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ABSTRACT

Swelling pressure and hydraulic conductivity of light backfill (LBF) largely
depends on its microstructure as well as the pore space geometry. The
microstructural behaviour of the LBF samples was investigated using Xradia Micro XCT-400. The X-ray source, detector,
and a small portion of LBF specimen were placed closely to acquire a good quality image with a voxel size of 1.15 x 1.15
x 1.15 ym. The scanned images were de-noised and segmented to study the pore space geometry. An algorithm was
developed to compute the volume porosity and pore-size distribution of the scanned samples. Additionally, the
interconnected pore components and absolute permeability of the LBF samples were analyzed using Avizo software.
The results of microstructure analysis demonstrate that the porosity, pore size and volume of interconnected pores of
LBF samples are very low compared to the dry materials. Similarly, the hydraulic conductivity of the LBF samples found
from the Avizo Xlab simulation was very low due to the formation of DDL.

RESUME

La pression de gonflement et la conductivité hydraulique d'un remblai léger (LBF) dépendent largement de sa
microstructure et de la géométrie de I'espace poreux. Le comportement de la microstructure des échantillons de LBF a
été étudié en utilisant Xradia Micro XCT-400. La source du rayon X, le détecteur, et une petite partie de I'échantillon de
LBF ont été placés étroitement pour acquérir une image de bonne qualité avec une taille de voxel de 1,15 x 1,15 x 1,15
microns. Les images numérisées ont été segmentées pour étudier la géométrie de I'espace poreux. Un algorithme a été
développé pour calculer la distribution de la porosité volumique et la taille des pores des échantillons numérisés. En
outre, les composants interconnectés des pores et la perméabilité absolue des échantillons de LBF ont été analysés en
utilisant le logiciel Avizo. Les résultats de l'analyse de la microstructure ont montré que la porosité, la taille et le volume
des pores interconnectés des échantillons de LBF sont tres faibles par rapport a la matiére séche. De méme, la
conductivité hydraulique des échantillons de LBF trouvée avec la simulation Avizo Xlab était trés faible en raison de la

formation de DDL.
1 INTRODUCTION

Radioactive waste in Canada is mainly originated from
nuclear power reactor to produce electricity. Although
electricity of this country is mainly produced from
hydroelectric power and stream reactor but only 16 % of
the total electricity is produced from the nuclear power
reactor (Statistics Canada, 2013). However, the rate of
generation of radioactive waste in Canada is increasing in
every year and stored in large canisters on the surface for
the final disposal (International Nuclear Societies Council,
2012). It is a great concern to dispose this waste in a
safest place for thousands of years. The deep geological
repositories (DGR) concept is a quite new and acceptable
technique for the safe disposal of radioactive waste,
where wastes are disposed to a depth of 500 to 750 m
below the ground surface. Moreover, the addition of
Canadian engineered multi barrier concept, which
includes highly compacted bentonite (HCB), bentonite-
Sand Buffer (BSB), dense Backfill (DBF), Light Backfill
(LBF) and Gap Fill (GF) improves the DGR technique to a
great extent (Baumgartner et al., 2008; Siddiqua et al.,
2011).

In this study the microstructure was analyzed to
understand the hydraulic behavior of LBF. LBF mainly
comprises 50-50 bentonite sand mixture compacted at a
maximum dry density of 1.24 Mg/m3. Na-rich bentonite is
widely used as backfill material because of its high
swelling capacity and low hydraulic conductivity
(Kawaragi et al., 2009). However, because of the high
compressibility of compacted bentonite materials, it shows

crack during the period of desiccation. These desiccations
crack can be reduced by mixing a percentage of silt or
clay. The hydraulic behavior of the compacted bentonite
was investigated using automated GDS Oedometer.
However to explore the reason for which it showed low
hydraulic conductivity, it is necessary to visualize the
internal structure of the LBF sample. Although the internal
porosity of soil can be measured using mercury intrusion
porosimetry (MIP) but to visualize the pore structure and
to observe the nature of the pore space and geometry in
more details, micro-focus X-ray CT is a good option.

X-ray computed tomography (X-ray CT) is a non-
destructive technique of determining the microstructure of
an object. This technique has been applied in various
geotechnical investigations over the last 30 years such as
bulk density (Anderson et al., 1990), volumetric water
content (Crestana et al., 1984), layer detection (Macedo
et al., 1998), porosity (Grevers et al., 1989), pore
distribution (Al-Raoush and Willson, 2005), permeability
(Ketcham and Carlson, 2001), and desiccation crack on
the fine grained soil (Gebrenegus et al., 2011).
Additionally, most of the research is focused on coarse
grained to medium grained soil. The use of X-ray CT
technique on the fine grained soil like bentonite and /
bentonite-sand mixture is limited. Although some of the
researchers work on the desiccation crack of bentonite
clay that developed due to the long term soil-water
integration and high compressibility of bentonite clay.
According to the authors knowledge, only Hemes et al.,
2015 described the microstructural behavior such as
porosity, pore size distribution and pore connectivity of



clayey soil (Boom Clay). However they used dry samples,
thus the effect of clay water interaction was not observed.
Clay water interaction is an important phenomenon for the
hydraulic behavior of clayey soil because when water is
added to the clayey soil it swells to a great extent by
forming a diffuse double layer (DDL) on around each
particle. This diffuse double layer minimizes the number
and size of pore the pore in the soil mass and
successively reduced the permeability of soil. In this study
the microstructural behavior of sand, bentonite, bentonite-
sand mixtures in both the dry and saturated (LBF)
conditions were investigated. Therefore, this study will be
a very first attempt to investigate the microstructural
behavior of compacted bentonite-sand mixture in relation
to saturated conditions.

2 MATERIALS AND METHODS
2.1 Materials

In this study Na-rich Wyoming bentonite and silica sand
with a proportion (in weight) of 50 % were used to prepare
LBF. The X-ray diffraction (XRD) analysis of Wyoming
bentonite showed that the main mineral component is
montmoriilonite content of 76 %. The particle size of
bentonite and sand was determined using scanning
electron microscope (SEM) and the result showed that 90
% of the bentonite particles are within the range of 2 to 15
um, where silica sand includes a particle range of 200 to
600 uym. The oven dried bentonite powder and silica sand
were mixed by hand and saturated at a water content of
19 %. The saturated mixture was then compacted into an
Oedometer mold to attain a target dry density of 1.24
Mg/ms. Afterwards, the LBF samples were used to
conduct swelling pressure and one dimensional
consolidation test using GDS automated Oedometer.
After the one dimensional consolidation test the LBF
samples were cut into a propylene tube having diameter
of 5.5 m. Propylene tube is advantageous to reduce the
loss of moisture content during scanning of the LBF
sample. A special sample holder was designed using
propylene tube as shown in Figure 1.

2.2 X-ray CT observations

In order to investigate the microstructural behavior of LBF
sample, the material used to prepare the LBF samples
such as dry sand, bentonite and bentonite-sand mixture
were first studied. This preliminary idea on the
microstructural behavior of the materials helps to identify
the particles in the LBF and the change in microstructure
due to the clay-water interaction phenomenon. Therefore
three dry samples along with the LBF sample were
prepared according to the Table 1. The propylene tube
used in the sample holder was filled with the dry materials
and compacted by hand to make a compacted mass. It is
found that the dry density of sand (S1) is higher than the
bentonite (S2). However, the compacted 50-50 dry
bentonite-sand mixture gives a moderate value of dry
density.

Table 1. Test Scheme for X-ray CT observation

Sample Materials used Maximum dry Water
No. in the sample density content
(Mg/m’) (%)
S1 Dry sand 1.65 -
S2 Dry bentonite 1.50 -
S3 Dry bentonite- 1.60 -
sand mixture
S4 Saturated 1.22 19
bentonite-sand
mixtures

Xradia Micro XCT-400 X-ray tomographic microscope
located at the University of British Columbia Okanagan
(UBCO) was used to acquire the 3D images of the dry
materials and distilled water saturated LBF sample
(Figure 1). Commercially available propylene tube having
diameter of 5.5 mm was used to prepare the sample
holder to holds the samples. The advantage of using
propylene tube is that it minimizes the loss of water from
the saturated LBF during scanning. After placing the
samples onto the rotating disk, an X-ray energy of 70 kV
with a current of 125 uym were applied to acquire the
radiographs of the LBF samples over a rotation from -
180° to +180°. The radiographs of the object were
acquired based on the attenuation coefficient of the
electromagnetic wave reflected by the object. The
attenuation coefficient i.e. the X-ray energy absorbed by
the object depends on the density of the material
(Helliwell et al., 2013). The attenuation coefficient of the
acquired images was integrated using backpropagation
algorithm to generate 2D reconstructed image slices.
Each reconstructed image slices comprises a unit
indicates the resolution of the scans. The 3D resolution is
termed as the voxel of the image.

Figure 1. Samples mounted on the rotating disk of Xradia
Micro XCT-400



The quality and resolution of the X-ray CT primarily
depends on the (i) size of the sample; (ii) distance
between the sample and X-ray source; (iii) distance
between sample and the detector; and (iv) exposure time
for each radiographs (Dhondt et al., 2010). The quality
and resolution of the scanned images were adjusted by
changing the position of the detector and the X-ray source
from the sample holder. High resolution image can be
acquired by (i) increasing the distance between the
detector and the specimen and (ii) placing the detector
and sample closely. However, the image quality found
blur, when the detector was placed far away from the
specimen. After several trials, it was found that good
quality images with a resolution of 1.0695 ym can be
acquired by placing the detector and X-ray source at a
distance of 8 mm and 37 mm from the sample holder,
respectively. The size of the sample also affects the
quality and resolution of the images as good quality and
high resolution images can be acquired with a small size
sample. However, small sized sample reflects the local
behavior of the sample (Young et al., 2001). Hence, a
sample of 5.5 mm diameter was used with the application
of region of interest during scanning to ensure high
resolution of the larger sized sample. The exposure time
required for each radiographs was adjusted according to
the image quality during the trial scan. Finally, the sample
was scanned to acquire 3200 radiographs with an
exposure time of 25 sec. Afterwards the scanned
radiographs were reconstructed using XMReconstructor-
Cone Beam Software developed by X-radia.

2.3 Image analysis

The reconstructed image slices were preprocessed before
analyzing microstructural behavior. Initially, the brightness
of the scanned images were adjusted (Figure 2a) and
cropped to a volume of interest. The images contained
speckled noises and it was de-noised using median filter
with a radius of 1.35 pixels. Afterward, the de-noised
images were segmented to classify (i) the void and
particle (Figure 2c); and (ii) different particles (Figure 2d).
In the first stage of segmentation, the particle and void
were separated with a common mean gray scale known
as threshold value. The threshold value was determined
using global thersholding technique based on the analysis
of histogram of image (Figure 2b). After separating the
particles from the void, it was seen that almost all the
particles were interconnected with each other, which was
furthered segmented using watershed algorithm. A
Gaussian filter with a radius of 1.5 pixels was used before
applying watershed algorithm. The segmented images
were used for computing microstructural behavior such as
porosity, pore size distribution, pore connectivity and
absolute permeability.

(@) Scanned images of S3 and S4 after adjusting
brightness
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(b) Application of global thresholding technique

(d) Segmented image after application of Gaussian
filter and watershed segmentation

Figure 2. Preprocessing of scanned images for S3 (dry
bentonite-sand mixture) and S4 (LBF)



The segmented images were converted to binary
image (Oand 1) to compute the porosity, pore size
distribution, pore connectivity and permeability of the
samples. An algorithm was developed by the authors to
count the black (0) and white (1) voxel present in the
binary images. Afterwards the porosity was computed by
dividing the black voxel with the total voxel. Another
algorithm was developed to compute the pore size
distribution. The interconnected pore components were
determined wusing a built in function “connected
component analysis” in Avizo Software. The permeability
of the samples was computed using Avizo-Xlabsimulation
software based on the Darcy’s Law and Stokes theorem
with the consideration of incompressible and Newtonian
fluid flowing in a steady and laminar manner. Moreover,
each voxel of the images were considered as mesh
volume and the boundary conditions are (i) no slip
occurred in the fluid-solid interface; (ii) the flow is isolated
within the system; and (iii) the fluid can freely spread on
the face of the sample. The illuminating stream line for the
fluid flow through the interconnected pore in dry sand is
shown in Figure 3.
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Figure 3. llluminating stream line of fluid flow through dry
sand

3 REULTS AND DISCUSSIONS
3.1 Porosity and Pore size Distributions

The porosity value calculated from the image analysis
Table 2) showed that the porosity of LBF is very low
compared to dry materials. This is due to the formation of
DDL around the particles, which results higher swelling
pressure. This higher value of swelling pressure reduces
the internal pose space.

Figure 4 presents the volumetric pore size distribution
of the dry materials and LBF sample. It is observed that
approximately 70 % of the pores are less than 100 ym®.
Almost 50 % pores in both the dry bentonite and
bentonite-sand mixtures are greater than 10 pm®, while 75
% of pores in LBF are greater than 10 pms.
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Figure 4. Pore size distribution results
3.2 Pore connectivity

Individual pores are connected with the pore throats,
which helps to increase the hydraulic conductivity of soil.
The interconnected pore space of LBF sample analyzed
using Avizo software is shown in Figure 5. It is observed
that most of the connected pore volumes in the LBF
samples are very small compared to the dry specimens,
which make it less permeable. This is due to the swelling
behavior of saturated bentonite. For example, only two
pore volume components are larger than 1000 pm3 and
most of the interconnected pores are within the range of
10 to 100 pms(Figure 5). It is also observed that the
saturated bentonite-sand mixture has no definite flow path
to percolate water through it compared to the other dry
specimen, where maximum volume of pore components
are connected and covered by 100 to greater than 1000
um? pore volume components (not showed here).
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Figure 5. Interconnected pore space showing different sizes of pore volumes of LBF sample

3.3 Permeability

The absolute permeability of small representative
samples (400 x 400 x 350 ym) were determined using
Avizo software are shown in Table 2. It is observed that
the permeability of dry sand, bentonite and bentonite-
saand mixture is similar to the typical values shown in
Das, 2013. The permeability of the dry materials was very
high compared to the DW water saturated LBF. This is
due to the formation of bentonite water gel around the
particles and development of high swelling pressure
based on the DDL theory (Siddiqua et al., 2011).

Table 2. Results of porosity and permeability

Sample Porosity (%) Permeability (m°)
S1 30.47 3.95E-09
S2 68.52 1.73813E-11
S3 29.02 1.58725E-11
S4 0.17 9.37799E-17

4 CONCLUSIONS

In this study the microstructural behaviour of LBF samples
were investigated. However, to get preliminary idea on the
microstructural properties of material used in the LBF, dry
bentonite, sand and bentonite-sand were analysed.
Based on the findings of the work, the following
conclusion can be made.

@) Propylene tube can
be used as a sample holder.

(ii) Good quality image
with high resolution was acquired by

keeping the distance of X-ray source and
detector of 37 mm and 8 mm from the
sample.

(iii) Two algorithms were
developed to compute the porosity and
pore-size distribution of samples.

(iv) The results of
porosity, pore size distribution and pore
connectivity showed that LBF samples



comprises very low porosity and all the
pores are in micro level.

(v) The permeability
value found from the X-ray CT analysis
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