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Abstract

Granulated bentonite mixtures (GBMs) have been regarded as effective buffer materials in the deep geological disposal of radioactive
waste due to their operational advantages, such as ease of transportation and in-situ placement/backfilling. Many studies have been done
to characterize the hydraulic and thermal properties of GBMs as well as their swelling properties. Only limited studies, however, have
investigated their gas transport properties, even though these properties affect their compactness during in-situ placement/backfilling and
subsequent gas diffusion and advection in the buffer zone. The aim of this study is to understand the gas transport parameters, i.e., air
permeability (ka) and gas diffusivity (Dp/Do), of tested samples compacted at different dry densities (DDs) under air-dried conditions,
linking them with the measured density distribution characteristics determined by microfocus X-ray computed tomography (MFXCT)
analysis. Two types of GBMs were used in this study: 1) FE-GBM (prepared from National Standard� bentonite, Wyoming, USA): this
material was used in the Full-scale Emplacement (FE) experiment at the Mont Terri rock laboratory, Switzerland) and 2) OK-GBM
(prepared from a bentonite, originating from Japan, with the trade name of OK bentonite, Kunimine Industries). The tested samples
were firstly packed in a 100-cm3 acrylic core with different DDs, ranging from loose to dense (1.09 to 1.75 g/cm3), and scanned by
MFXCT. The weighting factors, wf (fine fraction; lower density) and wc (coarse fraction; higher density) (wf + wc = 1), were determined
after the peak separation of the measured CT brightness histograms from the reconstructed three-dimensional multiplanar reconstruc-
tion (MPR) images of the MFXCT analysis. The measured ka and Dp/Do were highly dependent on the DDs, the ka (e) values fitted well
with a power law model, and the Dp/Do (e) was predicted accurately by several previously proposed models. For both FE-GBM and OK-
https://doi.org/10.1016/j.sandf.2022.101223
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Abbreviations: DD, Dry density [g/cm3]; EC, Electrical conductivity [mS/cm]; EDX, Energy-dispersive X-ray spectroscopy; FE, Full-scale Emplacement;

FEBEX, Full-scale Engineered Barriers experiment; GBM, Granulated bentonite mixture; GSD, Grain size distribution; GDC, Generalized density-corrected

Dp/Do model (Chamindu Deepagoda et al., 2011); KC, Kozeny and Carman model (Kozeny, 1927, Carman, 1938 and 1956); LL, Liquid limit [%]; LOI,
Loss on ignition [%]; MDD, Maximum dry density [g/cm3]; MFXCT, Microfocus X-ray computed tomography; MPR, Multiplanar reconstruction image
in MFXCT analysis; MQ, Millington and Quirk model (Millington and Quirk, 1961); NAGRA, National Cooperative for the Disposal of Radioactive
Waste; PI, Plasticity index [–]; PL, Plastic limit [%]; RH, Relative humidity [%]; ROI, Region of interest in MFXCT analysis; SE, Standard error; SEM,
Scanning electron microscopy; SSA, Specific surface area based on Brunauer–Emmett–Teller (BET) theory [m2/g]; SR, Scanning resolution [mm/voxel]; C,
Pore shape and tortuosity factor in KC model [–]; d50, Mean diameter of grain [mm]; deq, Equivalent pore diameter [mm]; Dp/Do, Gas diffusivity [–]; e, Void
ratio [–]; GS, Specific gravity [–]; ka, Air permeability [mm2]; Pswell, Swelling pressure [MPa]; Sv, Volumetric surface area measured by MFXCT analysis [1/
mm]; T, Tortuosity [–]; VP, Pore volume measured by Barrett-Joyner-Halenda (BJH) model [cm3/g]; wAD, Gravimetric water content at air-dried
conditions [g/g in %]; wc, Weighting factor of coarse fraction (estimated from CT brightness histogram in MFXCT analysis) [–]; wf, Weighting factor of
fine fraction (estimated from CT brightness histogram in MFXCT analysis) [–]; Xa, Pore connectivity-tortuosity factor in power law ka(e) model; Xg, Pore
connectivity-tortuosity factor in power law Dp/Do(e) model; a, Constant in power law ka(e) model; e, Air-filled porosity [cm3/cm3]; h, Volumetric water
content [cm3/cm3]; U, Total porosity [cm3/cm3]
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GBM, there were good linear relationships between the gas transport parameters and wc � DD, implying that the weight of the coarse
fraction controlled ka and Dp/Do. Moreover, the Kozeny-Carman model, incorporating the measured volumetric surfaces from the
MFXCT analysis, was able to predict the ka values well.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Radioactive waste disposal; Buffer; Granulated bentonite mixtures (GBMs); Gas transport parameters; Microfocus X-ray computed tomo-
graphy (MFXCT)
1. Introduction

The safe disposal of high-level radioactive waste (HLW)
in deep geological environments is essential for the protec-
tion of the biosphere. In the concept of HLW repositories,
metallic canisters containing HLW are embedded in the
deep host rock surrounded by a buffer material (Dixon
et al., 2011; Liu and Skoczylas, 2014; Villar et al., 2016).
Bentonite has been regarded as a candidate buffer material
due to its multifaceted characteristics, such as its high
radionuclide retardation capacity, low permeability, high
swelling capacity (Yong et al., 1986; Arthur et al., 2004;
Wersin et al., 2007; Villar and Lloret, 2008), micro-
porous structure (Wersin et al., 2007), plasticity (Arthur
et al., 2004; Wersin et al., 2007), and thermal conductivity
(Arthur et al., 2004). Compacted bentonite blocks have
been tested as the main buffer in many design concepts.
A number of technological issues were identified during
the Full-scale Engineered Barriers experiment (FEBEX)
project that might become critical during real emplacement
operations in repositories, e.g., alignment of the steel liner
with the drift axis and irregular rock surfaces in the drift
(Mayor et al., 2005). The research has evolved and led to
the adoption of granulated bentonite mixtures (GBMs) as
effective buffer materials for some disposal systems in order
to improve the barrier emplacement operations, e.g., easy
transportation and in-situ placement in deep tunnels and
holes, as well as to avoid the problems faced during the pre-
viously tested alternative systems (Alonso et al., 2010). In
addition, GBMs comprise a practicable solution for sealing
the gaps and cavities formed during excavations in rock
(Mayor et al., 2005) as well as being a relatively low cost
material (Masuda et al., 2007).

The emplacement dry density (DD) of GBMs as buffer/
backfill materials is believed to be an important design
parameter for ensuring the purported adequate long-term
performance of the buffer (Müller et al., 2017; Nazir
et al., 2021a). GBMs are to be emplaced at the required
DDs with a relatively low initial water content for easier
transportation. In the Full-scale Emplacement (FE) exper-
iment implemented at the Mont Terri rock laboratory in
Switzerland (Müller et al., 2017; Sakaki et al., 2022), an
emplaced DD of 1.45 g/cm3 was defined as the required
minimum emplacement DD for the GBM used in this
experiment, namely, a mixture prepared from highly com-
2

pressed pellets (having an average pellet DD of 2.18 g/cm3

and an average water content of 4.82 %) mixed with fine
powders, considering the design requirements for the key
parameters, such as hydraulic conductivity, swelling pres-
sure, thermal conductivity, and microbiological activity
(Garitte et al., 2015). Structural changes may occur as a
result of compression during the emplacement of these
GBMs and from the stress exerted by the surrounding rock
due to the continuous creep deformation of the rock and
the adjustment of stress in the excavation damaged zone
(Liu et al., 2020). Although the compression-induced alter-
ations in the pore structure involve macro-porosity (inter-
pellet porosity), they are related to the water, gas, and ther-
mal transport properties of the GBMs. Furthermore, water
infiltration from the surrounding bedrock will cause the
hydration of the GBMs, resulting in microstructural as well
as macro-level changes, thus making the situation more
complex. Therefore, a thorough understanding of the ther-
mal, hydraulic, and mechanical (swelling, etc.) changes, as
well as knowledge of the gas transport characteristics of
GBMs, is essential for designing and implementing an effi-
cient buffer for repositories (Cui et al., 2011; Nazir et al.,
2021b).

Previous research on GBMs was mostly focused on the
thermal (Masuda et al., 2007; Wieczorek et al., 2014;
Sakaki, et al., 2019), hydraulic (Mayor et al., 2005;
Masuda et al., 2007; Karnland et al., 2008; Yamada
et al., 2014; Liu et al., 2020), and swelling properties
(Sugita et al., 2003; Mayor et al., 2005; Imbert & Villar,
2006; Karnland et al., 2008; Garcı́a-Siñeriz et al., 2015)
of GBMs. As for the gas transport characteristics, most
of the research has been conducted on highly compacted
bentonites in the form of blocks, considering the bentonite
blocks as the main buffer (Villar and Lloret, 2001; Villar
et al., 2013; Carbonell et al., 2019; Harrington et al.,
2019; Liu et al., 2020). However, the gas transport proper-
ties of GBMs have scarcely been investigated.

Different gaseous species (hydrogen, methane, and car-
bon dioxide) are produced in deep geological repositories
by various mechanisms (Villar et al., 2013). The presence
of oxygen (O2) and its fate in a repository’s near-field envi-
ronment play a significant role in controlling the duration
of the aerobic conditions. During the FE experiment at
the Mont Terri rock laboratory, Switzerland, the O2 con-
centration in the FE drift was monitored by O2 sensors

http://creativecommons.org/licenses/by-nc-nd/4.0/
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installed at various locations in the drift to measure the
oxygen concentration of the GBM’s unsaturated pore
spaces. The O2 monitoring data (5 months of data recorded
from November 2014 to April 2015) showed that the O2

concentration in the GBM’s pore spaces rapidly decreased
during the backfilling process. Before the plug construc-
tion, H2 gas was also detected in some of the collected
gas samples, indicating localized anaerobic conditions.
The results of the in-situ gas monitoring, laboratory test-
ing, and modeling work showed that anaerobic conditions
in the repository may be reached within a very short time
span, ranging from a few weeks up to a few months, after
the closure of the emplacement drift. The relative humidity
(RH) monitoring data from the same FE experiment
showed that the RH in the GBM ranged from 40 to
50 % in the same time span as the O2 monitoring
(Giroud et al., 2018). As such repositories will be con-
structed in deep rock formations with low hydraulic con-
ductivity (Müller et al., 2017), the GBM may be
subjected to unsaturated conditions for a longer time
(due to a limited inflow from the surrounding rock), and
the gas generation in the repository and its transport
through the emplaced GBM may occur prior to the
increase in RH levels in the GBM. Therefore, understand-
ing the gas transport characteristics of the GBM at the ini-
tial emplaced state is also an essential parameter for the
design of buffers.

The transport of gases through porous media is gov-
erned by advection and diffusion; the former occurs under
an air pressure gradient and the latter under a gas concen-
tration gradient (Hamamoto et al., 2009; Carbonell et al.,
2019). Air permeability, [ka (mm

2)], is the controlling trans-
port parameter for the advective gas flow, whereas gas dif-
fusivity, Dp/Do (Dp is the soil gas diffusion coefficient [m2/s]
and Do represents the gas diffusion coefficient in free air
[m2/s]), is the governing transport parameter for the diffu-
sive transport. At the outset of gas generation in a reposi-
tory, the gas moves predominantly due to diffusion brought
about by a low gas generation rate (Liu et al., 2015). If the
gas generation rate is higher than the gas diffusion rate, gas
continues to accumulate until advective flow occurs
(Harrington et al., 2019) due to the pressure gradients
resulting from the gas generation, temperature changes,
and changes in the pore network system caused by the
varying stress state and humidity conditions in the reposi-
tory (Villar and Lloret, 2001). The gas migration through
porous soils is affected by various soil physical parameters,
such as particle size distribution, DD, moisture content (or
degree of saturation), and pore structure parameters,
including air-filled porosity and total porosity as well as
pore connectivity-tortuosity (Hamamoto et al., 2009). Liu
et al. (2016) studied the effect of the water content on the
gas permeability of GBM core specimens extracted during
the dismantling of the Engineered Barrier Emplacement
experiment (EB) conducted at Mont Terri rock laboratory,
Switzerland. Their results indicated that gas permeability
decreased with an increase in water content. At the same
3

water content, despite the very discrete gas permeability
values that were measured, it was noted that the effect of
the DD (which governs the air-filled porosity available
for the gas flow) on the gas permeability of the GBM
should also be considered for a better interpretation of
the results and to arrive at a conclusion. Villar et al.
(2013) also observed from gas permeability experiments,
conducted within the framework of the compacted ben-
tonite blocks concept, that the DD greatly affected the
gas permeability of compacted bentonite block samples
tested at a similar water content, namely, the gas perme-
ability decreased by about three orders of magnitude with
an increasing DD from 1.5 to 1.8 g/cm3.

In this study, the gas transport parameters, air perme-
ability, ka, and gas diffusivity (Dp/Do) of GBM samples,
prepared at different DDs, were investigated. The MFXCT
system was used to understand the compaction (density
distribution) characteristics of the same GBM samples.
The characteristic parameters from the MFXCT results
were correlated with the gas transport parameters, ka and
Dp/Do. In addition, the volumetric surface areas (Sv) of
the same GBM samples were calculated by MFXCT anal-
yses that were used to predict ka.

2. Materials and methodologies

2.1. Material characterization and sample preparation

Two types of GBMs, FE-GBM and OK-GBM, were
used in this study. The FE-GBM is a mixture prepared
from parent bentonite with the commercial name of
National Standard�, Wyoming, USA (Garitte et al.,
2015). This mixture was used in the FE experiment at the
Mont Terri rock laboratory, Switzerland (Müller et al.,
2017). The OK-GBM is a mixture prepared from a granu-
lated bentonite from Japan (trade name of OK bentonite,
Kunimine Industries, Japan). This material is from a simi-
lar ore of origin to Kunigel V1 (Nakashima et al., 2014).
The detailed procedure for the production process of the
GBM/pellets is given in the LUCOEX project report
(Garitte et al., 2015) and previous research studies
(Nakashima et al., 2014). Fig. 1 shows photos of the two
materials; the apparent color of the FE-GBM is grey, while
that of the OK-GBM is whitish-grey. The main objective of
using GBMs is to increase the DD of raw bentonite to the
required emplaced DD according to the repository design
requirements (Garitte et al., 2015). The FE-GBM was
obtained from NAGRA. The mixture was sieved through
meshes of various sizes; the measured grain size distribu-
tion (GSD) of the FE-GBM is shown in Fig. 2. The
GSD curve essentially follows Fuller’s grading (Fuller
and Thompson, 1907); the upper and lower limits of the
target Fuller’s curve for this material defined by Garitte
et al. (2015) are also plotted in Fig. 2. The Fuller function
maximizes the density by relating the GSD to the largest
grain size. It is described by [p = (d/D)n � 100], where p

is the percentage of weight passing through a sieve of size



Fig. 1. Photos of materials tested in this study: (a) FE-GBM and (b) OK-GBM.

Fig. 2. The measured grain size distribution (GSD) for FE-GBM, as well
as upper and lower Fuller limit curves (Garitte et al., 2015) for FE-GBM.
The GSD for OK-GBMwas created by sieving and mixing to become fully
similar to the shown GSD for FE-GBM, see explanation in the main text.
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d, D is the largest grain size, and n is a shape parameter.
Previous studies on the GSD of GBMs suggested that the
optimum results (high density packing, lowest porosities,
and least segregation) can be achieved following a GSD
that matches Fuller’s distribution (de Bock et al., 2009;
Garitte et al., 2015; NAGRA, 2019). A granular material
of OK-bentonite ore was obtained from the manufacturer
with pellets of sizes � 30 mm. The pellets were crushed
and separated into different sizes by sieving, e.g., 9.5 to
4.75 mm, 4.75 to 2 mm, 2 to 0.85 mm, 0.85 to 0.425 mm,
0.425 to 0.25 mm, 0.25 to 0.106 mm, and < 0.106 mm,
and subsequently mixed in weighed proportions following
the percentage passing of the FE-GBM from the GSD
for adaptation to the same distribution. Both materials,
FE-GBM and OK-GBM, were stored in a climate-
controlled room under air-dried conditions (RH = 60 %
and temperature = 20 �C) to avoid any adverse influences
from changes in the ambient temperature or RH. Gas
transport experiments and saturated swelling pressure tests
were also conducted on these materials in the same air-
dried environment (RH = 60 % and temperature = 20 �C).

The basic physical and chemical properties of the two
materials tested in this study, along with the values
reported in the literature, are given in Table 1. The
reported index properties of other bentonite mixtures
investigated worldwide, such as Kunigel V1 pellets, MX-
80 GBM, Serrata GBM, and FOCA pellets/powder, are
also summarized in Table 1 for comparison. The gravimet-
ric water content (wAD) of the tested FE-GBM sample
under air-dried conditions (RH = 60 % and
temperature = 20 �C) was 5.84 %, while the wAD of the
OK-GBM sample ranged from 6.38 to 8.66 %. A compar-
ison of the DDs of the pellets shows that the pellet DD of
most GBMs is around 2.0 g/cm3, with a higher value of
4

2.18 g/cm3 for the FE-GBM pellets of < 10 mm (Garitte
et al., 2015) and lower values of 1.81 to 1.84 g/cm3 for
the OK-GBM pellets of 20 to 30 mm (Nakashima et al.,
2014). The plasticity index of the national standard ben-
tonite (FE-GBM) is higher than that of all other ben-
tonites. The maximum dry density (MDD) of the air-
dried FE-GBM and OK-GBM samples was determined
by modified Proctor compaction energy (Ec = 2700KJ/
m3). The specific surface area (SSA) was measured by the
Brunauer–Emmett–Teller (BET) method (Brunauer et al.,
1938). The SSA of the FE-GBM was almost twice that of
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the OK-GBM. In comparison, the Serrata GBM has the
larger BET SSA, while the OK-GBM has the smallest
BET SSA, amongst the various materials. The pore volume
(Vp) was measured by the Barrett-Joyner-Halenda (BJH)
model (Barrett et al., 1951) under adsorption. The pH
and EC were measured at a liquid (milli-Q water)/solid
ratio of 10.

Table 2 shows the chemical and mineral compositions of
the materials used in this study and the values of other mix-
tures/bentonites in the literature. The bulk chemical com-
positions of the FE-GBM and OK-GBM were analyzed
by energy-dispersive X-ray spectroscopy (EDX). The mate-
rials have identical chemical compositions; however, their
proportions vary. Interestingly, the OK and Kunigel V1
bentonites contain higher SiO2 and lower Al2O3 contents
amongst the tabulated materials. The proportions of vari-
ous elements (Si, Al, Ca, Fe, Na, Mg, and O) were mea-
sured by an energy-dispersive X-ray spectroscopy (EDS)
analyzer. For reference, the SEM images, results of element
mapping, and observed spectrums by an EDS analyzer for
the FE-GBM and OK-GBM are shown in Figs. A1 and A2
(Appendix A), respectively. The average elemental percent-
age values, measured from 30 spectra, are presented in
Table 2. A comparison of the quantitative mineralogical
compositions in the literature shows that, except for the
OK and Kunigel V1 bentonites (Japanese origin), all other
bentonites are rich in montmorillonite (�80 %), which is a
key component in swelling. Conversely, the OK bentonite
and Kunigel V1 have higher fractions of quartz contents
compared to the other bentonites.

The swelling characteristics of FE-GBM and OK-GBM
under fully saturated conditions were measured in a rigid
constant volume cell (with an internal ring diameter of
6 cm and a height of 1 cm). The GBM samples were packed
in the ring at the target DDs (that of the FE-GBM ranging
from 1.25 to 1.65 g/cm3 and that of the OK-GBM ranging
from 1.09 to 1.65 g/cm3). After packing the samples and
finishing the test setup, the samples were saturated with
tap water. The axial swelling force was monitored and
recorded with the help of a force transducer and data log-
ger. The swelling test was terminated when the axial force
became almost constant. The swelling pressure (Pswell)
was calculated by dividing the axial force by the cross-
sectional area of the ring. The experiments validated the
DD-dependent swelling characteristics of both materials
(Fig. 3). The FE-GBM developed about 5-fold higher swel-
ling pressure (Pswell) than the OK-GBM, with a sharply
increasing trend, due to its abundant montmorillonite.
Both the FE-GBM and OK-GBM data indicated a linear
increase in Pswell with DD in the investigated DD ranges
as represented by the best fit linear equations in Fig. 3.
The measured Pswell values of the FE-GBM are seen to
lie in the range of the Pswell of MX-80 and Serrata-GBM,
while the Pswell values of the OK-GBM are seen to lie in
the range of the Pswell of Kunigel V1 and FoCa.

For the MFXCT measurements and gas transport
experiments (ka and Dp/Do), the air-dried materials (at
5

RH = 60 %, temperature = 20 �C) were hand-packed at
various DDs, ranging from loose to dense, into the acrylic
cores of 100 cm3 (diameter of 5.61 cm and height of
4.06 cm). The FE-GBM samples were prepared at DDs
ranging from 1.25 to 1.75 g/cm3, while the OK-GBM
samples were prepared at DDs ranging from 1.09 to
1.75 g/cm3. The materials were packed, without force, at
loose to medium compaction. However, the densely packed
samples were prepared by tapping the GBM with a small
wooden rod.

Considering soil as a three-phase system (solid, water
and air), the total porosity (U) in a soil system can be
defined as.

U ¼ eþ h ð1Þ
where U is the total porosity (cm3/cm3), e is the air-filled
porosity (cm3/cm3), and h is the volumetric water content
(cm3/cm3). The gas transport through a soil system is
strongly affected by the phase parameters given in Equa-
tion (1). Fig. 4 shows the variations in U, e and h based
on the DD ranges investigated in this study. Phase relation
equations were used to calculate these parameters: U = 1 �
(DD/Gs), h = DD � wAD, and thus, e = U � h. It can be
observed from this figure that e progressively decreased
with an increasing DD for both materials. However, h var-
ied slightly with the DD, and the values were approxi-
mately 0.1 cm3/cm3 for both materials. The degrees of
saturation for the FE-GBM and OK-GBM samples varied
from 14 to 29 % and 16 to 34 %, respectively.

2.2. Methodologies

2.2.1. MFXCT measurements and analyses

For the visualization of the density distribution charac-
teristics by MFXCT, the packed GBM samples were firstly
scanned using a MFXCT system (InspeXio SMX-90CT,
Shimadzu Co. ltd., Japan). The adopted scanning and
energy parameters were: scanning resolution (SR) = 20 l
m/voxel conditions, number of slices = 540, image size of
each slice = 1024 � 1024 pixels, number of views = 1800,
average number for scanning = 4, scaling factor = 150,
with the energy level of the machine at 90 kV and 110
lA. Multiplanar reconstruction (MPR) images were cre-
ated from the reconstruction of the scanned sample slices.
A 3D block of a region of interest (ROI) with
500 � 500 � 500 voxels (10 � 10 � 10 mm size) was
selected from the MPR images of each sample and pro-
cessed by the 3D image analysis software ExFact VR 2.1
(Nihon Visual Science Inc., Japan) to create a CT bright-
ness histogram. The CT brightness histograms were then
analyzed for peak separation in the peak fitting software,
PeakFit v4.12 (Systat Software, Inc., USA) (Fig. 5). For
the measurement of Sv, the scanned MPR data of the
GBM samples were analyzed using an EXFact analysis
for porous particles (Nihon Visual Science Inc., Japan),
at the ROI of 300 � 300 � 300. The EXFact analysis soft-
ware was employed to calculate the Sv from the volumes



Table 1
Basic physical and chemical properties of materials tested in this study and values reported in the literature.

Parameter Unit FE-GBM (This
study; Garitte
et al., 2015)

OK-GBM (This
study; Nakashima
et al., 2014)

Kunigel V1 (JNC, 2000;
Sugita et al., 2003;
Komine, 2004)

MX-80 GBM (Villar, 2013; Plötze and
Weber, 2007; Tang and Cui, 2005;
Garitte et al., 2015)

Serrata GBM (Villar and
Gómez-Espina, 2009;
Hoffman et al., 2007)

FoCa
(Volckaert
et al., 2000)

Gs – 2.72 2.62 2.7–2.79 2.75 2.7 ± 0.04 2.67
DD of pellets g/cm3 2.18 1.81–1.84 1.905 2.0 1.95 2.05
wAD % 5.84 6.38–8.66 – – – –
LL (<0.425 mm) % 628 387 473.9 519 102 ± 4 112
PL (<0.425 mm) % 56 30 26.6 35 53 ± 3 50
PI – 573 357 447.3 484 49 ± 1 62
MDD g/cm3 1.84 1.65 – – – –
SSA (0.106–2 mm) m2/g 27.63 14.61 – 16–22 32 ± 3 –
SSA (<0.106 mm) 26.81 12.11 – –
VP (0.106–2 mm) cm3/g 6.36 � 10-2 3.07 � 10-2 – – – –
VP (<0. 106 mm) 6.83 � 10-2 3.38 � 10-2 – – – –
LOI % 5.94 4.37 – – – –
pH – 10.2 10.1 – 9.5 – –
EC mS/cm 0.896 0.903 – – – –
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Table 2
Chemical and mineral compositions of materials tested in this study and values reported in the literature.

Parameter FE-GBM (This study;
Garitte et al., 2015)

OK-GBM a

(This study)
Kunigel V1 (Suzuki et al.,
1992; JNC, 2000)

MX-80 GBM (Garitte
et al., 2015)

Serrata GBM (ENRESA,
2000; Villar, 2002)

FoCa (Coulon, 1987; Villar, 2004;
Guillot et al., 2002)

Bulk chemical composition (<2mm): Unit in %
SiO2 63.9 73.7 69.9 60.8 58.7 ± 1.9 56.7
Al2O3 20.6 14.4 14.4 19.0 18.0 ± 0.7 26.6
CaO 1.3 2.3 1.87 1.2 1.8 ± 0.1 1.08
Fe2O3 2.1 2.1 1.91 3.6 3.1 ± 0.1 7.94
Na2O 1.5 1.9 2.7 2.0 1.3 ± 0.1 2.45
MgO 4.9 1.5 1.86 2.3 4.2 ± 0.1 2.29
Others 5.7 4.1 7.36 11.1 12.9 2.94
Element composition (<0.106 mm): Unit in weight %
Si 32.9 38.8 – – – –
Al 14.0 13.4 – – – –
Ca 1.6 1.3 – – – –
Fe 4.6 2.0 – – – –
Na 0.9 1.3 – – – –
Mg 1.9 1.8 – – – –
O 43.0 41.5 – – – –
Mineral composition: Unit in %
Montmorillonite

(Smectite)
80 46–49 46–49 86 92 ± 3 85–90b

Quartz 7.0 29–38 29–38 4.4 2 ± 1 6
Illite (Muscovite) 3.2(0.4) – – (1.7) – –
Feldspar 4.0 2.7–5.5 2.7–5.5 5.3 – –
Gypsum – – – 0.6 0.14 ± 0.01 0.4
Plagioclase 3.0 – – – 2 ± 1 –
Pyrite 0.3 0.5–0.7 0.5–0.7 0.02 ± 0.01 –
Calcite 1.2 2.1–2.6 2.1–2.6 0.5 – 1.4
Siderite 0.3 – – – – –
Cristobalite 1.1 – – 2.0 2 ± 1 –
Dolomite – 2.0–2.8 2.0–2.8 – 0.60 ± 0.13 –
Zeolites – 3.0–3.5 3.0–3.5 – – –
Kaolinite – – – – – 4

a Data from Kunigel-V1 (Nakashima et al., 2014; same mineral ore as OK-GBM); b Interstratified beidellite and kaolinite (50/50% each).
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Fig. 3. Measured Pswell as a function of DD.

Fig. 4. Phase distribution of tested samples with different DD: (a) FE-GBM and (b) OK-GBM. The h was calculated by using DD and a fixed measured
initial water content (wAD) of tested sample.
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and surface areas of the grains from the segmented vol-
umes. The detailed segmentation and calculation proce-
dures are explained in Hamamoto et al. (2016).

2.2.2. Measurement of gas transport parameters

After the MFXCT scanning, the same samples were
then used to measure the ka and Dp under air-dried condi-
tions (RH = 60 % and temperature = 20 �C) in a climate-
controlled room. The ka was measured using an air perme-
ameter developed by Iversen et al. (2001). The equipment
consists of four major components: 1) a compressed air
cylinder supported by a pressure regulator to control the
flow, 2) a set of flow meters (covering different flow ranges)
to measure the flow rate, 3) a manometer to measure the air
8

pressure difference, and 4) a sample holder. Air flow (gen-
erated by an air cylinder), at a constant small pressure dif-
ference, was applied to the sample, and the resulting air
flow rate was measured using the flow meter. Darcy’s equa-
tion was used to calculate the ka from the measured flow
rate and air pressure difference.

The gas diffusion through the packed GBM samples was
measured by the diffusion chamber method (Currie, 1960;
Rolston and Moldrup, 2002). The diffusion chamber con-
sists of a diffusion vessel (at the bottom) and a sample
holder (at the top) supported by a sliding plate between
the sample holder and the diffusion chamber. The diffusion
vessel contains inlet and outlet ports, for the flushing of
gas, as well as an oxygen (O2) sensor connected to a data



Fig. 5. MFXCT analyses results; MPR Images and CT brightness histograms of tested samples with different DD (SR = 20 mm/voxel,
ROI = 500 � 500 � 500 voxels). Weighting factors, wf and wc, are given in the histograms.
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logger to measure the change in the O2 concentration. Dur-
ing the experiment, one end of the sample was connected to
the diffusion vessel and the other end was kept exposed to
air. Firstly, nitrogen (N2) gas was supplied to the diffusion
chamber until the O2 (oxygen in the air at the controlled
RH of 60 % and temperature of 20 �C) in the vessel was
replaced by N2. Subsequently, the N2 was allowed to pass
through the GBM sample by the binary diffusion process;
the N2 from the vessel diffused through the sample in the
air and the air in the room diffused through the sample
9

in the vessel. The increase in the O2 concentration in the
chamber during the diffusion process was measured every
30 s by the O2 sensor connected to the data logger. The
data recording was continued until all the N2 in the cham-
ber was replaced by O2. The gas diffusion coefficient, Dp,
was calculated according to Osozawa (1987) using the
monitored O2 concentration data. In order to calculate
the gas diffusivity, Dp/Do, the gas diffusion coefficient of
O2 in the free air (Do) at 20 �C was taken as 0.20 cm2/s
(Currie, 1960; Glinski and Stepniewski,1985).
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3. Predictive models for gas transport parameters

3.1. Predictive air permeability (ka) models

ka is generally represented in the form of (i) the power
law function of e (Moldrup et al., 2001, 2003; Kawamoto
et al., 2006) or (ii) the classical Kozeny-Carman (KC)
model void ratio function, e3/(1 + e) (Kozeny, 1927;
Carman, 1938, 1956). The power law and KC models, in
their general forms, can be written as Eqs. (2) and (3),
respectively:

ka ¼ aeXa ð2Þ
where a is a constant related to pore connectivity and Xa is
a pore connectivity-tortuosity factor.

ka ¼ 1

CSV
2

e3

1þ e
ð3Þ

where C is the pore shape and tortuosity factor, Sv is the
volumetric surface area (1/mm), and e is the void ratio.
These two predictive models (power law and KC models)
were used to explain the ka characteristics of GBMs.

3.2. Predictive gas diffusivity (Dp/Do) models

Like ka, the Dp/Do of soils is also typically described by
the power function (Xg) of e as suggested by Buckingham
(1904), where Xg is a dimensionless exponent representing
pore connectivity–tortuosity. Buckingham (1904) proposed
a constant value of Xg = 2. Subsequently, many studies
have incorporated the effects of soil type and density into
their gas diffusivity models, such as the Millington and
Quirk (MQ: 1960, 1961) model, and the more recently
developed generalized density-corrected (GDC) model
(Chamindu Deepagoda et al., 2011) that also provided sat-
isfactory results when tested against the different soil aggre-
gate size fractions. A detailed literature review of the
predictive models was conducted. The following three
well-known models, Buckingham (1904) � (4), MQ
(1961) � (5), and GDC (2011) � (6), were used to interpret
the Dp/Do of GBMs.

Dp=Do ¼ e2 ð4Þ
Dp

Do
¼ e10=3

U2
� ð5Þ

Dp=Do ¼ 0:5Uðe=UÞ3 ð6Þ
3.3. Statistical analysis

The performance of the predictive Dp/Do models was
evaluated by two statistical parameters, the root-mean
square error (RMSE) and the bias. The RMSE (Eq. 7)
describes the overall model fitted to the measured data,
and the bias (Eq. 8) indicates the model overestimation
or underestimation as compared to the measured data.
10
RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1
d2
i

r
ð7Þ

bias ¼ 1

n

Xn

i¼1
di ð8Þ

where di is the difference between the measured and the
estimated values, and n is the number of measurements in
the data set.
4. Results and discussion

4.1. MFXCT analysis and histograms of CT brightness

The results of the MFXCT measurements and analyses;
MPR images and CT brightness histograms as well as the
peak separation results (curves) are shown in Fig. 5. Under
loosely packed conditions (i.e., low DD), a bimodal distri-
bution (two peaks as shown in the histograms) was
observed in both materials. The peak at the low CT bright-
ness represents fines and pores, whereas the other peak at
the high CT brightness represents the dense coarser pellets.
The dark regions in the MPR images are the zones of low
CT brightness (or low density), consisting of fines and
pores, while the bright coarser regions are the zones of high
CT brightness (or high density). The adopted MFXCT res-
olution (due to the limitation of the MFXCT equipment)
was insufficient to distinguish the fine powders from the
pore spaces around them. With increasing compaction
(DD), the dark regions gradually diminished, and the dual
peaks progressively merged into a single peak with a uni-
modal response, as can be seen in the histograms at DDs
of 1.75 g/cm3 (FE-GBM) and 1.55 g/cm3 (OK-GBM).
The MPR images corresponding to these unimodal his-
tograms also show the existence of minimal dark regions
at higher DDs, implying that the fines are tightly packed
between the coarse particles, and the sample is considered
to be a compacted mixture at this stage. In the OK-
GBM, the unimodal histogram first appeared at a DD of
1.55 g/cm3; the samples at DDs of 1.65 and 1.75 g/cm3 also
yielded unimodal histograms (the results are not shown
here). This implies that compacted conditions in the OK-
GBM were reached at the DD of 1.55 g/cm3 and that fur-
ther compaction could cause the crushing/breakage of the
pellets. From the CT brightness values, it is seen that the
average CT brightness increased with the increase in sam-
ple DD (Otani et al., 2000; Nazir et al., 2021b), and that
the center of the peaks moved to the right until they
merged to a single peak center. The MPR images also
showed a change in color at the various DDs; a relatively
black or dark grey color indicates low density (low CT
brightness), while a white or light grey color indicates high
density (high CT brightness). These findings are in line with
the results of Otani et al. (2000). Furthermore, the overall
CT brightness values of the FE-GBM were slightly higher
than those of the OK-GBM. This may be attributed to the
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higher pellet DD or other material properties of the FE-
GBM.

To study the effects of the fine and coarse fractions on
the gas transport parameters, a peak separation procedure
for the dual peak histograms was adopted. From the peak
separation results, weighting factors wf and wc were
assigned to the peaks to develop a possible correlation
between the MFXCT results and the measured gas trans-
port parameters, where wf represents a weighting factor
for fine fractions having low CT brightness values and wc

represents a weighting factor for coarse fractions having
high CT brightness values. The values for wf and wc are
shown in Fig. 5. With the increasing DD, wf and wc

decreased and increased, respectively. Numerically, the
summation of these two factors is equal to unity and can
be written as follows:

wf þ wc ¼ 1
4.2. Gas transport parameters in differently compacted

GBMs

4.2.1. Interpretation of measured ka and Dp/Do

The measured ka and Dp/Do, under air-dried conditions,
are presented as functions of e in Fig. 6. Both ka and Dp/Do

decreased non-linearly with the reduction in e because com-
paction caused a decrease in e. Higher ka and Dp/Do values
are observed for the OK-GBM as compared to the FE-
GBM. The gas transport processes through these materials
can be explained by the pore structural parameters, such as
the equivalent pore diameter (deq) (Ball, 1981), pore tortu-
osity (T) (Moldrup et al., 2001), and pore connectivity-
tortuosity (Xg), which are given by the following equations:

deq ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8 ka

Dp=Do

s
ð9Þ
Fig. 6. (a) Measured ka as a function of e. Fitted values of ka = aeXa (Eq. 2) a
models against measured data are given.

11
T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

e
Dp=Do

r
ð10Þ

Xg ¼ logDp=Do

log e
ð11Þ

Fig. 7 shows the values of these pore structure parame-
ters. Initially, at a low dry density (higher e = 0.47), the deq
was almost similar (about 36 mm) in the two materials, as
shown in Fig. 7(a). However, with increasing compaction,
the deq in the FE-GBM drastically decreased to a minimum
value of about 5 mm in the densely packed condition. The
deq in the FE-GBM was about half that of the OK-GBM
at the minimum e value (� 0.25). As shown in Fig. 7(b),
the T of the FE-GBM is higher than that of the OK-
GBM in all the tested samples. The T values of the FE-
GBM samples ranged from 1.6 to 2.3, while those of the
OK-GBM samples ranged from 1.2 to 1.9. In the loosely
packed condition, the T value of the OK-GBM was very
low (� 1.2 at e = 0.49). However, with increasing com-
paction, the T value sharply increased to 1.6 at a corre-
sponding e of 0.4. Afterwards, a gentle increase in T was
noted with further compaction (from e = 0.4 to e =
0.22). This trend can possibly be explained by the decrease
in size of the flow channels (deq) with increasing com-
paction (Fig. 7a) in the OK-GBM. At a higher e value
(=0.49), larger pore channels exist which drastically
decrease with compaction up to e = 0.4, resulting in a sharp
increase in T. The calculated T values in the FE-GBM are
greater than the reported T values of other geomaterials
(sands, loam, and silty clay loam soils), in the literature,
at similar e corresponding to the densely packed condition.
In the loosely packed condition, however, the FE-GBM T

values were approximately the same as those of silty clay
loam. The Xg of the FE-GBM was also higher than that
of the OK-GBM at identical e values (Fig. 7c). Interest-
ingly, the calculated minimum Xg values of the FE-GBM
were even higher than those of Buckingham (1904,
nd literature data are given. (b) Dp/Do as a function of e. Predictive Dp/Do



Fig. 7. The calculated (a) Equivalent pore diameter (deq), (b) tortuosity
(T), and (c) pore connectivity-tortuosity factor (Xg) as a function of e. The
reported T and Xg values for various soils in the literature are also plotted.

Fig. 8. Testing of three Dp/Do models against the measured Dp/Do data of
FE-GBM and OK-GBM, (a) Buckingham (1904), (b) MQ (1961), and (c)
GDC (2011).
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Xg = 2). The observed maximum and average Xg values for
the FE-GBM were 2.6 and 2.3, respectively. The Xg values
of the OK-GBM samples lay between those of Marshall
(1959, Xg = 1.5) and Buckingham (1904, Xg = 2) with an
Table 3
Test of predictive Dp/Do as function of e against measure

Model Equation

Buckingham (1904) Dp/Do = e2

MQ (1961) Dp/Do = e10/3/U2

GDC (2011) Dp/Do = 0.5U(e/U)3

Fig. 9. Measured ka and Dp/Do as a function of (a, b

13
average Xg of 1.8. In comparison to other geomaterials,
the GBM showed higher Xg values than sand or loams in
the medium to fully compacted range, particularly the
FE-GBM.
d data. Calculated RMSE and bias are given.

FE-GBM OK-GBM

RMSE Bias RMSE Bias

0.037 0.033 0.036 �0.027
0.074 0.069 0.028 0.002
0.016 0.016 0.070 �0.053

) 1 � DD, (c, d) wc � DD, and (e, f) wf � DD.



Fig. 10. (a) Correlation between measured log ka as a function of
e3/(1 + e) for FE-GBM and OK-GBM. (b) Measured Sv values as a
function of DD. Predictive KC model by using measured Sv fromMFXCT
analysis are given in (a).
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At high e (>0.4), the ka values of the FE-GBM and the
OK-GBM were almost equal (Fig. 6a). However, with a
decreasing e, the ka of the FE-GBM drastically decreased.
In the densely compacted range (low e), the ka of
the OK-GBM was about 10-fold higher than that of the
FE-GBM. One possible explanation could be that the
larger deq and the least tortuous paths (or lower T) caused
an enhanced advective flow (ka) in the OK-GBM as com-
pared to the FE-GBM under medium-dense to densely
packed conditions (Lamb and Whitman, 1969; Moldrup
et al., 2001). The reported ka values of the compacted
FEBEX bentonite samples (prepared by compressing the
granular bentonite material sieved by the 5-mm mesh) are
also plotted in Fig. 6a. The ka values of the low dry density
(DD < 1.7 g/cm3, average moisture content of 7.3 %, and e
ranging from 0.23 to 0.30 cm3/ cm3) FEBEX-block sample
are seen to be similar to the measured ka values under the
densely packed condition in the GBMs. The ka values of
the highly compacted (DD = 1.80 g/cm3, moisture content
of 12.4 %, and corresponding e = 0.11 cm3/cm3) FEBEX
block sample are very low, about 20-fold lower than the
measured ka values for the densely packed FE-GBM sam-
ples. The results showed that the diffusive transport
through the GBM was controlled by the combined effect
of T, Xg, and deq; however, T appeared to be dominant.
At the low DD (higher e) and similar pore sizes, the FE-
GBM (although with higher Xg than OK-GBM) resulted
in lower Dp/Do due to the higher T. The effect of T was
more dominant in the results of the OK-GBM, in which
Xg was almost independent of e, and the reduction in deq
was not sharp, the Dp/Do values of the OK-GBM drasti-
cally decreased from 0.3 to 0.07.

4.2.2. Adaptability of predictive ka(e) and Dp/Do(e) models

Fig. 6a shows the power law model fitted to the results
of ka for the materials used in this study. The power law
model for ka matched the observed ka data well for the
FE-GBM (R2 = 0.97) and OK-GBM (R2 = 0.93). How-
ever, the materials captured different model parameters:
the a value of the FE-GBM (=2300) was about 10-fold
higher than that of the OK-GBM (=200); similarly, the
Xa of the FE-GBM (=8.3) was twice that of the OK-
GBM (=4.1). The FE-GBM a value was close to the a
(=2500) value observed by Wickramarachchi et al. (2011)
for gravelly soil. The power law function was applied to
the data of compacted FEBEX bentonite blocks (Villar,
2002); the a (=87) was about half that of the OK-GBM
and the Xa (=4.9) was slightly higher than that of the
OK-GBM.

The estimated Dp/Do from the predictive models (Buck-
ingham, MQ, and GDC) are plotted in Fig. 6b. Fig. 8 pre-
sents a scatterplot comparison of the measured and
predicted Dp/Do values along with the upper and lower pre-
dictive limits of these three models. The MQ (1961) pro-
vided the upper limit of the GBM data and predicted the
OK-GBM data well. The GDC (2011) model provided
the lower limit of the data and described the data for the
14
FE-GBM well. The Buckingham model (1904) performed
as a median of the data and tended to capture the OK-
GBM samples packed at medium dense compaction
(e = 0.35 to 0.40). The Dp/Do values predicted with the
three models correlated well with the measured data and
ranged within a factor of 1.8. The calculated RMSE and
bias values of these models are presented in Table 3.
4.2.3. Linkage of MFXCT analysis with gas transport

parameters

In order to develop a possible linkage between the
MFXCT results and the gas transport parameters, ka and
Dp/Do, representative indicators, a product of correspond-
ing CT brightness weighting factors and sample DD, were
introduced for both fractions, i.e., wf � DD and wc � DD,
representing indicators for the fine and coarse fractions,
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respectively. Fig. 9 shows the results of ka and Dp/Do plot-
ted as functions of samples DD (1 � DD), wc � DD, and
wf � DD. With increasing 1 � DD and wc � DD, both ka
and Dp/Do decreased at a similar rate (trend), as is notice-
ably evident from the solid (Fig. 9a and 9b) and dotted
(Fig. 9c and 9d) lines. This observation suggests that the
coarse size fractions acted as a controlling parameter for
the gas transport through the GBM. The plot shows that
a strong linear correlation exists between the coarse frac-
tion indicator(wc � DD) and ka, and Dp/Do; the equations
are presented in Fig. 9c and 9d. The wf �DD indicator was
not well-correlated with the measured ka and Dp/Do

(Fig. 9e and 9f). The detailed mechanism for the strong
relationship between the gas transport parameters (ka and
Dp/Do) and the MFXCT coarse fraction indicator
(wc � DD) has not been identified. Due to the limitations
of the MFXCT measurement system, it was not possible
to either distinguish the boundary between the coarse
pellets and the fine fractions or to separate the fine fraction
from the pore spaces. A more advanced technique or
improvements in the MFXCT system may lead to the abil-
ity to distinguish specific sizes or the separation of the
pores from the fines and to possibly explain the
mechanisms.
4.2.4. Prediction of ka using Sv measured by MFXCT

The KC model was tested against the measured ka val-
ues for the FE-GBM and OK-GBM to confirm its applica-
bility to granular mixtures under air-dried conditions.
According to the KC equation, the ka depends on C, Sv,
and e, for which the adopted C values were based on best
fitting, Sv was obtained by the MFXCT, and e was calcu-
lated from the basic phase relation equation. The measured
Sv values of the FE-GBM and OK-GBM from the
MFXCT are presented in Fig. 10b. The Sv increased lin-
early with the increasing DD in both mixtures, with a
stronger linear correlation for the OK-GBM than the
FE-GBM.

The measured and predicted (KC model) ka values are
shown as log ka versus e

3/(1 + e) in Fig. 10a. The measured
data plotted as an approximately straight line on the log ka
versus e3/(1 + e) plot; ka increased linearly with the increas-
ing e3/(1 + e). These results concur with the findings of
many researchers (Lamb and Whitman, 1969) and the
experimental results for FEBEX bentonite (Villar, 2004).
The KC model predicted the measured ka of the mixtures
well, at the fitted C values of 5 (for the OK-GBM) and
15 (for the FE-GBM), as is evident from the predictive
lines, with higher R2 and low standard error (SE) values.
The adopted C (=5) value for the OK-GBM in this work
conforms to that of many researchers, including Carman
(1937). The higher fitted C value (=15) in the FE-GBM
indicates that the flow through the FE-GBM is greatly con-
trolled by the pore and tortuosity indices. This observation
substantiates the findings discussed in the previous section.
15
The above results indicate that the KC model can be used
to predict the permeability characteristics of GBMs.
5. Conclusions

The effect of dry density on the gas transport (convective
and diffusive) characteristics of air-dried granulated ben-
tonite mixtures (GBMs), prepared with bentonites originat-
ing from the USA (FE-GBM) and Japan (OK-GBM), were
investigated. From a material characterization perspective,
the swelling ability of the FE-GBM was higher than that of
the OK-GBM due to its high montmorillonite content. The
air permeability (ka) and gas diffusivity (Dp/Do) were found
to decrease with an increasing dry density (DD). The OK-
GBM showed higher ka and Dp/Do values than the FE-
GBM due to larger pore diameters and lower tortuosity.
The gas transport through the GBMs was highly controlled
by the identified pore structural parameters, including the
pore diameter, tortuosity, and pore connectivity-
tortuosity. The power law model matched the measured
ka data well. The existing predictive Dp/Do models were
able to capture the measured Dp/Do data within a factor
of 1.8. The Kozeny-Carman (KC) model was found to be
applicable for the prediction of the ka characteristics of
GBMs.

MFXCT results provided visual and quantitative infor-
mation (based on the CT brightness) to aid in the under-
standing of the compaction characteristics of GBMs.
From the linkage, a good linear correlation was obtained
between the MFXCT coarse fraction indicator and the
gas transport parameters, ka and Dp/Do. One limitation
of the method is that the boundary between the coarse pel-
lets and the fine size fractions could not be defined. This
suggests the need for the development of more sophisti-
cated and advanced techniques or improvements in
MFXCT systems in order to help with the separation of
the pellets and fractions into specific sizes.
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Appendix A. (Fig. A1, Fig. A2).
Fig. A1. FE-GBM: SEM image and element mapping and spectrum by EDS analyzer (Grain size of < 0.106 mm;Magnification of scanning is � 200).

16



Fig. A2. OK-GBM: SEM image and element mapping and spectrum by EDS analyzer (Grain size of < 0.106 mm;Magnification of scanning is � 200).
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