated and hydrated column. In 567 

addition to the heater, central shaft and ERT arrays in Figure 5(a), Figure 6(a) also presents 568 

electrical wires connected to the thermocouple sensors (see the sub-image at 0 days of 569 

Figure 6(a)). Similar to the non-heated column, the inward displacement of the tracer 570 

particle at early time (1-8 days) was followed by the outward displacement to its original 571 

location at t=22 days (see the red curve in Figure 6(c)). Different from the non-heated 572 

column, however, the particle continued to move away from the central shaft until the end 573 

of the experiment at t=564 days (see the magnified image in Figure 6(b)). In Figure 6(c), 574 

as heating started at t=2 days, bentonite CT density surrounding the tracer particle sharply 575 

reduced due to water vaporization, followed by a quick rebound at t=4 days due to 576 

compression by swelling along the sand-clay boundary. At t=8 days, displacement was 577 

minimum at -1.1 mm towards the heater shaft. After the hydration front arrived, the drier 578 

and more comp bentonite swelled more pronouncedly than the non-heated bentonite, 579 

inducing more outward displacement of the tracer particle at 40, 75 and 564 days in Figure 580 

6(a) and (c). At the end of the experiment, the displacement and bentonite CT density were 581 

measured as 1.25 mm and 1.59 g/cm3, respectively.  582 
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 583 

Figure 6. (a) Selected time-lapse 2-D CT images showing the displacement of the selected 584 

tracer particle and temporal CT density distributions in the heated column. (b) The 585 

magnified images presenting the displacement of the tracer particle relative to its initial 586 
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location marked by the crossings of the white dotted lines. (c) Dynamic displacement of 587 

the tracer particle and surrounding bentonite CT density variations as a function of time. 588 

The white dotted circles in (a) mark the high-density hydration front and the white arrows 589 

point to the initial position of the tracer particle before test. The white dotted box in (a) at 590 

564 days bounds the magnified images in (b).  591 

 592 

3.4.3 Spatiotemporal displacement  593 

The spatiotemporal displacement of bentonite was further analyzed by tracking the six 594 

radially distributed thermocouples (working as tracer “particles”). Figures 7(a) and (c) 595 

show the radial distribution of each thermocouple in the non-heated (a) and heated (c) 596 

columns, while Figures 7(b) and (d) depict observed displacements and variations for 1.5 597 

years. In both columns, particle ‘a’ is closest to the central shaft, while f is closest to the 598 

sand-clay boundary, exact locations are noted in the Figures 7(b) and (d). In the non-heated 599 

column, as shown in Figure 7(b), all six particles behave similarly. At early time (1-8 days), 600 

all particles moved with the surrounding clay and were displaced inward towards the 601 

central shaft. After that, as hydration propagated to the center, all the tracer particles were 602 

pushed outward towards their initial positions. By the end of the experiment at t=561 days, 603 

the displacements ranged from -0.4 to -0.8 mm. 604 
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Compared to the non-heated column, larger displacements occurred when subject to 605 

heating and hydration. As shown in Figure 7(c) and (d)), at early time (1-8 days), the 606 

displacements range from -1.0 to -3.8 mm, showing larger compression deformation than 607 

that in the non-heated column (-0.2 to -2.4 mm). At later time (11 to 564 days), all the 608 

tracer particles moved outward. By the end of the experiment, the displacement varied from 609 

-0.82 (towards the heater shaft) to 1.25 mm (away from the heater shaft), resulting in larger 610 

shifts than those observed in the non-heated column shown in Figure 7(b).  611 

 612 

Figure 7. The six tracer particles that were used for tracking bentonite displacement at 613 

different locations in the non-heated (a) and heated (c) columns. Panels (b) and (d) show 614 

the displacements as a function of time.  The numbers in the legends of (b) and (d) are the 615 
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initial positions of each tracer particle relative to the central shaft. The vertical black dotted 616 

lines in (b) and (d) mark the minimum displacement at t=8 days. 617 

 618 

3.5 Comparison of strain with porosity in the mechanical disturbance zone 619 

Comprehensive CT imaging data showed closely coupled mechanical evolution of the 620 

bentonite buffer with simultaneous heating and hydration. Figure 8 further compares the 621 

strain changes vs. radial distance from the central shaft in both columns, at early time (8 622 

days) and at the end of the experiments. Assuming radially symmetrical deformation of 623 

bentonite induced by heating and hydration, the strain ( , ) was calculated from 624 

displacement (∆.) of the tracer particles shown in Figure 7 and the column radius (/), i.e., 625 

, = ∆. /⁄ . Also shown in the figure are porosity distributions measured from bentonite 626 

samples after dismantling of both columns. Note the heater was 30 cm long. The tracer 627 

particles were emplaced at the same axial level (11 cm from the middle heater) in both 628 

columns, and bentonite samples were collected at the end of the experiment in the plane 629 

normal to the middle heater. Thus the strain and porosity shown in Figure 8 are 630 

representative of the axial segment most impacted by heating and hydration. The blue and 631 

red curves in the figure are initial porosity distribution of the plane normal to the middle 632 

heater calculated from CT images as:   633 

�( = 1 −
(1−1)�34

�� !"�#$
                                         Eq. (4) 634 

Where 1 refers to the initial water content, 0.17 for the non-heated column and 0.18 635 

for the heated column.  636 

As shown in Figure 8(a), at early time (8 days), strain in the non-heated column 637 
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increased from -0.035 at 60 mm to 0 at 4 mm away from the central shaft. Closer to the 638 

clay-sand boundary, e.g., 65 mm away from the central shaft, strain was slightly larger at 639 

-0.030. By the end of the experiment (561 days), strain values stabilized and varied from -640 

0.010 to -0.006. The porosity at this time ranged from 0.55 to 0.57, higher than the initial 641 

values shown by the blue curve. The slightly negative strain and increased porosity 642 

represent sequentially occurring compression and swelling. Compression of the inner part 643 

of the column caused by swelling at the boundary was dominant at the early time of 644 

hydration. This was followed by swelling and porosity increases as hydration propagated 645 

to the center by the end of the experiment. The CT density changes before and after the 646 

experiments showed high density rings in the sand layer and along the sand-clay interface 647 

at 1.0 to 1.5 mm wide for the non-heated and 1.04 to 1.26 mm wide for the heated column. 648 

This indicates the loosely compacted sand layer surrounding the bentonite may provide 649 

space for bentonite swelling, volume expansion and porosity increase (see more details in 650 

Figure S7 of SI).  651 

Figure 8(b) shows the spatial variations of strain and porosity in the heated column. As 652 

discussed earlier, heating induced drier and denser bentonite near the heater shaft at early 653 

time. As hydration propagated to the column center, more pronounced clay swelling near 654 

the shaft resulted in larger outward strain and higher porosity at the end of the experiment 655 

(see the green squares in Figure 8(b)). Bentonite swelling near the heater shaft and along 656 

the clay-sand boundary collectively compressed the area in between, resulting in a radially 657 

heterogeneous distribution of bentonite. These highly localized and dynamic 658 

deformations/displacements of bentonite will inevitably result in the spatial variations in 659 

its hydrological (e.g., permeability) and mechanical (e.g., swelling) properties. Detailed 660 
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evaluations of these properties (e.g., Zhu et al., 2013), with modified modeling studies, will 661 

help to predict the long-term performance of bentonite buffer and the design of repositories 662 

for high-level radioactive waste.  663 

 664 

Figure 8. Comparison of strain and porosity variations as a function of radial distance from 665 

the central shaft in the non-heated (a) and heated (b) columns at early time and by the end 666 
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of the experiments. The blue and red curves represent the initial porosity distributions of 667 

bentonite surrounding the tracer particles. 668 

More detailed characterizations on the bentonite samples after dismantling are 669 

presented in Figure 9, including water content, dry density, porosity and degree of 670 

saturation. Samples were collected axially from 7.5 to 20 cm in the non-heated column and 671 

3.6 to 23 cm in the heated column. In the non-heated column, results presented an overall 672 

decrease of bentonite water content, porosity and degree of saturation from the hydration 673 

boundary to the central shaft. Clay swelling along the hydration boundary induced lower 674 

dry density than those closer to the central shaft. Porosities at locations <20 mm away from 675 

the heater shaft were slightly higher, consistent with the bentonite deformation and strain 676 

shown in Figure 8(a). In the heated column, Figure 9(b) shows more variations of all 677 

parameters at locations <20 mm away from the heater shaft, representing the compression 678 

area at about 40 mm away from the heater shaft, and more pronounced swelling of 679 

bentonite at the inner part of the column. At the axial direction, the middle hottest portion 680 

of the column (e.g., 21 and 23 cm away from the end cap) induced the most considerable 681 

variations in dry density and porosity, representing the spatial heterogeneity in bentonite 682 

induced by heating and hydration.  683 
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Figure 9. Characterization of bentonite samples after the experiments and their variations 685 

as a function of radial distance from the heater shaft in the non-heated (c, e, g, i) and heated 686 

columns (d, f, h, j). The color and number in the legends of (c) to (j) represent samples 687 

collected at different axial locations in (a) and (b), with a smaller number near the end of 688 

the column and a larger number near the column center. 689 

 690 

4. Conclusions and implications 691 

Motivated by expanding data and knowledge base for bentonite buffers under elevated 692 

temperatures for geologic disposal of high-level radioactive waste, a bench-scale 693 

laboratory experiment on MX-80 Wyoming bentonite was conducted for 1.5 years. A radial 694 

temperature distribution was created from 200 ºC in the center to 95 ºC at the periphery. 695 

Two test columns were used, a control column undergoing only hydration, and an 696 

experimental column experiencing both heating and hydration. During the experiment, 697 

frequent X-ray CT images provided insights into the hydrological and mechanical behavior 698 

of the bentonite buffer. A detailed investigation was carried out through (1) 3-D mapping 699 

of the temporal variations in CT density distribution in both columns, (2) post-dismantling 700 

characterization of bentonite samples, and (3) evaluation of tracer particle displacements 701 

in the mechanical disturbance zone and their correlations with bentonite CT density and 702 

porosity. Along with the control tests in the non-heated column, CT imaging clearly 703 

showed a similar hydration front moving radially inward. Mechanically, bentonite swelling 704 

was observed at the clay-sand interface upon hydration, causing compression of interior 705 

bentonite, and closed fast flow paths created from column packing. After the arrival of the 706 

hydration front (e.g., at later times), the bentonite moved back toward its initial location as 707 
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hydration propagated to the center. Differing from the non-heated column, however, 708 

heating induced a larger compression of inner bentonite, followed by larger and sustained 709 

swelling near the heater shaft. All these mechanical changes were closely coupled with 710 

thermal alteration, moisture migration and evaporation, and mineral precipitation in the 711 

dry-out zone.  712 

The sealing of fast flow paths (due to initial packing heterogeneity) in both columns 713 

suggest that it is unlikely that the buffer will have fast paths for radionuclide transport once 714 

the bentonite is close to fully hydrated. The larger density variations in the heated column 715 

indicate a more complex and heterogeneous mechanical behavior of the bentonite buffer 716 

as it is subjected to heating and hydration with strong thermal and moisture gradients. 717 

These considerable variations in density and porosity (and consequently permeability) will 718 

be important in determining the feasibility of bentonite as a buffer material for high-719 

temperature radioactive waste disposal. In addition, mineral precipitation was observed at 720 

the canister surface in the heated column experiment. Further studies are warranted whether 721 

such precipitation could affect the integrity of waste canisters in the long run. Future work 722 

will complement the experimental observations with THMC modeling studies to test our 723 

predictive capabilities and eventually conduct simulations to predict the long-term 724 

performance of bentonite buffers in radioactive waste repositories. 725 

 726 
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