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Abstract. The long-term disposal of high-level radioactive waste (HLW) in deep geological repositories requires the reliable
performance of engineered barrier systems (EBS). Compacted bentonite, widely used for its high swelling capacity, low
permeability, and self-sealing properties, plays a critical role in these barriers. However, understanding the complex coupled
thermo-hydro-mechanical (THM) behavior governing water infiltration dynamics remains a significant challenge, especially
when gap spaces (or technological voids) are present. This study investigates water infiltration dynamics in bentonite-based EBS
using a novel laboratory-scale experimental setup. Time-lapse photography was employed to monitor the evolution of hydration
and swelling under thermal gradients and varying gap sizes, simulating repository conditions. The experimental program was
designed to compare the effects of two gap sizes on infiltration rates, swelling behavior, and desiccation cracking. Results
demonstrated that larger void spaces accommodated greater swelling, leading to lower dry density and higher permeability,
while smaller gaps restricted desiccation cracking due to mechanical constraints. The correlation between pixel intensity and
water content allowed the derivation of a linear calibration model, enabling real-time, non-destructive estimation of moisture
distribution in bentonite. Findings in this study highlight the interplay between gap size, water infiltration, and thermal effects,
emphasizing the need for optimized EBS designs to balance mechanical integrity and hydraulic performance. It is anticipated
that the insights provided by this study contribute to the refinement of predictive models and advancing the safe and effective

containment of HLW over geological timescales.
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1. Introduction

The long-term disposal of high-level radioactive waste
(HLW) in deep geological repositories is a key concern for
nuclear waste management programs worldwide (Sellin and
Leupin 2013, Posiva 2021, SKB 2022, Lee et al. 2007, Kim
et al. 2021). Ensuring the containment and isolation of these
hazardous materials over hundreds of thousands of years is
a formidable challenge, particularly in the design of
engineered barrier systems (EBS). The EBS, which
typically comprises compacted bentonite clay, plays a
crucial role in minimizing the migration of radionuclides
into the surrounding geological environment. Bentonite is
favored for its inherent properties such as high swelling
potential, low permeability, and the capacity to self-seal,
making it an effective barrier against water infiltration and
radionuclide transport (Borgesson et al. 2001, Pusch 2006,
Yoon et al. 2021, Yoon et al. 2023).

Water infiltration into the EBS involves complex
coupled thermo-hydro-mechanical (THM) interactions. Fig.
1 provides schematic illustrations of these interactions
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within the concept of the improved Korean Reference
Disposal System (KRS™; Lee et al. 2007, Lee et al. 2020).
Upon contact with groundwater from the adjacent host rock,
compacted bentonite undergoes hydration and swells, filling
voids and microfractures, thereby enhancing its sealing
properties (Sellin and Leupin 201°3). This swelling
behavior is essential for maintaining containment integrity,
especially in the presence of gap spaces (or technological
voids) or desiccation cracks developing from thermal
stresses from the decay heat generated by HLW canisters
(Borgesson et al. 2017). However, the dynamic nature of
this process—particularly under the coupled THM
interactions—presents significant challenges for predicting
long-term barrier performance.

The complexities of the THM processes in bentonite
arise from the strong interdependence of temperature,
degree of saturation, mechanical stress, and the
microstructure (Shawn 2023). Elevated temperatures from
the decaying radioactive material alter the water retention
capacity and hydraulic conductivity of bentonite, while also
affecting the rates of swelling and shrinkage (Jain 2024,
Kim et al. 2021, Yoon et al. 2022). Water infiltration
initiates a sequence of physicochemical interactions within
the bentonite matrix, including osmotic swelling, hydration
of clay minerals, and the redistribution of pore water
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Fig. 1 Schematic illustrations of (a) the improved Korean reference disposal system (KRS™) for high-level radioactive
wastes and (b) ground water infiltration into the engineered barrier system under thermal gradients

(Dueck and Borgesson, 2015). These coupled interactions
are further influenced by site-specific geological conditions,
such as the proximity to groundwater, rock permeability,
and the nature of host rocks, which can introduce variability
in infiltration behavior (Kim et al. 2019).

To address these complexities, experimental studies are
indispensable in understanding the coupled THM behavior
of bentonite and refining the predictive models to ensure the
intended performance of the EBS over geological time
scales (Gens et al. 2009). While in-situ tests in a simulated
nuclear waste repository provide valuable experimental
evidences about the evolution of THM properties of
bentonite, it can be very time-consuming (Villar ef al. 2018,
Villar et al. 2020, Kim et al. 2023b). Alternatively,
laboratory tests performed in controlled environments can
offer insights into the hydration kinetics, swelling
dynamics, and the evolution of mechanical properties of
bentonite under different temperatures and saturation
regimes (Diaz er al. 2023, Kim et al. 2023a). However,
replicating in-situ conditions and accurately modeling the
long-term evolution of the THM properties of bentonite
face significant challenges (Min and Yoon 2024).

In recent years, digital imaging has emerged as an
effective technique for estimating soil water content,
complementing traditional methods (e.g., oven drying) that
are often destructive and lack spatial detail. As a non-
destructive, high-resolution technique, digital imaging has
been successfully used to predict the surface water content
from the soil color (Persson 2005, Baek et al. 2024) and the
hyperspectral imaging (Lim et al. 2020). For bentonite,
time-lapse photography has been used to monitor and
analyze the morphological changes in bentonite during
hydration (Wang et al. 2021, Meng et al. 2023).

In this study, the water infiltration dynamics in a
bentonite-based EBS is investigated under controlled THM
conditions. A novel experimental approach combining water
infiltration tests with time-lapse photography has been

developed to monitor the water content changes in
bentonite. In particular, the infiltration tests were designed
to highlight the role of gap spaces by controlling the gap
sizes. The reason for controlling the gap size is that it
significantly influences water infiltration rates, swelling
behavior, and crack development, all of which are critical
factors affecting the long-term performance of engineered
EBS in HLW disposal (Li ef al. 2023). In the following, the
material used as well as the experimental setup and the
image analysis procedure are described. The obtained
results are presented and discussed, focusing on the effect
of gap sizes.

2. Material and methodology
2.1 Specimen preparation

In this study, Bentonil-WRK, a commercial calcium-type
bentonite, has been used to prepare test specimens used for
the experiments. Recently, Bentonil-WRK has been widely
studied as a candidate buffer material (Lee ef al. 2023, Lee
et al. 2024, Yoon et al. 2024). Among others, Yoon et al.
(2024) reported its material properties from through
characterization. In terms of mineralogical composition,
Bentonil-WRK contains 69-73 wt.% montmorillonite as its
primary component, along with 14 wt.% albite, 2 wt.%
quartz, and 13 wt.% cristobalite as secondary minerals.
Some geotechnical properties are listed in Table 1. The
hygroscopic water content of Bentonil-WRK measured by
oven-drying was 13.45%, and the specific gravity was 2.55.
To prepare test specimens, bentonite powder has been
compacted by the cold isostatic press (CIP) method, which
has shown good performances in fabricating homogeneous
bentonite blocks (Kim et al. 2018). Two test specimens
were prepared in a thin hollow disc shape. The dimensions
of the test specimens will be described in details in 2.3. The
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Fig. 2 Schematic illustrations of the experimental setup: (a) top view of the cell, (b) cross-sectional view of the cell and
(c) overview showing the cell with a heater, water injection lines, a camera, and thermocouples

Table 1 Geotechnical properties of Bentonil-WRK

Table 2 List of tests performed and their initial conditions

Properties Units Values

Water content (hygroscopic) [%] 13.45
Specific gravity [-] 2.55
Plastic limit [%] 424

Plastic index [%] 54.7
Unltesdyicz:lrln(élgsssg'éc)atlon ] MH

target water content and dry density were 14% and 1.7
g/em?, respectively (see Table 2).

2.2 Experimental setup

An experimental setup was designed to visually capture
and analyze the intricate water infiltration dynamics in
EBS, under controlled THM conditions representative of
those in deep geological repositories. Fig. 2 provides
schematic illustrations of the developed experimental setup,
including a test cell and a digital camera. In particular, the
setup was designed to control thermal gradients by a central
heater, water injection pressure and rate, bentonite dry
density, and gap widths, simulating the environmental
conditions in EBS. The novelty of the developed
experimental setup is the use of time-lapse photography that
allows for non-destructive monitoring of water content in
real-time.

The test cell (Figs. 2(a) and 2(b)) was equipped with a
heating and a water injection system. The cell had a
cylindrical empty space that was 102 mm in diameter and
10 mm thick, and the central heater was 20 mm in diameter.

Small Gap Large Gap

Test Test
Outer
Spec diameter [mm] %8 o4
pecimen Inner
size diameter [mm] 22 26
Thickness [mm)] 10 10
Outer gap [mm)] 1.7 3.7
Gap size  Inner gap [mm)] 1 3
Thickness [mm)] 10 10
Specimen dry density 3
(initial conditions) lg/em’] 1.70 1.70
‘Water content [%o] 14 14
Heater temperature [°C] 85 85

A heat controller was used to adjust the power supplied
to the heater. This allowed for the simulation of thermal
loads representative of radioactive decay heat in deep
geological repositories. Since the test specimens were
smaller than the inner space of the cell, mounting a
specimen resulted in gaps. These gaps—between the cell
and the specimen and between the heater and the
specimen—were intentionally left empty to represent gap
spaces in engineered barrier systems. Two layers of filter
papers (0.33 mm thick) were placed around the specimen to
ensure uniform distribution of injected water and to avoid
the potential loss of bentonite. Along the perimeter of the
cell, three water injection ports were distributed
symmetrically. The injection ports allowed controlled water
infiltration into the cell, simulating different hydration
scenarios. The cell was closed by multiple stainless-steel
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bolts and tightly sealed with a rubber O-ring to prevent
water leakage. This prevented the bentonite from vertically
swelling upon hydration, whereas horizontal swelling was
accommodated by both outer and inner gaps that were
intentionally created to represent the gap space in
engineered barrier systems. The test cell was made of
transparent polymethyl methacrylate (PMMA), which
provided excellent visibility for monitoring the water
infiltration dynamics inside the cell.

An overview of the entire experimental setup is shown
in Fig. 2(c). Temperatures were locally measured by
thermocouples. One thermocouple was installed inside the
heater and was connected to the heater for servo-control
(TCO). A set of three thermocouples (TC1, TC2, and TC3)
were embedded into the specimen at different distances
from the heater (20 mm, 30 mm, and 40 mm, respectively)
by drilling holes and filling them by thermal paste. The
temperatures were recorded every 10 min by a digital
logger. The ambient temperature in the lab was controlled to
25°C. For water injection, deionized water was injected
under a back pressure of 100 kPa using a transfer vessel and
distributed to each injection port. The applied back pressure
of 100 kPa enabled the tests to be conducted within an
affordable timeframe of a few weeks.

The test cell was placed directly under a digital camera
(100D, Canon, Tokyo, Japan) mounted on a tripod. Digital
images were obtained using the camera set to a f-stop of
/3.5, an exposure time of 1/8 second, an ISO speed of ISO-
100, ensuring high-resolution images under controlled
lighting conditions. The setup was placed inside a darkroom
to prevent reflections of the lights on the top surface of the
cell, while one side was open for lighting. A reflector was
installed on the opposite side of the light source to ensure
that indirect lighting reached the entire setup. The obtained
images were RGB and 5184*3436 pixel with a resolution of
1.2 mm/pixel. The imaging intervals were 1 h. The time-
lapse digital images were used for subsequent analysis of
the temporal evolution of hydration and drying patterns.

2.3 Water infiltration tests

Water infiltration tests were conducted to observe the
infiltration dynamics in bentonite-based engineered barrier
systems under controlled THM conditions. In particular,
two tests with different gap sizes were conducted to
investigate the role of gap spaces, as shown in Table 2.
Given the sizes of a deposition hole (1,750 mm) and a
disposal canister (1,030 mm) in the KRS* concept (Lee et
al. 2020), the infiltration distance close to 40 mm is
approximately a 9:1 downscaled representation of the EBS
design in KRS". Thus, the outer gaps of 1.7 mm and 3.7
mm would correspond to 14.8 mm and 32.5 mm gaps
between the bentonite block and the crystalline rock,
respectively. Similarly, the inner gaps of 1 mm and 3 mm
would represent 8.9 mm and 26.6 mm gaps between the
bentonite blocks and the canister.

2.3.1 Heating phase

A bentonite specimen was assembled inside the cell.
After assembling, the cell was closed to vertically confine
the bentonite disc, and vacuum was applied to evacuate air

from the system by a vacuum pump to avoid water
blocking. The water valves were closed after at least 30 min
of vacuuming. The heater temperature was increased step-
wise, increasing the heater temperature from the ambient
temperature of 25°C to 45°C, 65°C, and 85°C. The final
heater temperature of 85°C reflects the estimated
temperature inside the EBS in the KRS" system (Kim et al.
2021). Each step was continued until the temperatures
measured indicated attainment of thermal equilibrium.
Although measured temperatures became stable within only
few hours at all steps, extra time was given to reach
complete thermal equilibrium. Consequently, each step was
maintained for at least 10 hours (Small Gap test) or 4 hours
(Large Gap test).

2.3.2 Injection phase

The injection phase started by injecting water under a
constant pressure of 100 kPa by opening the water valve.
Deionized water was instantaneously pulled into the cell by
the vacuum and the back pressure. As water infiltrated the
bentonite, the color of the bentonite was expected to
become darker with increasing water content (Persson 2005,
Back et al. 2024). This injection phase continued for 20
days, which was sufficient to observe no further color
change.

2.3.3 Sampling phase

Finally, the heater was turned off, the cell was opened,
and the bentonite specimen was sampled at various
locations. Sampling was performed carefully by inserting
stainless-steel samplers into the specimen to obtain
undisturbed samples. Samples were oven-dried for at least
72 h to determine gravimetric water contents. The initial
and final water contents provided reference values for
calibration of the water content estimated from the image
analysis.

2.4 Image analysis

2.4.1 Image acquisition and post-processing

The time-resolved digital images were downscaled by a
factor of 0.25, translated to align the center of the heater
with the center of the frame, cropped to the central region of
800*800 pixels, and saved as a TIFF stack using the open-
source software ImageJ (Schneider et al. 2012). The TIFF
stack therefore had a dimension of 800*800*t, where t is
the number of images equal to the time of the test in
hours. The TIFF stack was imported and processed by a
custom-made MATLAB script. Exposure corrections were
performed for fluctuations in image brightness across
different frames. The correction was applied by calculating
the average pixel value within a reference region outside the
cell where no change in color is expected and by adjusting
the entire image based on the deviation from a specified
reference value.

2.4.2 Calculation of average pixel value (APV)

From the TIFF image stack, average pixel values (APV)
were calculated and used to estimate the water content of
the specimen. A grid representing the pixel coordinates of
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Fig. 3 Adopted procedure for water infiltration tests

the image was generated to determine the distance of each
pixel from the center of the image. This distance was
calculated as the square root of the sum of the squared
differences in x and y coordinates, and subsequently
converted to physical units (mm) using a factor which was
334 pixels per 100 mm in this case. For each image in the
stack, the APV at a given distance from the center » was
computed by averaging the pixel value (PV) over
orientations 6 of 0-360°. The APV therefore represented the
extent of water infiltration and its distribution in the
specimen.

2.4.3 Estimation of water content

The water content w of the specimen was estimated
from the APV. The w-APV relationship was calibrated using
the reference water content values measured at the
beginning and the end of the tests and the sum of pixel
values over the regions of samples. This calibration was
performed while assuming a linear relationship between the
water content and the APV (e.g., Attarzadeh et al. 2018,
Burgis et al. 2018, Bertalan et al. 2022). This enabled
conversion of APV profiles to corresponding water content
profiles throughout the infiltration period.

3. Results and analysis
3.1 Heating phase results

Fig. 4 illustrates the temporal and spatial evolution of
the local temperatures during the heating phase. In both
tests, temperature readings from the thermocouples TCI,
TC2, and TC3 embedded at 20, 30, and 40 mm from the
heater, respectively, indicated that the local temperatures
were reaching steady-state conditions within approximately
100 min after each step. Higher temperature near the heater
was evident, with the Small Gap test showing a comparable
temperature gradient compared to the Large Gap test. The
temperature difference measured between TC1 (20 mm
from the heater) and TC3 (40 mm from the heater) was
14.8°C in the Small Gap test whereas the difference was
14.5°C in the Large Gap test. This indicated that the larger
gap size did not necessarily reduce the heat conduction to
the bentonite buffer.

Fig. 5 shows the visual observations made during the
heating phase for both tests. The Small Gap test did not
exhibit any visible cracks throughout the heating phase,
even when the heater temperature increased to 85°C. In
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Fig. 4 Time-series temperature data and temperature
profiles during the heating phase of (a) the Small Gap test
and (b) the Large Gap test
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(a) Small Gap test (OG: 1.7 mm, IG: 1.0 mm)

(b) Large Gap test (OG: 3.7 mm, IG: 3.0 mm)

\

Fig. 5 Time-lapse photographs and during the heating
phase at heater temperatures of 25, 45, 65, and 85°C and
thresholded black and white images highlighting the
crack morphology (bottom row)

(b) Large Gap test (OG: 3.7 mm, IG: 3.0 mm)  (a) Small Gap test (OG: 1.7 mm, IG: 1.0 mm)

Fig. 6 Time-lapse photographs during the injection phase
atDay 0, 1, 7, and 20

contrast, the Large Gap test showed pronounced desiccation
cracking. At an initial temperature of 25°C, the bentonite
specimen appeared intact. As the temperature was increased
to 45°C, thin cracks appeared near the heater in a radial
pattern. When the heater temperature was increased to
65°C, these cracks grew and propagated outward, and
additional cracks were formed. Six main crack networks
were relatively evenly distributed, approximately 60
degrees apart from each other. The crack configuration was
largely unchanged at a higher heater temperature of 85°C,
suggesting that a critical heater temperature for the
observed desiccation cracks in the given configuration was
between 45°C and 65°C.
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Fig. 7 Temporal evolutions of temperatures and the
calculated average pixel value (APV) during the injection
phase of (a)-(b) the Small Gap test and (c)-(d) the Large
Gap test

3.2 Injection phase results

The injection phase results of both Small Gap and Large
Gap tests in Fig. 6 highlight the coupled hydro-mechanical
behavior of a bentonite-based EBS to water infiltration
under varying gap sizes. In both tests, as soon as valves
were opened, water was pulled into the cell and filled the
outer gap. As water infiltrated into the bentonite, the outer
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gaps between the bentonite and the cell were quickly filled
by swelling. More interesting observations could be made
regarding the inner gaps between the bentonite and the
heater. During the Small Gap test, no significant changes
were observed in the early stages after water injection
began (Day 1 and Day 7), indicating water infiltration was
limited to the outer region of the bentonite. By Day 7, the
water front was found advanced, yet the inner gap was still
present. By Day 20, the bentonite disc appeared darker, and
the inner gap was completely filled. In contrast, the Large
Gap test started on with cracks from the heating phase on
Day 0. On Day 1, the water front appeared to be advancing
more quickly, indicating a markedly higher infiltration rate
due to the lower average dry density of the bentonite. The
desiccation cracks near the heater were closed, likely due to
the swelling pressure developed in the outer region. By Day
7, the water front appeared to have reached the inner gap,
which was starting to be filled by swelling. By Day 20, the
inner gap was completely closed.

The time-series plots in Fig. 7 illustrate the evolution of
temperature and APV with time during the injection phase.
Error bars in the temperature data represent the
measurement accuracy of the thermocouples, while error
bars in the APV data represent the standard deviation of
pixel values at given distances from heater. In the Small
Gap test, unfortunately, the thermocouple TC3 at r = 40 mm
was not responsive and the temperature data was not
available. Nevertheless, the temperatures at r = 20 mm and
30 mm indicated clear thermal gradient throughout the
injection phase, with higher temperatures recorded at
positions closer to the heater. The temperatures were stable
and gradually increased during 12-15 days since the start of
injection. The higher temperatures were expected as an
outcome of the thermal conductivity increasing with water
content (Yoon et al. 2024). This coincided with the water
infiltration into the bentonite observed by the decreases in
APV. The APV values decreased as the bentonite became
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Fig. 9 (a) Calibration equations obtained by linear
regressions for the water content-average pixel value
relationships for different distances from the heater and
(b)-(c) calibration parameters A and B dependencies on
distances from the heater

darker due to water infiltration. The early reduction in APV
at r = 40 mm shows water reaching the outer region and
followed by the onsets of reduction at r = 30 and 40 mm. In
the Large Gap test, temperatures showed, again, clear
thermal gradients. The temperatures increased during 5-10
days since the start of injection. However, the APV started
to decrease earlier during 0-5 days since the start of
injection. The delayed increases in temperatures indicates
the time required to reach thermal equilibrium after the
rapid changes in water content and degree of saturation. The
error bars in the APV data indicate the magnitude of noise
caused by the pixel-scale variation of greyvalue (i.e.,
texture) and noise in the captured digital image. Moreover,
the larger error bars during the Small Gap Test suggest that
there was some localized water infiltration leading to
additional variation with orientation. Nevertheless, the APV
captured well the general trends of water infiltration
dynamics.

3.3 Sampling and calibration

Fig. 9 presents the water content measurements from
bentonite samples collected at various locations after the
injection phase, plotted against the distance from the heater,
r, and the orientations, 6.In the Small Gap test, the
measured water contents increased slightly with 7, ranging
from 23% to 28%. For the large gap test (Fig. 9), the
measured water contents showed slightly larger variation
with 7, ranging from 27% to 37%. The common trend of
generally higher water contents at farther distances from the
heater is likely a result of heat-induced moisture migration.
The overall higher water contents in the Large Gap tests
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Fig. 10 Temporal evolutions of the estimated water content profiles during the infiltration phase of (a) the Small Gap test

and (b) the Large Gap test

indicates larger average void ratios after swelling. On the
other hand, for both tests, the measured water contents
appeared relatively consistent across different orientation
angles, confirming that the water infiltration was relatively
homogenous and had no preferential orientation. The
differences in water content at the same orientation
represent the variation of water content with distance from
the heater. It is also likely that these differences were
caused by slight disturbances during the sampling process
in adjacent locations.

The relationship between measured water content, w,
and APV was calibrated for different distances from the
heater, as shown in Fig. 8. Linear regression was used to
derive the calibration equations of the following form for
different positions:

West = A*APV + B

where we 1s the estimated water content, 4 and B are the
calibration parameters, and APV is the average pixel value.
The calibrated parameters showed differences with respect
to the distance from the heater, indicating that the w-APV
relationship was influenced by the differences in lighting
conditions, temperature, and dry density, among others.
These dependencies on distance from the heater showed
systematic variation in the calibration parameters 4 and B,
which can be also defined by linear regression as shown in
Fig. 9. However, it should be acknowledged here that the
calibration equations were derived from only one initial
water content. More data with water content values in
between the initial and the final conditions are warranted to
have more detailed calibration equations for more accurate
estimation of the water content.

4. Discussion
4.1 Evolution of water content profiles

Fig. 10 shows the evolution of estimated water content

profiles across the bentonite specimen during the injection
phase for both tests. The water content profiles are
presented for select times between 0 and 20 days since the
start of water injection. In both tests, the water contents
increase quickly near the water inflow, indicating early
water infiltration into outer region of the bentonite. The
evolutions of the water content profiles illustrate well the
advancing water front toward the center. Distinct
differences in the infiltration patterns were observed
between the two tests. In the Small Gap test (Fig. 10(a)), the
water front reached the inner gap between Day 11 and Day
13. In contrast, the Large Gap test (Fig. 10(b)) exhibited
more rapid infiltration, with the water front reaching the
inner gap between Day 2 and Day 3. The markedly higher
infiltration rate in the Large Gap test can be attributed to the
larger initial void space accommodating greater swelling,
leading to lower average dry density and therefore higher
permeability (Cho et al. 1999, Park et al. 2021).

Comparing the final estimated water content profiles on
Day 20 in Fig. 10 with the measured water content profiles
in Fig. 8, the estimated profiles show broad agreement with
the measured ones. However, the initial estimated profiles
on Day 0 seem to fail in capturing the water content near
the heater for both tests by suggesting higher water contents
near the heater, which is unlikely considering the lower
water contents near the heater reported from in-situ tests
(Villar et al. 2018, Villar et al. 2020, Kim et al. 2023). This
suggests limitations in the calibration equations assuming
linear dependencies exclusively on APV, neglecting the
potential influences of temperature and dry density.

4.2 Gap-controlled water infiltration in EBS

The contrasting results of the two water infiltration tests
in this study highlight the critical role of gap spaces
(technological voids) during water infiltration into
bentonite-based EBS. Initially, an EBS may consists of a
bentonite buffer of a dry density of 1.7 g/cm?® and annular
gap spaces, both inner and outer. After the emplacement, the
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inner region of the bentonite buffer may experience
desiccation cracking due to the heat, while the outer gap
will accommodate groundwater inflow. The size of inner
gap is likely to control the extent of desiccation cracking
(Fig. 5). However, the visual observation during the heating
phase of the Large Gap test in this study (Fig. 5) suggests
that the desiccation cracks are likely to be closed quickly by
the swelling pressure generated from the outside of the
buffer before water reaches the cracks. A critical inner gap
size for balancing the mechanical boundary conditions with
the tensile stresses driving desiccation cracks (Peron et al.
2009, Peron et al. 2009) should be therefore understood in
conjunction with the rate of water infiltration and swelling
pressure development. Notably, these are largely influenced
by the size of outer gap enhancing the local hydraulic
conductivity through swelling as well as potential post-
piping cracking (Lee et al. 2024). This sequence underlines
the importance of optimizing gap sizes or using appropriate
gap-filling materials in repository designs to ensure
effective sealing, also because from a construction
feasibility standpoint larger gaps facilitate the emplacement
of the bentonite buffer.

5. Conclusions

This study investigated the water infiltration dynamics
in bentonite-based engineered barrier systems (EBS) for
deep disposal of high-level radioactive waste (HLW).
Understanding the gap-controlled water infiltration
dynamics under controlled thermo-hydro-mechanical
(THM) conditions is essential for optimizing the design and
performance of EBS in deep geological repositories.

The main contributions of this study can be summarized
as follows:

e An experimental setup was developed to visually
monitor water infiltration dynamics in EBS using
time-lapse photography for non-destructive, real-time
observation of cracking, swelling, and water content
changes.

*  Downscaled (9:1) experiments allowed the water
infiltration to be reproduced within an affordable time
scale of a few weeks. This offered a great advantage
for bridging the gap between laboratory-scale and
engineering- or field-scale testing, which typically
require significantly longer durations up to years.

*  The contrasting results obtained for different gap sizes
suggest that the larger gap spaces (technological voids)
affect the infiltration process by 1) increasing the
likelihood of thermal cracks near the heater, 2)
enhancing the rate of early water infiltration from the
host rock, and 3) enhancing heat conduction.

e By analyzing the correlation between average pixel
value and water content, an empirical relationship was
developed to estimate the water distribution in
bentonite over the course of infiltration processes.
Such an approach offers significant advantages in
terms of spatial resolution and real-time monitoring.

The main findings in this study regarding the role of gap
spaces (technological voids) highlight the importance of
optimizing gap sizes in EBS design to balance mechanical
integrity and hydraulic performance. Even if compacted
bentonite blocks are manufactured homogeneously and
emplaced in intact conditions, the presence of gap spaces
(technological voids) is likely to introduce localized
behavior that cannot be readily captured by current
numerical simulation schemes at the continuum scale.

The ongoing research by the authors aims to extend the
experimental investigation to include the effect of gap-
filling materials and to develop advanced numerical models
capable of reproducing the localized effects. Future work
will focus on modeling the gap-controlled THM behavior,
with the goal of bridging the gap between laboratory
observations and field-scale predictions by taking into
account the scale effects.
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