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ABSTRACT: Bentonite has long been considered as a potential sealing material in engineered barrier systems
(EBS) for the geological disposal of radioactive waste due to its favorable physical and chemical properties. In
some disposal concepts, the research evolution has led to the adaption of granulated bentonite mixtures (GBM)
as a candidate buffer/backfill material owing to its high compaction properties, operational advantages, and
ability to close gaps between the seal and host rock. A thorough understanding of the behavior of GBM is
essential for proper design and construction of an efficient repository. As compared to compacted bentonite
blocks, studies on GBM are somewhat limited. Thus, a review of former experimental studies conducted on
GBM over the past two decades was performed. The topics included compaction properties, thermo-hydro-
mechanical properties, gas transport, and microstructure. This work comprises a summary table listing material
properties, sample scale, methodology, test conditions, and graphical representation of results. Based on the
review, prospects for further investigations/studies have also been recommended to understand the behavior of
GBM.

Keywords: Granulated bentonite mixtures (GBM), Radioactive waste disposal, Buffer/backfill material, Dry
density, Thermo-hydro-mechanical (THM) properties

1. INTRODUCTION (NAGRA) in the prototype Full-scale
Emplacement (FE) experiment [7] and Engineered
In countries where deep geological disposal of Barrier (EB) experiment [8,9] at Mont Terri rock
nuclear waste is being considered, various laboratory in Switzerland. GBM is purported to
repository design concepts have been studied over improve emplacement operations including ease
the last four decades [1]. These include of transportation and in-situ placement/backfilling,
encapsulation of nuclear waste in metal canisters achieve good compaction attributes to meet a
placed in vertical holes or horizontal tunnels required emplacement dry density. Additionally,
constructed in deep geological formations [1,2]. GBM is considered to have high adaptability to
The space between the metallic canisters and the irregular rock wall conditions [10]. With this
hole or tunnel is to be filled with a buffer material, application, bentonite pellets have also been used
and the other part of the tunnel is to be sealed with as a gap-filling material to fill the voids between
backfilling material(s). Owing to its favorable bentonite blocks and host rock [4].
physical and chemical properties, bentonite has In a typical repository environment, a GBM
been extensively studied as a backfilling/buffer barrier will be subjected to the radiogenic heat of
material in radioactive waste disposal concepts [3]. the waste canister and hydration due to
These properties include low permeability and groundwater from the surrounding rock. The
high water retention capacities [4,5], high swelling buffer of GBM should be able to rapidly dissipate
capacity [3,5], thermal characteristics [3], and radiogenic heat and maintain its low water
microporous structure [5]. permeability, as well as develop sufficiently high
Many design concepts consider pre-compacted swelling pressure to maintain good contact
blocks of bentonite as a buffer material, e.g., the between the host rock and waste. Various gases are
prototype repository in-situ test carried out at the also generated by metal corrosion or degradation
Aspd Hard Rock Laboratory in Sweden [4]. of organic wastes. The GBM buffer should be
Alternatively, granulated bentonite mixtures permeable enough to allow the transport of gases
(GBM) consisting of granules (highly compressed without cracking or rupturing of the buffer due to
pellets) and powders in a mix of graded excessive gas pressures [3]. Owing to the
proportions have also been considered as the complexity of the problem and functional
buffer material [6] as adopted by National requirements of buffer, an accurate assessment of
Cooperative for the Disposal of Radioactive Waste thermo-hydro-mechanical (THM) properties and
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gas transport processes is essential to design and
implement an efficient and a safe barrier. Till now
various studies have been conducted to understand
the performance of GBM. This paper summarizes
the key findings of experimental studies
performed in the last couple of decades with a
special focus on compaction, hydraulic, thermal,
and gas transport properties as well as the
microstructure.

2. METHODOLOGY

A literature search was carried out using search
engine Google Scholar and Web of Science™
(Clarivate Analytics) with several key words
including bentonite, granulated bentonite mixtures
(GBM), bentonite pellet mixtures, buffer, backfill,
engineered barrier, radioactive/nuclear waste
disposal and geological disposal/repositories.
Among many studies on THM properties of
bentonite, the majority were on compacted forms
or blocks, and the target materials of this review
were GBM and pellet mixtures. The granulated
materials are different from compacted blocks in
the sense that their dry densities can be lower and
pore sizes can be larger. Based on this search
process, the papers and reports related to THM and
gas transport studies published mainly after 2000
were selected for review and comparison. The
present review comprises summary tables listing
materials and methodology, test conditions, and
graphical representation of results.

3. GRANULATED BENTONITE
MIXTURES (GBM)

For engineered barriers in repositories, various
kinds of bentonites have been selected and are
being considered worldwide. The GBM and pellet
mixtures presented in this review comprise several
bentonite materials, mainly MX-80, Serrata,
Kunigel (V1 and GX), FoCa, and GMZ. MX-80
GBM from Wyoming, USA, is a sodium
montmorillonite bentonite and was adopted by
NAGRA in the FE experiment [7]. Serrata GBM
produced from bentonite deposits (the same origin
as FEBEX bentonite) in the zone of Serrata

Table 1. Basic properties of bentonite materials [13]

(Almeria, Spain) was used in the EB experiment at
the Mont Terri rock laboratory [8].

Kunigel V1 [11] and Kunigel GX [12] are
bentonites from Japan that have been studied as a
potential barrier material for a high-level
radioactive waste (HLW) disposal concept in
Japan. As a part of a prototype repository project
in 2002, Sugita [13] examined Kunigel V1 pellets
as a material to fill the gaps between bentonite
blocks and rock mass. Recently, Kunigel GBM
was used to fill the wvoids between the
prefabricated engineered barrier system module
(PEM) and tunnel wall at Horonobe Underground
Research Laboratory (URL), in Hokkaido, Japan
[14]. The pellets and pellet/powder mixtures of
two other bentonite materials, FoCa (France) and
GMZ (China), have been used as either buffer or
gap-filling materials in the RESEAL project [4]
and mock-up tests in China [15], respectively. The
basic properties of these materials are presented in
Table 1 [16].

4. COMPACTION PROPERTIES

The emplaced dry density (DD) is an important
design parameter that controls the effectiveness of
a buffer/backfill. Various factors affect the DD of
an emplaced sealing material, including particle
shape, density of the individual particles (a single
pellet or granule), particle size distribution, and the
method of emplacement. High DD values can be
achieved by using the particle size distribution
corresponding to the Fuller curve [17]. NAGRA
conducted a series of laboratory tests to evaluate
the effects of particle sizes and particle size
distributions. Various grain size mixtures of MX—
80 pellets ranging in size from 0-16, 0-10, 0.63—
10, and 0-24 mm (all follow the Fuller curve) and
10-16 mm (narrow size range) were emplaced in
simulated boreholes (transparent pipes) in vertical
and horizontal orientations. The results indicated
that GBM matching the Fuller curve vyielded
higher DD values than the narrow particle size
distributions of 10-16 mm. Additionally,
matching the particle size distribution to the Fuller
curve proved to be an effective method to achieve
DD values greater than 1.5 g/cm? [18].

Material Type of Mineral Montmorillonite LL PL Pl CEC SSA
Bentonite | Density (g/cm®) (%) (%) (%) (meg/100g) | (m%g)
MX80 Na 2.76 79 519 35 484 82.3 522
Serrata Ca 2.70 9243 102 53 49 102 725
Kunigel V1 Na 2.79 46-49 474 27 447 73.2 687
FoCa Ca 2.67 80" 112 50 62 54 300
GMZ Na 2.66 75.4 313 38 275 77.3 570

LL: Liquid limit, PL: Plastic limit, PI: Plasticity index, CEC: Cation exchange capacity, SSA: Total specific surface area,
" Interstratified smectite/kaolinite
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The compaction properties of seven types of
bentonite ores with different physicochemical
properties were studied using four granular
bentonites from Japan (mined at the Tsukinuno
mine in Yamagata Prefecture) and three granular
bentonite ores from Wyoming, USA. Three
different particle size distributions were prepared
for each bentonite ore, with the grain sizes of <10
mm, <2 mm, and 1.6-10 mm. The grain size
distribution curves for granular bentonites of <10
mm size are shown in Fig. 1. The water contents
(w.c.) of all bentonite ores ranged between 15—
20%. Compaction tests were carried out on these
various particle size ranges and resulting
compaction characteristics curves (DD vs. w.c.)
were prepared.

The findings indicated that the compaction
characteristics were more strongly affected by the
kind of bentonite ore (bentonite ore properties)
than the particle size range. A correlation was
developed to calculate the maximum dry density
and optimum water content of granular bentonite
from the plastic limit of powdered bentonite ore.
In addition, the calculations and cross-sectional
observations showed that the homogenization
process of finer fractions in the void spaces
between the coarser fractions (load bearing grains)
was also a controlling factor for the compaction
process of granular bentonite [19].

In a more recent study [20], several MX80
GBMs with different grain size distributions
similar to the Fuller curve were examined. It was
shown that the fraction of fines could be an
important factor to achieve higher compaction dry
density. The best mixture was used in the FE
experiment at the Mont Terri rock laboratory [7]
where the target DD of 1.45 g/cm? was achieved.

5. THERMAL PROPERTIES

The thermal properties, such as thermal
conductivity and heat capacity, are the main
parameters that govern the heat transfer
characteristics of bentonite buffers. The thermal
conductivity of a buffer refers to how effectively
the radiogenic heat of the canister can be
transported through the buffer to surrounding rock.
Information on volumetric heat capacity is
required to accurately calculate the time-
dependent temperature field around the metallic
canister [21]. The thermal characteristics of the
porous medium are governed by various factors
including composition, grain and pore size
structure, dry density [22], porosity [22,23],
moisture content [23,24], and temperature [24].
The thermal properties of various GBM and pellet
mixtures were measured in the laboratory by
different methods. Table 2 provides a summary of
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Fig. 1 Grain size distribution curves of granular
bentonites (less than 10 mm size) [19].

details of the tested materials and methodology. It
is noted that the majority of existing research on
the thermal properties of GBM focused on thermal
conductivity, and information on heat capacity
was limited.

5.1 Thermal conductivity

5.1.1 Effect of dry density

The solid phase (GBM particles) is more
thermally conductive than the air in the voids. For
a fixed water content, the existing results generally
indicate that thermal conductivity increases with
increasing dry density, Fig. 2(a) [13,24-29].
Uniformly graded pellet mixtures yielded low
thermal conductivities despite having higher water
contents. The reason may be attributed to higher
porosity due to the larger voids/gaps between the
pellets. This emphasizes the necessity of adding
fines to pellet mixtures, thereby filling the voids
between the pellets and creating an interconnected
homogeneous mixture of fine and coarse pellets,
which will result in higher thermal conductivities.

5.1.2 Effect of moisture content

The moisture-dependent thermal conductivity
of GBM is presented in Fig. 2(b) [13,24,27,29].
The thermal conductivity is strongly dependent on
the moisture content. Liquid water in the pores
functions as a thermal bridge between solid
particles [30,31]. Its behavior is, however,
different for different material conditions. Even
for the same MX80, GBM and pellets resulted in
quite different behaviors largely due to the
porosity differences described above.

MX80 GBM was used in a full-scale in-situ
demonstration experiment as buffer around the
heaters mimicking waste in an FE experiment [7].
The authors measured a gradual increase of
thermal conductivities over a period of one year
after the emplacement of GBM, indicating a slow
wetting of GBM due to water inflow at a very low
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Table 2: Summary of materials and methodology adopted for determination of thermal properties

Material w.C. Pellet Gradation Apparatus/Methodology Target Ref
(%) DD (mm) Parameter
(g/lcm?®)
MX80 GBM - 2.18 0.1-95 Field measurements by 10 cm long single T.C.vs.w.c. [7]
needle heat pulse sensors from full scale
project
Kunigel V1 9.5 191 Pellet: Cylindrical shape pellets (5x3cm) filled at T.C. vs. [13]
11x7.4 DD=1.0 g/cm?, hot disc method, double DD/w.c.
spiral sensor sheet
MX80 GBM 45 2 0.065-6.5 Double spiral heating sensor (thin metal T.C. vs. [24]
5.9 sheet insulated by a Kapton body) was used DD, w.c./T,
for measurements. For the w.c. and T series,  S.H.C. vs.
the DD ranged around 1.6 and 1.7 g/cm®, Tlw.c.
Measurements at varying T between 25 to
105°C
MX80 GBM 55 2.18 0.1-6.3 Sample size=6x15cm. KD2 Pro thermal T.C.vs.DD [25]
with fines  analyzer TR-1 probe
GBM 75 1.7-196 0.075-19  Various types of bentonite pellets were filled T.C.vs.DD  [26]
at the target DD
MX80 16.6 - Pellet: Pillow-shaped pellets filled in mould T.C. vs. [27]
12x12x6  (119x119x31cm) at target DD 1.075 g/cm?, DD/w.c.
A Hot-Box device used for measuring
thermal conductivity
MX-80 16 - Pellet: Sample size=15x20cm. Thermal probe (16 T.C.vs.DD [28]
12x12x6  cm long), pellets filling at DD=1.045 g/cm?
MX-80 16 - Roller-compacted sample (45x45x8cm). T.C.vs.DD  [28]
Heat flow meter method, pellets hand
compacted into insulated frame at DD=1.26
g/cm3, frame inserted in hot-box machine
MX-80 17.4 - <2 Compacted samples (5x7cm) of two T.C. vs. [29]
11.9 granular bentonites (with different quartz DD/w.c.

content), thermal

analyzer

heating wire probe

DD: Dry density, w.c.: Water content, T.C.: Thermal conductivity, S.H.C.: Specific heat capacity, T: Temperature

rate from the tunnel wall. It was further observed
that the rate of thermal increase was higher at
points located close to local water inflow spots
(e.g., near rock bolts).

5.1.3 Effect of temperature

Wieczorek [24] investigated the effect of
temperature on the thermal conductivity of GBM.
Two sets of samples, at natural water contents
(4.5-5.9%) and after oven-drying at 105°C, were
prepared in the laboratory. As shown in Fig. 2(c),
the thermal conductivity of the samples with
natural water content increased with increasing
temperature from a value 0.34 W/m/K at 25°C to
0.44 W/m/K at 105°C. A possible explanation for
this increase may be that an additional heat
transfer takes place in the form of latent heat due
to evaporation and condensation between the
water pockets at elevated temperatures [32].
During these experiments, the measured thermal
conductivities for moist and dried GBM samples
at six temperatures matched well. Surprisingly, the
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dried samples had higher thermal conductivities
than those of moist samples. The authors reported
the discrepancy was caused by a coupling problem
of the measuring probe and granular samples, and
the problem was more pronounced in dry samples.

The effects of temperature on compacted
bentonite specimens have been previously studied
by various researchers. For the compacted MX-80
powdered bentonite, Knutsson [21] showed an
increment of thermal conductivities of 3-8.5% in
the temperature range from 50° to 90°C. Similarly,
Beziat [33] reported that thermal conductivities of
calcic smectite samples (DD=1.99 g/cmd)
increased 10% with the increase of temperature
from 50° to 188°C. The recent works on GBM
conform to previous studies on the compacted
bentonites; however, further studies are needed
due to limited data.

5.1.4 Effect of mineralogy
The thermal conductivity of soil solids
depends on minerals composition. As there are no
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significant differences in the thermal conductivity
of smectites, the major changes in the thermal
conductivity of the solids result from the quantity
and type of accessory minerals, and additives, e.g.
the proportions of quartz and graphite, increase
thermal conductivities [30]. Tang [29] measured
thermal conductivities of two compacted MX-80
bentonites with different quartz contents at the
same water contents and showed that thermal
conductivities increased with increasing quartz
content.

5.2 Specific heat capacity

The moisture-dependent specific heat capacity
behavior is presented in Fig. 2(b) [24]. The
specific heat capacity (or, mass heat capacity) also
showed a significant dependence on moisture
content suggesting that the specific heat of water
is an important factor for moist GBM. Similarly,
the temperature-dependent specific heat capacity
behavior can be observed in Fig. 2(c) [24].

6. HYDRAULIC PROPERTIES

Among various features, an important function
of a buffer is to limit water flow through the
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repository, thereby reducing the potential for
corrosion, waste dissolution, and release of
radionuclides. Immediately after closure of the
repository, the granular buffer material is
unsaturated, i.e., water and air coexist in the voids
of the buffer [34], giving the bentonite buffers a
high suction. Then, along with the continuous
water infiltration from the host rock, the bentonite
barrier becomes saturated. Thus, the saturation
kinetics of a bentonite buffer is one of the features
that requires more attention to predict accurately
the long-term hydraulic behavior. The hydraulic
conductivity and water retention characteristics
are key properties to determine the hydraulic
behavior of the barrier [35].

The water retention characteristics and
hydraulic conductivity of GBM and pellet
mixtures were examined in the laboratory by
various researchers [8,9,12,13,15,26,36-39]. The
tested materials, methodology, and the
experimental conditions are summarized in Table
3.

6.1 Water Retention Characteristics

The water retention curves of Serrata and GMZ
pellet mixtures under constant volume conditions
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Table 3 Summary of materials and methodologies adopted to determine hydraulic properties

Material Gradation Apparatus/Methodology Target Ref.
(mm) Parameter
Serrata Pellet 0.4-10 Wetting at constant volume, tests at DD=1.3, 1.5, 1.9 g/cm?. Svs. w.c. [36]
mixture S controlled by vapor transfer (S,300~3MPa) and axis
translation technique (S=3 MPa~ zero/sat)
GMZ Pellet 0.075-7 Sample size=5x3.5cm. Wetting at constant volume, tests S vs. w.C. [15]
mixture conducted at DD=1.45 g/cm®. S controlled by vapor
equilibrium technique (S > 4.2 MPa) and osmotic technique
(S <4.2 MPa)
Serrata GBM 0.4-10 Constant gradient permeability tests, steady state conditions [8]
MX80 Pellet <10 Small sample holders (3.5x1cm), 20°C, 17 days hydration [9]
time, test solution - synthetic water (0.2 mole/L NaCl)
Kunigel V1 Pellet: 11x7.4  Sample size=5x3cm. Cylindrical-shape pellets filled in the [13]
test cell at DD=1.08 g/cm?, distilled water solution, water
injection pressure 0.01 to 0.15 MPa,
GBM 0.075-19 Different types of bentonite pellets were filled at the target [26]
DD
Kunigel, GX <10 Full scale mock-up test, granular bentonite compacted on- [12]
Granular site using vibratory rollers to achieve a target dry density
1.50-1.70 g/cm?3 with the w.c. 21.0+2%. H.C.vs. DD
GMZ Pellet 0.075-7 Sample size=5x3.5cm. Sample prepared at DD=1.45 g/cm?, [15]
mixture test performed under constant volume conditions by 1000
kPa water pressure.
Serrata GBM 0.075-10 Large oedometer cell (10x5¢cm) was used, deionized water [37]
Serrata P/P Large oedometer cell (10x10cm) was used, deionized water
(P/P=70/30)
MX80 P/P Pellet: 32 Oedometer cell (12x6.4cm), Tests at DD=1.41-1.54 g/cm?® [38]
(P/P=80/20) constant volume condition, synthetic water, T=22°C+1°.
Serrata grains <5 Oedometer cell equipped with a silicone oil thermostatic ~ H.C.vs. T [39]

bath, constant volume, deionized water

DD: Dry density, S: Suction, w.c.: Water content, H.C.: Hydraulic conductivity, T: Temperature, d: Diameter, h: Height,

sat: Saturation, P/P: Pellet/Powder

are presented in Fig. 3 [15,36]. At high suction,
both materials have comparable water retention
properties. On the other hand, the water contents
of tested materials varied depending on the packed
void ratio at lower suction rates. A possible
explanation is that the water retention curve is
independent of the void ratio [36] and initial
conditions such as DD and fabrics at high suction
[15]. Water is stored within the pellets as intra-
pellet water, and the water content of the sample is
conditioned by material characteristics, including
specific surface of clay and the soil microstructure
as well as the pore fluid chemistry. Conversely, the
water retention curve becomes dependent on the
void ratio at lower suction rates, and the water
content increases to fill the inter-pellet voids with
decreasing suction [36].

6.2 Hydraulic Conductivity

The hydraulic conductivity of a porous
medium is affected by various factors including
grain size distribution, particle structure, water
content (or degree of saturation), density, and void
ratio [40]. Figure 4 [8,9,12,13,15,26,37,38]
presents the effects of DD on the saturated
hydraulic conductivities of GBM and pellet
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mixtures. The plots show that hydraulic
conductivities decreased with increasing DD.
Villar [39] investigated the effect of temperature
on the saturated hydraulic conductivity of
compacted Serrata granular bentonite using a
thermostatically controlled oedometer cell under a
constant volume. The results showed the hydraulic
conductivities increased with temperature in the
range of 25-80 °C (Fig. 5). As expected by the
authors, the increase of hydraulic conductivities
can be attributed to the decreasing kinematic
viscosity of water with increasing temperature.
Additionally, the effect of temperature on
hydraulic conductivities may differ depending on
the type of minerals (montmorillonite, kaolinite,
and saponite) and the types of cations in the
exchange complex [41].

Masuda [26] reported the effects of salinity of
groundwater on the saturated hydraulic
conductivity of granulated bentonite. The authors
showed that salinity had a strong influence on the
hydraulic properties; the saline water resulted in
higher hydraulic conductivity values than fresh
water. The increase in hydraulic conductivity with
salinity content may be attributed to three
mechanisms: alterations of pore configurations
due to the change of swelling pressures, formation
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of diffuse double layers, and variations in the
viscous behavior of the water structure. These
mechanisms reduce the swelling pressure with
increasing saline concentration and increased flow
channels that contribute to rapid water flow,
resulting in the increase of hydraulic
conductivities [30].

7. MECHANICAL PROPERTIES
7.1 Swelling Characteristics

The factors affecting the swelling of the
bentonite can be classified into two categories,
namely internal factors, including specific surface
area, cation exchange capacity, properties of pore
water (ion type and concentration), and external

factors, such as DD, water content, and
compaction method [42]. The maximum swelling
pressure increases with increasing

montmorillonite content and the initial DD. The
maximum swelling strain is more strongly affected
by the exchangeable-cation composition in
bentonite rather than the montmorillonite content
[43].

The swelling characteristics of various GBMs,
pellet mixtures, and pellet/powder mixtures have
been examined in the laboratory using
oedometers/rigid cells under constant volume
conditions. Table 4 summarizes the experimental
conditions adopted for the swelling pressure
testing. The results showed that the swelling
pressures increased with increasing DD (Fig. 6)
[2,4,8,9,13,37-39,44-51]. In Fig. 6, a non-linear
relationship between DD and swelling pressure is
evident. It was also observed that FoCa
pellet/powder mixtures developed low swelling
pressures as compared to MX-80 and Serrata
mixtures. This may be attributed to a difference in
the mineral properties of FoCa, which has a low
smectite content with beidellite and kaolinite in a
50:50 (%) ratio.

The temperature-dependent swelling of
compacted Serrata granulated bentonite has been
studied in a thermostatically controlled oedometer
cell, and the results indicated that the swelling
pressure decreased with the increase in
temperature (Fig. 7) [39]. These results agreed
with the findings of Pusch [52], demonstrating that
the swelling pressure of montmorillonite under the
temperature variations was governed by a
predominant cation in the exchange complex.
With the increase of temperature, the swelling
pressure increased in sodium-bentonite and
decreased in calcium-bentonite. Because Serrata
bentonite is predominately a calcium-bentonite
(Table 1), the swelling pressure decreased with
increasing temperature.
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Table 4: Summary of materials and methodology adopted for determination of mechanical characteristics

Material Gradation Major Sample Apparatus/Methodology Target Ref.
(mm) Mineral (%)  size (cm) parameter
MX80 GBM 0.16-10 85%m 7x48.3 Heated column experiment, test at DD=1.47 g/cm?, monitored for 3 years SPvs. DD [2]
FoCA P/P - 50 bd/5Qkao 12x5 Constant volume rigid frame cells were used for test. Samples were filled at the [4]
(P/P = 50/50) target DD between 1.3-1.6 g/cm?®, T=24+1°C
Serrata GBM 0.01-10 88-96°M - Wetting at constant volume conditions [8]
MX80, GBM <10 gQmon 3.5x1 Small samples holders, 20°C, 17 days hydration time [9]
Kunigel V1 Pellet: 11x7.4 - 6x2 49 cylindrical-shape pellets filled in the cell resulting in DD=1 g/cm? [13]
Serrata P/P - > gQmon 10x10 Large oedometer cell, constant volume conditions, DD=1.40 g/cm®and 1.45 g/cm?3 [37]
Serrata GBM 0.075-10 > gQmon 10x5 Large oedometer cell, constant volume conditions, two experiments at DD 1.35
g/cm? (initial water content 4.7% and 8.7%), room temperature
MX80 P/P Pellet: 32 80sm 12x6.4 Oedometer cell, constant volume conditions, T - 22 °C, DD varied b/w between 1.20 [38]
(P/P=80/20) —1.59 g/cm3, Hydration time 230-250 days
Compacted Serrata grains <5 92+3mon 5x1.2 Oedometer cell, constant volume conditions, 30°C SPvs.DD, T  [39]
MX80 P/P Pellet: 7x7 80sm - DD=1.49 g/cm?®, constant volume oedometer cell with 70-mm diameter, 440 days  SP vs. DD [44]
(PP=80/20) Powder: < 2 hydration time
80sm 6x12 Constant volume cell, monitored for 160 days, sample prepared at DD=1.49 g/cm? [45]
Serrata GBM 0.075-9.5 > gQmon - In-situ SP measured by sensors in EB experiment, in-situ T, RH (17 °C, 48%) [46]
FoCA P/P - 50 bd/50kao - Oedometer tests, samples of 50, 100 and 120 height samples prepared at DD=1.6 [47]
g/cm3, Monitored from 100 days to more than 1 year
MX80 0.065-4 85%m 7.5%1.5 Constant volume swelling tests in rigid cells [48]
MX80 shot-clay - 85%m 7.5%1.9 In-situ cores from shot-clay experiment Grimsel Test Site, constant volume tests in [49]
(Sand 60%, gravel 30%) laboratory, maximum swell pressure observed 10 days after the flooding
MX80 GBM 0.16-10 85%m - Testing in large oedometer cells at DD=1.47 g/cm® T=23.5+2.6°C, Pearson water [50]
(sodium-rich solution of composition similar to Opalinus clay formation, with
reported density of 1.020 g/cm?) was used for experiment. Hydration time 446 days
MX80 P/P Pellet : 7x7 80sm 6x12 Infiltration cell, Constant volume conditions, DD=1.49 g/cm?, monitored for 845 [51]
(P/P=80/20) days
Milos Greece GBM > 8 (13%) - 6%6 Undrained direct shear tests at a constant shear displacement rate of 0.5 mm/min. SS vs. w.c. [53]
0.063-8 (87%) Tests conducted at 20% (natural w.c.), 40% and 60% w.c.
Milos Greece P/P Pellet: 4-8 (84%) 6%6 Undrained direct shear tests at a constant shear displacement rate of 0.5 mm/min.  SSvs. w.c.
0.063-4 (6%) Tests conducted at 13% (natural w.c.), 20%, 30%, 40% and 60% w.c.

DD: Dry density, SP: Swelling pressure, T: Temperature, SS: Shear strength, w.c.: Water content, S™: Smectite, ™": Montmorillonite, ®: Beidellite, k*°: Kaolinite, P/P: Pellet/Powder, RH:
Relative humidity
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[37]; Serrata GBM, 0.075-10 mm
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@[46]; Serrata GBM, 0.075-9.5 mm
@[48] ; MX-80, GBM, 0.065-4 mm

@8] ; Serrata GBM, 0.01-10 mm
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®[49] ; MX-80 shot-clay
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©[47]; FoCA, pellets/powder

[38]; MX-80 Pellet /Powder (80/20)
©[45]; MX-80, Pellet /Powder (80/20)

@[39]; Compacted Serrata grains, <5 mm
[37]; Serrata, pellets/powder
[51]; MX-80, Pellet/Powder (80/20)
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#[13]; Kunigel V1 pellets

Fig. 6 Swelling pressure as a function of dry
density [2,4,8,9,13,37-39,44-51].
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Fig. 7 Swelling pressure as a function of
temperature [39].

7.2 Shear Strength

Sinnathamby [53] conducted direct shear tests
to examine the shearing behavior of GBM and a
pellet powder mixture prepared from the bentonite
source, the Isle of Milos, Greece (Material from
this source is considered by POSIVA, Finland, in
the KBS-3V design concept) (Table 4).

The results indicated that the internal friction
angle and cohesion of both materials (GBM and
pellet powder mixture) decreased with increasing
water content (Fig. 8). GBM exhibited higher
shear strength than the pellet powder mixture at
water contents >50%. The visual observations
revealed that the pellet powder mixture lost its
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Fig. 8 Shear strength as a function of water content
[53].

physical characteristics at water contents >40%
and exhibited a gel-like behavior. Conversely,
GBM exhibited relatively stable physical
characteristics with the increase of water content
and showed a gradual loss of shear strength.

8. GAS TRANSPORT

Gas diffusion and advection are the prevailing
mechanisms for transport of gases through soil
[54,55]. Selin [55] identified diffusion as a
dominant transport mechanism for the gas
transport through bentonite barriers unless the
applied pressure becomes greater than the swelling
pressure and back pressure (total stress). Gas
transport through a porous medium is affected by
various factors, such as particle size distribution,
DD, and pore structure parameters including air-
filled and total porosity and pore connectivity-
tortuosity [54], as well as water content (or degree
of saturation). Very limited studies have been
conducted to understand gas transport
characteristics of GBM and pellet mixtures. Table
5 summarizes the tested materials and
methodologies adopted to measure gas transport
parameters. Liu [56] measured gas permeabilities
of in-situ GBM core specimens (retrieved from
dismantling the EB experiment at Mont Terri rock
laboratory after 10.5 years of hydration) using
argon gas. The GBM was initially emplaced in the
EB experiment at DD=1.36 g/cm? (w.c. = 4.2%).
However, long hydration caused variations in DD
values depending on degree of saturation. Higher
DD values (>1.36 g/cm®) were measured from the
core specimens retrieved from the locations close
to retaining wall/concrete plug. Whereas, the cores
specimens from all other sections showed lower
DD values (<1.36 g/cm?®). The results indicated
that the gas permeabilities decreased with the
increase of moisture content (Fig. 9). The
measured gas permeabilities were extremely low,
on the order of 102> m? at the water content >35%.
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Table 5: Summary of materials and methodology adopted for gas transport studies

Material Gr(ar:a;:l)on Apparatus/Methodology P;::r?::er Ref
Serrata GBM 0.075-10 Gas permeability tests on the GBM specimens retrieved IGP vs.w.c.  [56]
from dismantling of EB experiment at Mont-Terri rock
laboratory, triaxial cell apparatus, low confining pressure
0.5-1 MPa, argon gas used as fluid, steady state method.
Serrata grains <5 A triaxial cell (sample size: 38x78mm), nitrogen gas as  GP vs. DD [57]

fluid.

IGP: Intrinsic gas permeability, GP: Gas permeability, DD: Dry density, w.c.: Water content
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Fig. 9 Intrinsic permeability as a function of water
content [56].
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Fig. 10 Average gas permeability as function of
dry density for different water contents [57].

Villar [57] measured gas permeabilities of
compacted Serrata granular bentonite using
nitrogen gas as a fluid and showed that the gas
permeabilities decreased with the increase of DD
(Fig. 10).

9. MICROSTRUCTURE
Microstructural changes occur in bentonite as

a result of compression at the time of emplacement
as well as swelling during the hydration process
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afterwards.  Thus, investigations at a
microstructural level are crucial to better
understand the behavior of bentonite at higher
structural levels. Microstructure has been
quantitatively examined in terms of pore size
distribution (PSD), an important parameter which
affects the water, gas, and heat transport properties,
adsorption and desorption processes, and
structural deformability [58]. Microstructural
features/characteristics have been investigated by
various methods such as mercury intrusion
porosimetry (MIP), scanning electron microscopy
(SEM), and microfocus X-ray computed
tomography (MFXCT).

As part of the EB experimental program (Mont
Terri rock laboratory), Alonso [59] performed
MIP tests on Serrata pellet mixtures (uniform
pellet fraction of 1-2 mm) to characterize the
multiple-porosity network of the samples packed
at DD values ranging from 1.15 (achieved by a
gravity fall compaction) to 1.95 g/cm?. A tri-modal
PSD curve was obtained in the low-density (1.15
g/cm?®) samples whereas the high-density samples
(1.95 g/cm?®) resulted in a bi-modal PSD curve.
Comparison of both distributions identified two
groups of pores: the first group comprised larger
pores classified as inter-pellet voids having a
characteristic size around 250 um and the second
group was classified as intra-pellet voids (pores
inside and between the clay aggregates contained
in a pellet) having a bi-modal distribution with the
characteristic sizes at 13 nm and 3 pum. The other
measurements at DD = 1.35, 1.45, and 1.7 g/cm?3
changed mainly the macropores (inter-pellet
voids), implying that the porosity of inter-pellet
voids progressively decreased with increasing DD.

SEM photomicrographs were used to study the
sizes of intergranular pores as a function of
compaction intensity in the Serrata granular
bentonite samples compacted at DD=1.40 and
1.65 g/cm3; larger intergranular pore sizes were
identified in the low-density sample [58].
Structural changes, including fractures and
homogenization processes, were investigated by
MFXCT during the hydration of pellet and powder
mixtures [45]. Nowadays, MFXCT measurements
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have been effectively applied in soil science to
analyze the pore network structure including pore
diameter, pore tortuosity, and coordination [60].
The application of this technique to GBM may
lead a better understanding of the pore network
structure.

10.FUTURE PROSPECTS

Many research programs are in progress since
the 1970s to evolve a safe and sustainable
repository for the disposal of high-level
radioactive waste, yet no final repository has been
constructed [47]. Despite the large number of
studies on the bentonite materials used as a
buffer/backfill in the repository, some knowledge
gaps remain. In-situ experiments with a large
focus on GBM are now in progress to understand
the coupled effects of complex thermo-hydro-
mechanical and chemical processes, e.g., FE [7]
and HEE [24] experiments and EB experiment
(dismantled [37,56]) at the Mont Terri rock
laboratory as well as the new in-situ experiment
HotBENT [61] being implemented at the Grimsel
Test Site in Switzerland.

Several factors affect the THM properties, gas
transport, and microstructural characteristics of
GBM. The governing factors identified in this
review are summarized in Fig. 11. Some factors,
such as DD and grain size distribution, have been
comprehensively studied in some cases along with
partial work on the moisture content and
temperature, whereas other factors such as pore

size distribution, and tortuosity are yet to be
studied. Therefore, it is recommended that all key
factors should be thoroughly examined to further
understand the performance of GBM as
buffer/backfilling materials.

11. CONCLUSIONS

This paper summarized the key findings of
experimental studies conducted on the granulated
bentonite mixtures (GBM) apropos their
application as buffer/backfill material in the
repository design concepts. The review showed
that many factors (particle size and density, grain
size distribution, dry density, moisture content,
porosity, material properties including mineral
composition, temperature, and method of
compaction/emplacement) greatly affect the
compaction, thermo-hydro-mechanical (THM)
properties, and gas transport characteristics as well
as microstructural behaviors of GBM. Despite the
large number of studies, some knowledge gaps
still need to be filled to understand the behavior of
GBM so that an efficient barrier can be designed
and implemented in the future.

It is widely believed that density is a key
parameter to ensure the long-term performance of
GBM buffer/backfill in a repository because it
directly governs the various safety-related aspects.
Highly compacted GBM tend to exhibit a block-
like behavior resulting into the development of
extremely high swelling pressures as well as
blockage of the pathways for movement of gases.

Behavior of Granulated Bentonite Mixtures (GBM)

Thermal Properties
= Dry density, moisture content
= Porosity, pore size structure
= Grain size distribution
= Mineral composition
=  Temperature
Hydraulic Properties
Dry density and void ratio i
Particle structure and grain size distribution
Pore size distribution and tortuosity
Moisture content
Temperature and mineralogy
Salinity content

! Mechanical Characteristics

i = Smectite content

= Specific surface area, cation exchange
i capacity, property of pore water

= Dry density and moisture content

i = Method of compaction

i = Temperature

Compaction Properties
i = Particle density
= Particle shape and grain size distribution
= Method of emplacement
= Bentonite ore (Physicochemical)
= Fines content

..........................................................

i = Particle size distribution
= Dry density and moisture content
Total porosity and air-filled porosity :

i = Pore tortuosity-connectivity

i Microstructure
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Hydration-swelling

_________________________________________________________
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Fig. 11 Factors controlling the behavior of Granulated Bentonite Mixtures (GBM)
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Conversely, GBM at low density may exhibit
different behaviors, e.g. deficient sealing capacity
due to low swelling pressures, besides, it may
increase the likelihood of microbial activity
(microbially induced corrosion). Therefore,
selection of an emplaced optimum dry density of
GBM is essential to address all the safety concerns
and barrier performance.
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