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ABSTRACT

Deep geological disposal is considered a method for the management of high-level
radioactive waste. In a deep disposal system, backfill material is one of the key
components of the engineered barrier system, contributing to radionuclide containment
by maintaining low hydraulic conductivity and limiting groundwater flow. Therefore,
evaluating the hydraulic performance of backfill materials is essential for assessing the
long-term safety of disposal systems. However, conventional hydraulic conductivity tests
are time-consuming and difficult to apply for continuous monitoring. In this study, a non-
destructive test was applied to estimate the hydraulic conductivity of compacted
bentonite—sand mixtures, which are considered candidate backfill materials. Elastic wave
characteristics were measured under different material conditions, and the hydraulic
conductivity was evaluated using a modified Biot’s model. The results indicate that elastic
wave-based assessment can provide an indirect method for estimating the hydraulic
behaviour of bentonite-based backfill materials. This study suggests the potential
applicability of elastic wave measurements for non-destructive evaluation and
performance monitoring of engineered barrier materials in deep geological disposal
systems.

1. INTRODUCTION
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High-level radioactive waste generated during the operation of nuclear power plants
emits high levels of radioactivity and decay heat over extended periods. Therefore, a
management strategy is required to ensure its safe isolation from human living
environments and ecosystems. Deep geological disposal, in which radioactive waste is
emplaced and isolated for a prolonged period within stable rock formations at great depth,
is considered a primary disposal method.

As illustrated in Fig. 1, a deep geological disposal system is based on a multi-barrier
concept that combines an engineered barrier system, consisting of disposal canisters,
buffer materials, backfill materials, and concrete plugs, with natural barriers comprising
the near-field and far-field host rock. These barriers function complementarily to restrict
groundwater inflow and radionuclide migration, thereby ensuring the long-term safety of
the disposal system (Cha et al. 2023).
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Fig. 1 Concept of the engineered barrier system for deep geological disposal
(Cha et al. 2023)

Among the materials used in the engineered barrier system, bentonite is widely
considered a primary candidate for buffer and backfill materials because of its high
swelling capacity and low hydraulic conductivity. When groundwater infiltrates, bentonite
absorbs water and swells, while its low hydraulic conductivity suppresses groundwater
inflow into the engineered barrier system and limits radionuclide migration. In actual
disposal facilities, bentonite—sand mixtures may be used as backfill materials to improve
constructability and mechanical stability while maintaining the hydraulic sealing
performance of bentonite.

Swelling pressure and hydraulic conductivity have been adopted as key properties for
evaluating the performance of bentonite-based engineered barrier materials (SKB and
Posiva 2017). Hydraulic conductivity represents the ease with which fluid can flow
through a saturated engineered barrier material and directly indicates its hydraulic
performance in restricting groundwater inflow and radionuclide migration. Therefore,
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changes in swelling pressure and hydraulic conductivity should be continuously
evaluated to assess the integrity and long-term sealing performance of engineered
barrier materials.

However, bentonite and bentonite—sand mixtures exhibit extremely low hydraulic
conductivity, and conventional direct hydraulic conductivity tests require considerable
time. Therefore, a rapid and non-destructive indirect evaluation method is needed to
supplement conventional hydraulic conductivity testing.

Elastic wave measurements can be repeatedly performed without damaging the
specimen and allow the mechanical properties of a material to be evaluated within a
relatively short period. The free-free resonant column (FFRC) test can be used to
determine various elastic wave and dynamic properties, including P-wave velocity,
resonant frequency, attenuation, dynamic elastic modulus, and Poisson’s ratio. Because
these elastic wave characteristics are closely related to material density, pore structure,
and stiffness, they can be used to indirectly evaluate the internal condition and integrity
of bentonite-based materials.

Biot’s theory for porous media describes elastic wave propagation and attenuation in
porous materials by considering the interaction between the solid skeleton and pore fluid.
Therefore, hydraulic conductivity can be indirectly estimated by applying wave and
mechanical properties obtained from elastic wave tests to Biot’s model and relating the
hydraulic behavior of the material to its elastic wave characteristics. A previous study
demonstrated the potential for permeability monitoring of underground concrete
structures using elastic wave characteristics and a modified Biot’s model (Lee et al. 2024).
However, bentonite-based engineered barrier materials differ from conventional porous
construction materials because of their hydration-induced swelling, high clay content,
and extremely low hydraulic conductivity. Accordingly, Biot's model must be applied and
modified to account for these material-specific characteristics.

In this study, elastic wave characteristics were measured for compacted bentonite—
sand mixtures considered as candidate backfill materials for deep geological disposal
systems, and the measured properties were applied to Biot's model to predict hydraulic
conductivity. P-wave velocity, attenuation, resonant frequency, dynamic elastic modulus,
and Poisson’s ratio obtained from the elastic wave tests were used as input parameters
for the prediction model. Ultimately, this study aimed to propose a rapid method for
evaluating the hydraulic performance of bentonite-based engineered barrier materials
using elastic wave-based non-destructive testing, thereby supplementing time-
consuming direct hydraulic conductivity tests.

2. EXPERIMENTAL PROGRAM

2.1 Specimen preparation

In this study, specimens were prepared using Bentonil-WRK, a calcium-type bentonite,
and silica sand to evaluate the mechanical behavior of bentonite-based materials based
on their elastic wave characteristics. The initial water content of the bentonite was set to
15%, and #3 silica sand with a particle-size range of 1.6-2.5 mm was used in the
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mixtures. A total of six experimental conditions were established to evaluate changes in
elastic wave characteristics according to the bentonite mixing ratio and dry density.

The bulk dry density of a bentonite—sand mixture includes both the mass and volume
of the bentonite and sand. Therefore, it cannot independently represent the compaction
state of the bentonite fraction, which directly contributes to swelling and hydraulic sealing
performance. Accordingly, effective dry density (EDD) was adopted to compare
specimens with different bentonite mixing ratios and bulk dry densities on a consistent
basis.

To avoid ambiguity in the notation, the dry mass fraction of bentonite was defined as
B. The effective dry density was calculated as follows:

_ my — Bpspa (1)
Ve—Vs ps—(1-B)pgq

where pa»s is the effective dry density, my is the dry mass of bentonite, V;is the total
volume of the mixture specimen, Vs is the volume of silica sand, B is the dry mass fraction
of bentonite in the mixture, ps is the particle density of silica sand, and pq is the bulk dry
density of the mixture specimen. For pure bentonite specimens containing no silica sand,
the effective dry density is identical to the bulk dry density.

Effective dry density reflects the volume occupied by the swelling bentonite fraction
and its degree of compaction within the mixture. It is therefore suitable for comparing the
hydraulic performance of bentonite—sand specimens with different mixing ratios.
Previous studies have also shown that the decrease in hydraulic conductivity becomes
more consistent across specimens with different mixing ratios and sand particle sizes
when expressed in terms of effective dry density rather than bulk dry density. Accordingly,
effective dry density was used in this study as a common density index for organizing the
specimen conditions and comparing the elastic wave-based Biot’'s model predictions with
directly measured hydraulic conductivity values.

The bentonite—sand mixture specimens were prepared with bentonite mass fractions
of 30% and 40%, and bulk dry densities of 1.8 and 2.0 g/cm?® were applied to each mixing
ratio. In addition, pure bentonite specimens with a bentonite content of 100% were
prepared at bulk dry densities of 1.4 and 1.5 g/cm?® to compare their characteristics with
those of the mixtures. Consequently, the bulk dry density of all specimens ranged from
1.4 to 2.0 g/cm?, while the effective dry density ranged from 1.037 to 1.498 g/cm?.

As shown in Fig. 2, the bentonite—sand mixture specimens had a diameter of 37 mm
and a height of 74 mm. The mixture compositions and physical properties of the
specimens are summarized in Table 1.
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74 mm

Fig. 2 Compacted bentonite—silica sand mixture specimen

Table 1 Material conditions of bentonite-based specimens

Specimen Dry density Effective dry density Water content Benton_ite mass Sand size
(g/cm?3) (g/cm?) (%) fraction (%) (mm)

IEE 1.8 | 1.037 I 15 [ 30 | 1625 |
| 12 | 2.0 | 1.261 I 15 [ 30 | 1625 |
| 13 | 1.8 | 1.214 | 15 [ 40 | 1625 |
| 14 2.0 | 1.411 | 15 [ 40 | 1625 |
IRE 1.4 I 1.419 I 15 I 100 I - ]
| 16 | 15 | 1.498 | 15 [ 100 I - ]

2.2 Experimental equipment and methods for elastic wave characterization

Ultrasonic testing and the free-free resonant column (FFRC) test were conducted to
evaluate the elastic wave and dynamic characteristics of the specimens. In the ultrasonic
test, the travel time of a P-wave propagating in the longitudinal direction of the specimen
was measured, and the P-wave velocity, Vp, was calculated from the propagation
distance and travel time. The P-wave velocity obtained from the ultrasonic test was used
as an elastic wave input parameter that indirectly reflects changes in specimen density,
internal pore structure, and stiffness.

In the FFRC test, each specimen was placed under free-free boundary conditions and
excited in the longitudinal direction. The elastic wave signals generated by the excitation
were measured and analyzed in the frequency domain to determine the resonant
frequency, f,, attenuation, and wave velocity, Vc. The dynamic elastic modulus, E, was
also evaluated using the resonant frequency, specimen dimensions, and density.
Attenuation was expressed as the inverse of the quality factor, 1/Q, which represents the
degree of energy loss during elastic wave propagation through a porous material.

Poisson’s ratio, v, was calculated from the relationship between Vr measured by the
ultrasonic test and V¢ obtained from the FFRC test (Richart 1970). The calculated
Poisson’s ratios ranged from approximately 0.43 to 0.45. Ultimately, Vp, Ve, fn, 1/Q, E,
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and v obtained from the ultrasonic and FFRC tests were used as the principal parameters
representing the elastic wave characteristics of the bentonite-based materials.

2.3 Input parameters for Biot’s model

In this study, the properties obtained from the elastic wave tests were applied to Biot’s
model for porous media to estimate the hydraulic conductivity, k, of the bentonite-based
specimens. Biot’s model considers elastic wave propagation and attenuation resulting
from the interaction between the solid skeleton and pore fluid. It evaluates the hydraulic
properties of porous materials by combining elastic wave measurements with pore-
related material properties.

The specimen-specific variables applied to the model were attenuation, 1/Q, dynamic
elastic modulus, E, P-wave velocity, Vp, resonant frequency, f,, and Poisson’s ratio, v.
These parameters were determined from the ultrasonic and FFRC tests performed on
each specimen. The material- and pore-related input parameters were porosity, n, pore-
size diameter, a, saturation, S, tortuosity, a, grain density, pg, and grain bulk modulus,
By. These input properties were substituted into Biot's model to calculate the hydraulic
conductivity, k, of each specimen.

The reference ranges and values used in the model are summarized in Table 2. The
reported ranges were 1-40% for porosity, 107®=107* m for pore-size diameter, 1-99% for
saturation, 0—10 for tortuosity, 1,720-1,830 kg/m? for grain density, and 5-10 GPa for
grain bulk modulus. The values adopted in the model were 1% porosity, a pore-size
diameter of 107 m, 1% saturation, a tortuosity of 10, a grain density of 1,750 kg/m?3, and
a grain bulk modulus of 5 GPa. These values were selected based on the ranges
reported for porous materials in previous studies.

Table 2 Input parameters used in Biot’'s model

] Parameter H Symbol H Range of referred value H Value used in model ‘
| pPorosty | n | 1-40% | 1% |
‘ Pore-size diameter H a H 107%-10™m H 10°m ‘
| satraon | s | 1-99% [ 1% |
| Tortusy || o | 0-10 [ 10 ]
| Grandensity | p; | 1720-1830kgme | 1750kgm® |
| Grain bulk modulus | B, | 5-10 GPa | 5 GPa |

3. RESULTS AND DISCUSSION

To evaluate the applicability of the hydraulic conductivity prediction model based on
elastic wave characteristics, selected hydraulic conductivity data for Bentonil-WRK-silica
sand mixtures were extracted from Cha et al. (2026). The experimental results showed
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that hydraulic conductivity decreased with increasing effective dry density, which was
attributed to reductions in pore volume and effective flow paths as the bentonite content
per unit volume increased.

Fig. 3 compares the hydraulic conductivity predicted by the uncalibrated Biot's model
with the directly measured values. Biot's model reproduced the overall decrease in
hydraulic conductivity with increasing effective dry density. This result confirmed that
changes in the hydraulic conductivity of bentonite-based mixtures can be indirectly
evaluated using properties obtained from elastic wave measurements. However, the
hydraulic conductivity predicted by Biot's model was generally higher than the directly
measured values, indicating a systematic discrepancy between the two datasets.
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Fig. 3 Comparison of measured hydraulic conductivity and predictions obtained using
Biot's model

The overestimation was attributed to the treatment of the bentonite—silica sand mixture
as an ideal porous medium in the conventional Biot's model. In particular, input
parameters such as porosity, pore size, saturation, and tortuosity cannot fully account for
montmorillonite particle interactions during bentonite hydration, swelling-induced closure
of flow paths, or water bound to clay surfaces. Consequently, the model likely
overestimated the effective pores and flow paths contributing to fluid transport, resulting
in overprediction of hydraulic conductivity.

Accordingly, a calibration factor was applied, as expressed in Eq. (2), to correct the
systematic overestimation of Biot’'s model.

kear = kaBiot (2)

where kca is the calibrated hydraulic conductivity, kgiot is the hydraulic conductivity
predicted by Biot's model, and Cs is the calibration factor. In this study, Cr= 0.012 was
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applied based on the difference between the directly measured hydraulic conductivity
and the predictions from Biot’s model.

Fig. 4 presents the hydraulic conductivity predictions after application of the calibration
factor. The decreasing trend in hydraulic conductivity with increasing effective dry
density was retained after calibration, while the predicted values became closer to the
measured hydraulic conductivity distribution of the specimens containing #5 and #7
silica sand. Thus, the calibration factor did not alter the density-dependent trend of the
model; rather, it corrected the systematic overestimation of Biot's model and reduced
the absolute difference between measured and predicted values.
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Fig. 4 Improvement of hydraulic conductivity predictions from Biot's model using a
calibration factor

Accordingly, the improvement achieved by applying the calibration factor should not
be interpreted as an increase in the coefficient of determination or correlation. Rather,
model agreement improved because the magnitude of the predicted hydraulic
conductivity became closer to the experimental values. However, the calibration factor of
0.012 used in this study is an empirical coefficient derived for Bentonil-WRK, #5 and #7
silica sand, and the material and input conditions adopted in this study. Additional
experimental verification is therefore required before applying this factor to other
bentonite types, water contents, saturation conditions, or silica sand particle sizes.

Overall, Biot's model incorporating elastic wave characteristics reproduced the
decrease in hydraulic conductivity with increasing effective dry density in bentonite-
based mixtures, and application of the calibration factor reduced the discrepancy from
the directly measured values. These results demonstrate the potential of elastic wave-
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based non-destructive testing as an indirect method for evaluating the hydraulic
performance of engineered barrier materials and as a supplement to time-consuming
direct hydraulic conductivity tests.

4. CONCLUSIONS

In this study, properties obtained from elastic wave tests were applied to Biot's model
to predict the hydraulic conductivity of compacted Bentonil-WRK-silica sand mixtures,
and the predictions were compared with directly measured values for specimens
containing #5 and #7 silica sand.

Biot’s model reproduced the overall decrease in hydraulic conductivity with increasing
effective dry density, but the predicted values were higher than the direct measurements.
This discrepancy was attributed to the inability of the conventional model to fully account
for bentonite swelling, montmorillonite particle interactions, and the reduction in flow
paths caused by bound water.

Application of a calibration factor of 0.012 retained the decreasing trend with
increasing effective dry density while reducing the absolute difference between predicted
and measured values. Therefore, combining elastic wave characteristics with a
calibrated Biot's model can supplement time-consuming direct hydraulic conductivity
tests and support non-destructive evaluation of the hydraulic performance of bentonite-
based backfill materials.

However, because the calibration factor was empirically derived under limited material
and experimental conditions, further validation is required for different bentonite types,
mixing ratios, water contents, and saturation conditions.
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