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Abstract

The pore size distribution (PSD) plays an important role in the hydro-mechanical behaviour for
porous materials. In this study, the PSD of MX80 bentonite pellets under various imposed suctions
from 262 to 1.5 MPa was determined by both Mercury Intrusion Porosimetry (MIP) and Micro-
Computed Tomography (LCT). The void ratios eis344 in the overlapping pore range (18-344 pm)
identified by MIP and pCT were compared to clarify the difference between the two techniques.
Results showed that the MIP-detection e1s.344 nearly overlapped with the pCT-detection one at
suction s > 57 MPa, indicating the reliability of MIP and uCT results for pellets at s > 57 MPa.
However, the pCT-detection e1g.344 became larger than the MIP-detection one at 9 MPa < s < 38
MPa, while the changes of MIP-detection and uCT-detection eis.344 with suctions were opposite at
s < 4.2 MPa. As the difficulty of interpreting the variation of nCT attenuation coefficient at low
suctions undermined the reliability of pCT thresholding, the segmentation of puCT images was
suggested to be determined by making the pCT-detection eis-344 equal to the MIP-detection one.
Because the reliability of MIP results at s < 4.2 MPa was reduced by the difficulty of keeping the
integrity of freeze-dried samples, the MIP-detection ejs344 determined in a previous study without
the sample integrity problem was chosen as reference for the uCT thresholding at 1.5 MPa <5 <4.2
MPa. The corrected nCT-detection ejs-344 calculated by the new thresholds matched well with the
MIP-detection ejs.344, completing the pCT-detection at suctions smaller than 57 MPa. Since the
MIP-detection PSD only covers the pores smaller than 344 pm, the pCT-detection PSD with pores
larger than 344 um was then integrated into the MIP-detection PSD, enlarging the MIP-detection to

millimetric pores.

Keywords: bentonite pellet; suction; Mercury Intrusion Porosimetry; Micro-Computed

Tomography; pore size distribution.
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1. Introduction

In the European concepts of deep geological disposal for high-level waste, a multi-barrier system
consisting of metal canisters, natural geological barrier (host rock), concrete lining and
sealing/backfill elements (bentonite-based materials) has been adopted [11, 37]. To well understand
the hydro-mechanical behaviour of the involved porous materials (host rock, bentonite-based
materials and concrete), it is important to identify their pore size distributions (PSDs) [2, 5, 14, 37].
Indeed, the PSDs can help reveal the microstructure [19, 23, 33], determine the damage coefficient

by extracting the macro-porosity [18, 30].

Mercury Intrusion Porosimetry (MIP) that is based on the measurement of the volume of mercury
intruded into pores with distinct sizes under different intrusion pressures, is a widely-applied
technique in detecting the PSDs of porous media, due to its advantages including high efficiency,
great accuracy and a broad pore-detection range (from several nano-meters to several hundreds of
micro-meters) [23, 30]. However, the MIP technique is unable to detect pores with sizes larger than
several hundreds of micro-meters and smaller than several nano-meters. By contrast, Micro-
Computed Tomography (WCT) is a non-destructive technique that can visually reveal the pore
structure of porous materials in high resolution (tens of micrometers) without particular sample
preparation [13]. The uCT can detect pores larger than the uCT resolution, but the difficulty and
uncertainty in image segmentation is a major concern [3, 13] because a tiny adjustment of grey
threshold can significantly affect the final result. Hence, it is important to study the PSD with both
MIP and pCT techniques in order to extend the detection pore range from several nano-meters to

several millimeters.

A few studies were performed on the PSD of porous materials with MIP and pnCT techniques [17,
39]. Zong et al. [39] conducted Nitrogen Adsorption/desorption Isotherms (NAIs), MIP tests and
Synchrotron-Radiation-based X-ray computed microtomography (SR-puCT) on four types of soils,
including black soils, Shajiang black soil, paddy soil and latosolic red soil. They observed that for
the overlapping pore region with the three methods, the PSDs detected by the MIP and SR-uCT
methods agreed well for the pores larger than 3.75 pum and smaller than 360 pm, while NAIs highly

3
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underestimated the PSD compared with MIP for the pores larger than 0.003 pm and smaller than
0.15 pum. Li and Shao [17] performed one MIP test and two pCT scans with two resolutions (10 um
and 40 um) on loess. The equivalent sphere diameter was employed for the comparison of MIP and
UCT results in their common range. It was observed that the MIP-detection void ratio was larger
than the two pCT-detection ones for the pores larger than 15.6 pm and smaller than 200 pm, whereas
the MIP-detection void ratio became smaller than the two pCT-detection ones for the pores larger
than 200 um and smaller than 400 um. Additionally, the pCT-detection void ratio with resolution of
10 um was closer to the MIP-detection void ratio compared with resolution of 40 pm, showing that

the lower the uCT resolution, the smaller the difference between MIP and pCT results.

Some studies did not aim at PSD investigation, but compared MIP and pnCT from a perspective
of visualizing mercury by puCT after MIP tests [34-36]. Zeng et al. [36] and Zeng et al. [35]
conducted pCT scan on post-MIP porous cement and the pCT results revealed that most detected
pores were entrapped by mercury with a few unfilled pores (possibly resulting from the ink-bottle
effect after mercury extrusion [35], showing a good agreement between MIP and pCT. The study
with pCT scanning on post-MIP compacted clay also showed that the uCT can well identify the
mercury entrapped by the ink-bottle effect [34]. Zeng et al. [36] and Zeng et al. [35] pointed out that
nearly all mercury-entrapped pores within porous cement were spherically-shaped due to the
naturally hydrophobic feature of mercury. Moreover, the smaller the pore diameter, the larger the
sphericity of pores. However, Yuan et al. [34] reported that the most mercury-entrapped pores within
clay are non-spherically-shaped, suggesting that the mercury intrusion or extrusion would not
misrepresent the pore structure. Hence, from the aforementioned studies, it appears that there is
generally a good agreement between uCT and MIP in their overlapping pore range. However, to the
authors’ knowledge, no studies tried to make an extension of the detection pore range using both the

MIP and puCT techniques, in particular for soils at different suctions.

In this study, the pCT and MIP techniques were employed to determine the PSD of bentonite
pellets under different suctions from 262 to 1.5 MPa. The void ratio of the pores with overlapping
pore range from 18 to 344 pum (eis-344) were analysed to compare the two techniques. A method for

extending the PSDs was finally proposed.
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2. Materials and Methods

The investigated material is MX80 bentonite pellet. This bentonite in powder form comes from
Wyoming, USA, containing a high smectite content (80%) and some other non-clay minerals (8%
anorthite, 4% quartz, 4% muscovite, 2% albite and < 1% pyrite) [20]. Bentonite powder was rapidly
and powerfully compacted into a mould of approximately 32 mm in diameter and 32 mm in height
to fabricate the pellets (Fig. 1(a)) which have a commercial name of Expangel SP32 [20]. The top
and bottom semi-spherical caps were excised using a cutting machine and smoothened using
sandpapers to produce cylinder-shaped pellets (Fig. 1(b)) in order to ensure an easier measurement
of volume and a better definition of stress state. The initial hydro-mechanical properties of pellets
are presented in Table 1. The treated pellets were carefully placed in desiccators with desired
saturated salt solutions at constant 20 [ temperature for imposing suctions from 262 to 4.2 MPa.
According to Tang and Cui [28], various salt solutions were chosen, including LiCl for 262 MPa,
MgCl, for 149 MPa, K,COs for 113 MPa, Mg(NOs3), for 82 MPa, NaCl for 38 MPa, (NH4)2SO4 for
25 MPa, KNOs3 for 9 MPa and K>SOy for 4.2 MPa. Some pellets were also placed inside a plastic
box with deionized water on the bottom for the target suctions smaller than 4.2 MPa. After two
months, a filter paper was pasted onto the top cover and deionized water was evenly sprayed on the
filter paper every two days to accelerate the wetting process with target suctions. The pellets were
regularly taken out to measure the mass, height and diameter for determining the water content w
and the total void ratio er, In order to avoid the damage on pellets at s <4.2 MPa, only the mass was

measured and thus only the water content was determined for these pellets.

(a) (b)

-

the top and bottom caps
were excised

2

h=33.57 mm

d=32.63 mm =
Diesi— d=32.63 mm
—_—

Fig. 1. MX80 bentonite pellets: (a) original pellet; (b) machined pellet.



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

Table. 1. Initial hydro-mechanical properties of pellets

Property Value
Dry density, p4: Mg/m® 2.08
Void ratio, e 0.37
Water content, w % 6.32
Diameter, D: mm 32.63
Height, H: mm 1151
Suction, s: MPa 114.36

The variations of water content w and total void ratio er with time are presented in Fig. 2. The
absence of data from the 30" to 100" day was due to the lockdown of France in March and April
2020. It is observed that the pellets at s < 82 MPa swelled with absorption of water and the pellets
at s > 149 MPa shrank with loss of water, suggesting that the initial suction of pellets was between

82 and 149 MPa. All the pellets finally reached the target suctions.

o 262MPa o 149MPa & 113MPa v  82MPa E S
o 57MP 3®MPa 4 25MPa B 9MP (b) bl B
@ 50 o 43MP o MPa - ’ 1.2 [13MPa v 82MPa
301 : o 57MPa 38 MPa oo
< 25MPa v 9 MPa
g 204 2.5MPa . 104 ° 42MPa ok
‘; 32MPa \\* \ i o
I \" * 1.5 MPa 9.\ o5 X
:5 30 2.6 MPa g : nd;;bq 4 4q qd4
s =) &
: 0 00 00 go 2 i
i 204 bbb Db PP g 05 ggp a0
2 08 = #
§ Eg;@?_bb 4499 9999 3 B 4@ o000 CooCO O
a
10 hane™ = 04 B Koo % v 99
HEEmEEe 0 © IBRZ L e
0o o 0 oo oo oo O 2
0 T T T T T T 1 . r ’ T r T : |
0 20 40 60 20 100 120 140 0 20 40 ) 60 80 100 120 140
Time, # (day) Time, ¢ (day)

Fig. 2. (a) Water content w versus time; (b) Total void ratio er versus time.

After the pellets reached the target suctions, several centimetric samples were cut out from the
centre and the perimeter of pellets, which were then freeze-dried according to the procedure
proposed by Delage et al. [6]. A Micromeritics Auto-pore IV 9500 mercury intrusion porosimeter
was used to explore the porous structure of samples under a working pressure from 3.4 kPa to 227.5
MPa, allowing identification of the entrance diameters from 344 pm to 5.5 nm. Some other pellets
were waxed to avoid water loss by evaporation for future pCT scans by Skyscanner-1173. The
voltage and current of X-ray sources are 130 kV and 61 pA, respectively, with a 0.25mm-thick

copper filter placed in front of the sources. These settings allowed reducing the noise and increasing

6
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the image quality and contrast [8, 16, 29]. The whole pellet was scanned using 2240x2240 pixels
into 16-bit BMP-format images with voxel size of 18 um. After scans, the bentonite pellet was 3D
reconstructed by assembling around 700 horizontal slices using Bruker software NRecon with

median noise reduction.
3. Calibration of MIP-Detection and nCT-Detection eis.344

The MIP and pCT techniques have distinct detection ranges of pores as presented in Fig. 3. Within
a particle, the smectite layers are disposed one above another in a face-to-face orientation, with the
planar interlayer space between the elementary smectite layers, inside the smectite particles. The
smectite particles are assembled together inside the aggregates with inter-particle pores. Between
aggregates there are large inter-aggregate pores [6]. The intra-aggregate pores comprise the
interlayer space and the inter-particle pores. The interlayer space and the inter-particle pores smaller
than 5.5 nm and the inter-aggregate pores larger than 344 um are undetectable by the MIP technique.
By contrast, the pCT can only detect the inter-aggregate pores larger than 18 um (the pCT-detection
pores). Therefore, the uCT-recognized bentonite fabric includes the bentonite matrix and the uCT-
non-detection pores (intra-aggregate pores and inter-aggregate pores smaller than 18 um). The pores
between 18 and 344 pum (with the void ratio ejs-344) are the overlapping pore size range that both the
MIP and pCT can detect. Thus, the MIP-detection and pCT-detection eig.344 are compared and
analysed in this study.

Representative elementary volume Smectite aggregate formed by the

aggregating of a number of particles
Inter-aggregate pore, pnCT-

detection pore (=18 pm),
MIP-detection pore (< 344 pm)

Inter-particle pore, MIP-
detection pore (= 5.5 nm)

Inter-layer space, ]lIEc
non-intrusion pore

Smectite particle formed by the stacking
of a number of layers

Smectite particle
Smectite aggregate, pCT-recognized
bentonite fabric (including bentonite Intra-aggregate pore: inter-particle pore and inter-layer space
matrix and pCT-non-detection pore)

pCT-non-detection pore: intra-aggregate pore and inter-aggregate pore with sizes smaller than 18 pm

Fig. 3. Classificatrion of pores detectable by both MIP and pCT.

Smectite layer
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3.1 Calibration of MIP-detection e13-344

In MIP tests, the Washburn equation was used in calculating the corresponding pore entrance

diameter D (um) [32]:

__4Tscosa

p =< 0

where P (MPa) is the mercury pressure, T is the interfacial tension (taken equal to 0.485 N/m), a is
the contact angle between the mercury-air interface and soil (taken equal to 130° as in plenty of

literatures for bentonite [12, 27, 30, 38]).

In MIP tests, 10 seconds were adopted for pressure lower than 0.21 MPa and 120 seconds were
adopted for pressure larger than 0.21 MPa between each pressure step. It is worth noting that
sufficient time must be let to allow the quasi-static condition to be reached, so that a constant contact

angle could be adopted [1, 23].

Fig. 4 shows the cumulative void ratio versus the entrance pore diameter for the bentonite pellets

at suctions 82 and 4.2 MPa. The MIP-detection e;g.344 was extracted from the cumulative curves.

82 MPa

[—o— Perimeter,
= = - Centre
4.2 MPa

0.54 —o— Perimeter
- - - Cenire

0.6 7

0.4+

0.3

0.2

Cumulative void ratio, e
-
g
=
g

0.1

0.01 0.1 1 10 100
Entrance pore diameter, d (pm)

Fig. 4. MIP-detection cumulative void ratios of pellets at suctions 82 and 4.2 MPa.

3.2 Calibration of nCT-detection e15.344

The nCT-scanned specimen usually consists of several discrete phases with distinct phase contrasts

(in this study, one phase was bentonite fabric and another pCT-detection pores). The segmentation
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of bentonite fabric and pCT-detection pores is of great interest for the computational purpose - the
determination of the grey level threshold. The thresholding process is thus essential in image
analysis. The automatic thresholding and the manual thresholding are two methods commonly used
in determining the grey level threshold. The automatic thresholding is based on either the histogram
of pixel density distribution along grey level such as the OTSU method [22, 25], the Valley-emphasis
method [9], or the distribution and contrast of pixels within images such as the Watershed method
[21] and the Neural network [4]. A minor change in automatic thresholding results in largely
different characterisation of microstructure. The manual thresholding directly analyses the pCT
images by distinguishing different scanned phases through their distinct grey levels in pixels. Thus,
it can be used in assisting the determination of grey level threshold. In this study, the Stanford

segmentation that applies the automatic thresholding and the manual thresholding [3] was used.

The automatic thresholding that employed the OTSU method [22, 25] and the Valley-emphasis
method [9] worked on the histogram of pixel density distribution along grey level (Fig. 5), but failed
when this histogram was unimodal or close to unimodal for suctions 262-38 MPa. The 2" and 3™
columns of Table 2 show the grey level thresholds calculated from OTSU and Valley-emphasis
methods. The manual thresholding is presented in Fig. 6 for suctions 82 and 4.2 MPa as examples.
For suction 82 MPa, the automatic thresholding recommended the value 100 as the threshold, but
the manual thresholding shows that some minerals were mistakenly treated as pores when choosing
threshold greater than 70. As a result, the porosity of pellet was irrationally overestimated. It appears
that the binarized pictures at threshold 60 can represent the characteristics of pores. Therefore, 60
was taken as the threshold at s = 82 MPa. As for s = 4.2 MPa, the automatic thresholding suggested
the value between 45.9832 and 35.1569. However, the manual thresholding in Fig. 6 shows that the
binarized pictures with threshold < 40 failed to depict the profile and shape of the cracks inside the
red dotted-line ellipse in the original pictures. Additionally, the grey levels of representative pixels
from a small rectangle are presented in the zoom-in figure, with different colours of pixels for grey
level below and above 45 (more black and more grey, respectively). Therefore, the value of 45 was
chosen as the threshold at suction 4.2 MPa. The thresholds determined are presented in the fourth

column of Table 2.
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209  Fig. 6. Manual thresholding at suctions 82 and 4.2 MPa.
210  Table 2. Summary of grey level thresholds.

Suction (MPa) OTSU Valley-emphasis Thresholds adopted
262 102.1783 139.8733 70
149 102.7892 141.4752 70
113 103.2123 123.3823 65
82 102.7974 123.8752 60
57 79.5246 97.7145 50
38 69.3227 54.1365 50
25 59.5523 45,5459 50

9 54.3526 42,1858 50
4.2 45,9832 35.1569 45
3.2 479171 41.2372 45
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2.6 46.6723 40.5973 45
2.5 50.5592 44.1436 45
15 47.3634 39.4350 45

The attenuation coefficient is a measure of how easily a material can be penetrated by an incident
energy beam of X-rays. Table 3 shows the average attenuation coefficients and densities of different
phases, with the larger attenuation coefficient for higher density. Fig. 7(a) shows that the average
attenuation coefficient of sample decreased with suction decreasing from 262 to 4.2 MPa and then
increased with further suction decrease. According to Van Geet et al. [10], the larger the average
attenuation coefficient of the whole sample, the larger the pCT-recognition density, the smaller the
pCT-detection void ratio e>1s. Therefore, the variation trends of the average attenuation coefficient
of whole sample and e-s should be opposite with suction decrease, as shown in Fig. 7(a) for the
average attenuation coefficient and in Fig. 7(b) for e-is. Additionally, the average attenuation

coefficients with similar magnitudes corresponded to the same or similar thresholds.

Table 3. Average attenuation coefficient of different phases in uCT scan.

Phase Attenuation coefficient Density (g/cm®)

Aluminium 0.00991 2.7
Glass 0.00972 2.5

Free water 0.00278 1.0
Wax 0.00194 0.9

Air 0.001 0.001205
(a) (b)
0.0104 0.7 4

—a— Perimeler’
- 4 - Centre

0.009
0.008
0.007

0.006

Average attenuation Coefficient
HCT-detection void ratio, €, 4
&
1

0.005

0.004

T T ) T 7
1 10 100 1000 1 10 100
Suction, s (MPa) Suction, s (MPa)

Fig. 7. (a) Average attenuation coefficient of whole sample versus suction; (b) pCT-detection void

ratio e>1g versus suction.

The pCT images were then transformed into binarized images with only black and white colours,

11
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by replacing the pixels below and above the threshold adopted with 0 (black) and 255 (white),
respectively. Note that black represents crack and white bentonite fabric. The void ratio of each pore

range i with sizes 18i-18(i+1) um was calculated by Eq. (2):

dei = %Gs (2)

(1+w)

where Vpore,i is the volume of it" pore range, m the mass, w the water content and G; the specific

gravity (taken as 2.77).

The variation of cumulative void ratio with entrance pore diameter was calculated using Eq. (2)

and presented in Fig. 8. The pCT-detection ej3-344 was extracted from the cumulative curves.

(a) 344 um 82 MPa

087 eigsas | —=— Perimeter;

A = = - Centre
4.2 MPa

-— Perimeter

- —- - Centre

e

0.54

o
=

Cumulative void ratio

r T : : ; 1 T ] ,
1€7 72007 400 600 800 1000 1200 1400 1600 1800
Entrance pore diameter, d (um)

Fig. 8. uCT-detection cumulative void ratios of pellets at suctions 82 and 4.2 MPa.

4. Comparison and Discussions

4.1 Comparison between MIP-detection and pCT-detection e15-344

The pores between 18 and 344 um are the overlapping pore size range that both the MIP and pCT
can detect, with their void ratios eis-344 compared and analysed in this study. Note that the initial dry
densities, void ratios and water contents of 7mm-in-size MX80 bentonite pellet of Molinero-Guerra
et al. [19] and 32-mm pellet in this study were close to each other. The fabrications of these two
pellets were the same, by heavily compacting powder grains in the mould of different sizes. Fig. 9

depicts the variations of MIP-detection and pCT-detection eis-344 with suctions, together with the
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results of Molinero-Guerra et al. [19] on 7-mm pellet. The difference between MIP-detection and
pCT-detection ejs.344 appears negligible at s > 57 MPa, whereas the pCT-detection eig344 was
remarkably larger than the MIP-detection one at 4.2 MPa < s < 38 MPa. Both MIP-detection and
UCT-detection ejs-344 show a large scatter at 1.5 MPa <5 <4.2 MPa. The trend lines were drawn and
it appears that the pCT-detection e1s-344 decreased with suction decreasing, unlike the MIP-detection
e13-344 which exhibited a remarkable increase in this suction range. The difference between the MIP-

detection ejs-344 of this study and Molinero-Guerra et al. [19] remained limited at s > 9 MPa, but

large at s <4.2 MPa.
This study
0.6 | CT-detection €, 4y°
e 1 o Perimeter  © Centre
0.5 o A B ) MIP-detection €,
© o! Irend line & Perimeter v Centre,
z “ oo : Molinero-guerra et al. (2020)
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¥ a |
0.14 1 e
1 g 1
1 e ?‘
0 ! : . X I | .
1 10 100 1000
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Fig. 9. e18-344 versus suction.

4.2 Discussions on MIP results

Although the MIP technique is a widely-recognized technique in determining pore size distribution,
it presents some limitations [23, 30]: (1) closed pores: pores are completely surrounded by the
aggregated solid particles and isolated from any surrounding mercury-filled pores, even though such
closed pores are not significant in soils [23]; (2) constricted pores: large pores that are accessible
only through smaller ones, cannot be detected until the smaller pores are penetrated, leading to an

underestimation of diameter of some large pores.

The 3D reconstruction of bentonite pellet and pore network at suctions 262, 82 and 9 MPa are
presented in Fig. 10, allowing the problems of the closed pores and constricted pores to be analysed.

As for high suctions (262 and 82 MPa), it is observed that the pores with sizes > 200 wum were mainly
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located at the boundary part of pellet and the pores with sizes > 18 um appeared to extend from
boundary to centre and to clump together. Therefore, mercury can always enter the bentonite pellet
from the larger pores into the smaller ones. The effects of closed pores and constricted pores were
thus quite limited on the PSDs of pellets at high suctions. For pellet at s = 9 MPa, both pores with
sizes > 200 pm and pores with sizes > 18 pm appear to be omnipresent within pellets and highly
interconnected, indicating that the problem of closed pores and constricted pores can be ignored for

the bentonite pellets at low suctions.

Pore network Pore width

Pores > 18 um Pores = 200 um

. 2000 pm

1500 p m

1000 pm

500 pm

Bum

Fig. 10. 3D reconstruction of bentonite pellet and pore network at suctions 262, 82 and 9 MPa.

The exfoliation of particles is significant for bentonite materials at low suctions [6, 31]. The
average number of layers per clay particle may decrease from 350 to 10 layers as the suction
decreases from 100 to 2 MPa [24]. This leads to increasingly spatially-separated disruption,
dispersion of smectite layers and exfoliated particles. Under the electrostatic effect, the
microstructure of whole bentonite pellet appears to be of a honeycomb type [7]. The large data
scatter at s < 4.2 MPa observed in Fig. 11(a) resulted from the hydration under a very low suction,
which made the sample shape difficult to be kept as shown in Fig. 11(a). This large data scatter led
to a large discreteness between MIP-detection and pCT-detection eis-344 at 1.5 MPa <5 < 4.2 MPa

in Fig. 9.

The observed difference in MIP-detection eis-344 between this study and Molinero-Guerra et al.
[19] ats<4.2 MPa might come from the sampling procedure. Molinero-Guerra et al. [19] directly
freeze-dried and conducted MIP tests with three 7mm-in-size bentonite pellets in the penetrometer

14
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tube, avoiding the disturbance of MIP samples. On the contrary, in this study, one centimetric freeze-
dried sample at s > 9 MPa or two or three millimetric freeze-dried samples at s < 4.2 MPa were
taken out from the 32mm-in-size bentonite pellet because such 32mm-in-size pellet was too large
for the penetrometer tube employed (Fig. 11(b)). In fact, the relatively fragmentary millimetric
freeze-dried sample at s < 4.2 MPa was apt to be taken out from a pellet along large crack, causing
some underestimation of pore volume. Summarising, the MIP technique is appropriate for
identifying the PSD of bentonite pellets. However, the difficulty of keeping good sample shape and
the possible effect of sampling should be taken into account while analysing the results for suctions

lower than 4.2 MPa.

(@)

s <3.2 MPa s =4.2 MPa

(b)

.‘.0 .\.". ,&&,, . ‘. ‘.

& ‘O
s=15MPa s=2.5MPa s=2.6 MPa §=4.2 MPa s=38 MPa s=262 MPa

Fig. 11. (a) The fragility of bentonite pellets at s < 4.2 MPa; (b) The freeze-dried samples at s < 4.2
MPa, with samples at suctions 38 and 262 MPa selected as reference.

4.3 Discussions on pCT results

As far as the grey level threshold on pCT results is concerned, Haugen and Bertoldi [13] pointed
out that the thresholding step performed by visual and histogram estimation was user-dependent,
possibly resulting in inaccurate structural characterization. In fact, some pixels contained pores (i.e.,

pores with sizes < 18 pum or the border part with large pores) and bentonite matrix simultaneously,

15
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and the contrast of pore and bentonite matrix is the main concern in that case. For instance, the
pixels with grey levels around 45 in the zoom-in figure (Fig. 6) may include uCT-non-detection
pores and bentonite matrix. The larger the threshold adopted, the more the pores of 18 pm and the
larger the pores > 18 um. Nevertheless, when comparing the thresholds adopted between 25 and 45
for s = 4.2 MPa in Fig. 6, it appears that the large pores that were constituted by dozens of pixels
tended to expand insignificantly, while the point-shaped pores that comprised several pixels
remarkably increased with the increase of the adopted threshold, indicating that the thresholding has
limited effect on the large pores. In other words, the size of large pores identified by uCT is not

significantly depending on the thresholding accuracy.

Because the MIP technique appears appropriate for determining the PSD of bentonite pellets at s
> 9 MPa, the thresholding of pCT images was suggested to be adapted to the MIP results, by making
uCT-detection eis.344 equal to MIP-detection one at s > 9 MPa. The thresholds for pellets at s > 57
MPa were adopted as the previous values in Table 2, while the value 35 was selected as the

thresholds at 9 MPa <s <25 MPa and the value 40 was selected as the threshold at s = 38 MPa.

The determination of the thresholds for the pellets at s <4.2 MPa seems to be less straightforward.
Fig. 12(a) shows that the average attenuation coefficients of whole sample, bentonite fabric and
pCT-detection pore decreased with the suction decrease from 262 to 4.2 MPa. On the contrary, a
slight increase in the average attenuation coefficients of whole sample, bentonite fabric and uCT-
detection pore are observed when the suction decreased from 4.2 to 1.5 MPa. It is worth noting that
the attenuation coefficients of whole sample and bentonite fabric had exactly the same trend,
showing that the bentonite fabric itself dominated the attenuation coefficient of whole sample. The
average attenuation coefficient of pCT-detection pores up to 0.006 was due to some pixels
containing uCT-non-detection pores and bentonite matrix simultaneously. The water fraction and
pCT-non-detection pore fraction in bentonite fabric were determined using Egs. (3) and (4)

respectively and presented in Fig. 12(b).

Water fraction = —2 s 3)

W,<1st+Vs  1t+er—es1g
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UCT — non — detection pore fraction =

where G is the specific gravity of bentonite matrix (taken as 2.77), and V,,,, V; and V}, .14 are the
volumes of water, bentonite matrix and pores smaller than 18 pm, respectively. The water content
w at suctions 262-1.5 MPa and the total void ratios et at suctions 262-4.2 MPa could be taken as the
value when reaching suction equilibrium (Fig. 2(b)) and the total void ratios er at suctions 3.2, 2.6,
2.5 and 1.5 MPa were measured before the uCT scans, being 1.57, 2.01, 1.73 and 1.86 respectively.
The lower the suction the larger the er, which held for suctions larger than 4.2 MPa. However, upon
wetting to suction smaller than 4.2 MPa, the volume change of pellets became unstable - the pellets
started to lose their good shape, leading to a relatively large scatter of e data at low suctions. It is
observed from Fig. 12(b) that the water fraction and pCT-non-detection pore fraction increased with
the suction decrease. Jacinto et al. [15] pointed out that the water density for MX80 bentonite sample
at a dry density of 1.6 Mg/m? decreased from around 1.165 Mg/m? at suction 113 MPa, to 1.13
Mg/m? at suction 38 MPa, to 1.093 Mg/m? at suction 4.2 MPa and to 1.085 Mg/m? at suction 1.5
MPa. Thereby, the decreasing average attenuation coefficient of bentonite fabric at s > 4.2 MPa was
due to the increasing pCT-non-detection pore fraction, the increasing water fraction and the
decreasing water density, in agreement with the decrease in attenuation coefficient for the Callovo-
Oxfordian claystone upon wetting [26]. However, the increasing average attenuation coefficient of
bentonite fabric at s < 3.2 MPa was hard to be quantified. Considering the difficulty in considering
the suction effect on the attenuation coefficient, the MIP results of Molinero-Guerra et al. [19] was
taken as reference and the threshold at 1.5 MPa <5 < 3.2 MPa was selected as 40 and the threshold
at 4.2 MPa was selected as 35. The corrected pCT-detection e;s-344 calculated by the new thresholds
matched well with the MIP-detection eis.344, as shown in Fig. 13, completing the pCT-detection in
the low suction range. Since there was a limited effect of pCT thresholding on large pores as
mentioned previously, the pCT-detection PSD for pore larger than 344 um was used to extend the

upper limit of MIP-detection pore sizes.
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Fig. 12. (a) Average attenuation coefficients of whole sample, bentonite fabric and pCT-detection

pore; (b) Volume fractions of water and pCT-non-detection pore in bentonite fabric.
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Fig. 13. Corrected e13-344 versus suction.

The corrected PSDs by the proposed combined MIP/uCT method for the bentonite pellets at
suctions 82, 38, 4.2 and 2.5 MPa are shown in Fig. 14. It appears from Fig. 14(a) that the smaller
the suction, the larger the cumulative void ratio. From Fig. 14(b) it is observed that the PSDs
displayed a bimodal porosity at s > 4.2 MPa, but a trimodal porosity at s = 2.5 MPa. Moreover, the
smaller the suction, the larger the large and small pores. The large pores that the MIP tests cannot
identify were not negligible especially at low suctions (Fig. 14(b)), confirming the necessity of

combining the MIP and uCT techniques.
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Fig. 14. Corrected pore size distributions of bentonite pellets at suctions 82, 38, 4.2 and 2.5 MPa

from a combined MIP/uCT method: (a) cumulative curves; (b) density function curves.

5. Conclusions

The porosimetry study on MX80 bentonite pellets under various suctions from 262 to 1.5 MPa was
conducted by MIP and puCT techniques. The Stanford segmentation that applies the automatic
thresholding together with the manual thresholding was used in image segmentation. The pores with
overlapping pore size range (with the void ratio ejs-344) for both MIP and uCT were analysed for
comparison, allowing a combined MIP and pCT method to be proposed for a large range PSD

determination.

The MIP-detection e;s-344 nearly overlapped with the pCT-detection one at s > 57 MPa, indicating
the reliability of both MIP and pCT results in this high suction range. However, the uCT-detection
eis-344 became larger than the MIP-detection one at 9 MPa <s <38 MPa. This is due to the difficulty
in the thresholding process while applying the pCT technique. Indeed, such process is user-
dependent, which might result in inaccurate structural characterisation. On the contrary, the MIP
technique was found to be appropriate at s > 9 MPa because the problems related to the closed pores
and restricted pores appear to be insignificant. Therefore, the segmentation of nCT images was
suggested to be corrected based on the MIP results by making the pCT-detection e1s-344 equal to the

MIP-detection one.

The hydration and exfoliation effects resulted in a significant MIP test data scatter at low suctions
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(1.5 MPa < s <4.2 MPa). The large MIP data scatter was explained by the difficulty in dealing with
fragile samples after hydration and freeze-drying, as well as the possibility of underestimating the
pore volume because some sampling may be done along large cracks. This could also explain the
large difference between the MIP-detection e;s.344 of this study and the results of Molinero-Guerra
et al. [19] at s <4.2 MPa. The nCT-detection e1g.344 decreased with suction decreasing, as opposed
to the MIP-detection es-344. Considering the difficulty of determining the puCT attenuation
coefficient at varying suctions and the reliability of MIP results as mentioned above, it was proposed
to use the MIP-detection eig344 of Molinero-Guerra et al. [19] as a reference for selecting the
thresholds at 1.5 MPa < s <4.2 MPa. For pores larger than 344 um, as the pCT-detection PSD is

appropriate, it could be used to extend the upper limit of MIP-detection pore sizes.

The PSDs of bentonite pellets were thus obtained in a wide range for different suctions, which

can be used in further hydro-mechanical analyses.
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