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Bentonite microstructure and saturation evolution in wetting—drying
cycles evaluated using ESEM, MIP and WRC measurements

HAIQUAN SUN* DAVID MASIN+, JAN NAJSER}, VILEM NEDELA§ and EVA NAVRATILOVAS§

In this paper, the microstructure of the Czech bentonite B75 was investigated by three methods: water
retention curve (WRC) measurements, mercury intrusion porosimetry (MIP) measurements and
environmental scanning electron microscopy (ESEM) investigation. The experiments were performed
on samples at various compaction levels (between 1-27 and 1-90 g/cm®) and at various suctions
(between 3-3 and 290 MPa) along both drying and wetting hydraulic paths. In the ESEM observations,
target relative humidities (and thus total suctions) were imposed directly in the ESEM chamber to
observe the effect of the hydraulic path on the microstructure. Apart from the inter-lamellar pores,
which are not accessible to the adopted experimental techniques, two pore families were identified:
micropores and macropores. The transition pore size between the micropores and macropores was
found to be suction dependent. The microporosity was practically insensitive to compaction and only
the largest micropores were sensitive to suction. Smaller macropores were sensitive to compaction only,
whereas larger macropores were sensitive to both compaction and suction. It was observed that, during
wetting from the as-compacted state, the macropores remained completely dry up to very low values of
suction, whereas the micropores were found to be unsaturated up to the suctions between 10 to 60 MPa.
Both macropores and micropores contributed to sample volume changes during drying and wetting.
Although the microstructural volume change appeared to be reversible, the macrostructure exhibited

permanent deformation.
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INTRODUCTION

It is now well accepted that compacted bentonite has a
structure with two distinct pore systems, denoted as a double
structure (Gens & Alonso, 1992; Alonso et al., 1999, 2010).
This double structure is explicitly considered in many ben-
tonite constitutive models, focusing on its mechanical beha-
viour (Alonso et al., 1999; Lloret et al., 2003), hydraulic
behaviour (Romero et al., 2011), coupled hydro-mechanical
behaviour (Simms & Yanful, 2005; Della Vecchia ez al., 2013;
Masin, 2013; Sanchez et al., 2016; Li et al., 2017) or
hydro-mechanical behaviour, considering the effect of temp-
erature change (Masin, 2017). In these models, inter-play
between the mechanical, hydraulic and/or thermal response
of micropores and macropores is considered and the global
response results from the rearrangement of the macrostruc-
tural units and the physical-chemical-mechanical inter-
action of clay minerals and aggregates. In these models,
aggregates are often considered as fully saturated and their
mechanical response is assumed to be reversible.

In this paper, the authors focus on investigation of the
effect of wetting and drying on the bentonite microstructure.
The microstructure is investigated using mercury intrusion
posorimetry (MIP) and an environmental scanning electron
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microscopy (ESEM) method, which are supplemented by
water retention measurements. Bentonite microstructure has
been studied by many authors in the past. Microstructure
investigation using MIP has been presented, for example, by
Monroy et al. (2010), Lloret & Villar (2007), Romero e al.
(1999, 2011), Simms & Yanful (2001), Cuisinier & Laloui
(2004), Cui (2017) and Romero & Simms (2008). Typically,
the authors observe bi-modal pore structure consistent with a
double structure modelling approach. However, in several
recent studies, it has been suggested that the consideration of
two pore families may be an oversimplification of the com-
plex bentonite structure. For example, Wang et al. (2014)
identified four major pore sizes, which include inaccessible
pores (<6 nm), small pores (6-40 nm), medium pores
(40 nm-2 um) and large pores (>2 um) for MX80 bentonite.
Prikryl & Weishauptova (2010) investigated the hierarchical
porosity of the Czech bentonite from Rokle deposit (similar
to the one used in this study). Four pore size categories
were identified by the authors by adsorption isotherms and
MIP testing, namely inter-lamellar pores (average radius
0-65 nm), mesopores within individual aggregates (with two
peaks corresponding to 2-2-5 nm and 5-10 nm), macropores
(+ mesopores) between aggregates of clay minerals
(2-63 um) and coarse pores (>63 um) between non-clayey
particles of sand size. Monroy et al. (2010) considered three
classes of pores, nanoporosity (which cannot be detected
by MIP technique), microporosity and macroporosity for
compacted London Clay, with delimiting pore size approxi-
mately 2 um. Microporosity was found to depend substan-
tially on suction. Villar ez al. (2014) delimit macropores and
mesopores by 5 um for both MX80 and Febex bentonite;
the non-intruded pores were named micropores. Manca ef al.
(2016) found 5 um to be a delimitation of macro- and
micropores, and the delimiting pore size was found to be
independent of density. Hattab et al. (2013) studied the
microstructure of natural and remoulded sensitive marine
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sediment by MIP tests, showing that the compaction is
predominantly influencing macropores. Seiphoori et al.
(2014) investigated the microstructure of MX80 bentonite
under wetting—drying cycles by MIP and SEM tests. A clear
transition from a bimodal pore structure to a single pore
structure was found upon full saturation, similarly to Monroy
et al. (2010).

Scanning electron microscopy (SEM) has been widely used
in clay science, and can provide information about the
bentonite microstructure. The samples used for SEM observ-
ation must be completely dried and coated with gold. As the
drying process affects the bentonite structure substantially, it
is preferable to adopt more advanced ESEM, where vapour
pressure (and thus total suction) can be controlled directly
in the observation chamber. The ESEM technique was used
by Watt et al. (2000), who showed that charge-contrast
imaging can improve the resolution of an ESEM image.
Komine & Ogata (1999) found that bentonite aggregates
swell into macrovoids along wetting paths, the level of
macrovoid occlusion being dependent on bentonite content
in a sand-bentonite mixture. Romero (1999) observed highly
compacted Boom Clay (2 g/lem®) under relative humidities
of 28, 53, 71 and 81% in an ESEM chamber. Results
showed that irreversible aggregate volume change occurred.
Montes-H et al. (2005) investigated M X80 bentonite at four
different densities subjected to hydration/dehydration cycles
under ESEM observation. Their results showed that the
mechanical compaction influences the clay microstructure.
Villar & Lloret (2001) observed the Febex bentonite aggre-
gates by ESEM with a relative humidity between 50% and
nearly 100% under constant volume. They showed that the
macropore volume had been reduced due to the swelling
of aggregates.

The water retention properties of compacted clay/
bentonite have been related to its microstructure by various
authors. Villar (2007) observed that the water retention curve
(WRC) was not dependent on relative density for suctions
higher than 10 MPa. Similar observations have been made
by Romero & Vaunat (2000) and Romero ef al. (2011), who
adopted a double-structure framework to interpret water
retention behaviour. A similar approach was chosen by
Dieudonne et al. (2017), who considered adsorbed water
in the micropores and capillary water in the macropores
separately. Gatabin et al. (2016) attributed the difference in
WRCs of bentonite measured under confined and uncon-
fined conditions to its microstructure.

In the present paper, the authors focus on studying the
Czech compacted Ca—Mg bentonite from Cerny vrch de-
posit, known as B75. Unlike many previous studies, where
MIP testing and ESEM imaging was adopted in a qualitative
description of the bentonite microstructure, here the authors
aim to study the results quantitatively. A combination of the
methods allows unexpected conclusions to be drawn, which
would have been difficult to obtain using individual methods,
such as information about the state of saturation of the
aggregates and macropores, the contribution of macro-
porosity and microporosity to sample deformation and
distinction and the properties of the pore size classes.

MATERIAL

The Czech bentonite B75 extracted from the Cerny vrch
deposit (north-western region of the Czech Republic) and
commercially supplied in the form of powder, was used in this
study. The montmorillonite content was around 60% and
the water content of the bentonite powder was about 10%.
Table 1 lists its physical parameters. The plastic limit, liquid
limit and specific gravity of the solid are 65%, 229% and 2-87,
respectively. The cation exchange capacity is shown in

Table 1. Montmorillonite content and physical properties of bento-
nite B75 (Stastka & Smutek, 2015)

Property Description
Montmorillonite: % 60
Liquid limit: % 229
Plastic limit: % 65
Plasticity index, 1, 164
Particle density, ps: g/em® 2-87

Table 2. Cation exchange capacity of bentonite B75 (Sun et al., 2017)

Cation meq/100 g
Ca** 36:92
Na* 6575

* 3-03
Mg** 26-84
H* <0-5

Table 3. Chemical composition of bentonite B75 (Hausmannova &
Vasicek, 2014)

Component Weight: %
Silicon dioxide (SiO,) 5191
Aluminium oxide (Al,O3) 15-52
Iron (III) oxide (Fe,O3) 8-89
Titanium dioxide (TiO,) 2:28
Calcium oxide (CaO) 4-6
Magnesium oxide (MgO) 2:22
Sodium oxide (Na,O) 1-21
Potassium oxide (K,0) 1-27
Phosphorus pentoxide (P,Os) 0-4
Manganese oxide (MnO) 0-11
Iron (IT) oxide (FeO) 2-95
Sulfur trioxide (SOs) 0-09
Calcium carbonate (CaCOs) 11-71
Carbon dioxide (CO,) 515

Table 2. The chemical composition of bentonite B75 is
shown in Table 3.

METHODS

The samples used in the tests were prepared from the
bentonite powder at its initial water content by uniaxial
compaction in a laboratory mould to reach the desired initial
dry density (1-27, 1-60 and 1-90 g/cm?). The height of the
sample was 10 mm and the diameter was 50 mm.

Table 4 shows test procedures and initial states of samples
in the experiments. The compacted samples were split into
two parts. One part was directly equilibrated in the desiccator
under controlled suction from 3-29 MPa to 286-7 MPa. The
other part was first oven dried, thus reaching an approximate
suction of 1000 MPa (Nowamooz & Masrouri, 2010).

The samples were then either directly equilibrated in a
desiccator at various suctions for the wetting path or equili-
brated at a suction of 3-29 MPa and then moved to the higher
suction desiccator for WRC measurements along drying
paths. Both the sample types — namely, samples directly
equilibrated at the suctions of 3-29, 38 and 286-7 MPa and
samples initially oven dried and then equilibrated — were used
for MIP tests. The samples initially oven dried and then
equilibrated at 286-7 MPa were used in ESEM observations
in a variable relative humidity chamber.
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Table 4. Test programme
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Initial pg: g/cm? Initial we: % Initial suction: MPa

Sample state

Suction paths: MPa

1-27 10 48-57 Oven dried WRC: 286-7—3-29
ESEM: 290-75—3-85—290-75
MIP: 286-7, 38-00, 3-29
Directly equilibrated MIP: 286-7, 38-:00, 3-29
Equilibrated at suction of 3-29 MPa WRC: 3-29—-286-7
1-6 10 46-65 Oven dried WRC: 286-7—3-29
Equilibrated at suction of 3-:29 MPa WRC: 3-29—-286-7
19 10 49-29 Oven dried WRC: 286-7—3-29

Directly equilibrated
Equilibrated at suction of 3-:29 MPa

ESEM: 290-75—3-85—290-75
MIP: 286-7, 38-00, 3-29

MIP: 286-7, 38-00, 3-29
WRC: 3-29—286-7

Table 5. Salt solutions used for vapour equilibrium method measurements (for temperature of 20°C) (OIML, 1996)

Salt solutions Solubility: g/100 ml Relative humidity: % Suction: MPa
Lithium chloride monohydrate (LiCl-H,O) 82-78 12-0 286-7
Potassium acetate (CH;COOK) 2686 231 198-14
Magnesium chloride hexahydrate (MgCl,-6H,0) 5524 331 149-51
Potassium carbonate (K,CO3) 109-43 432 113-50
Sodium bromide (NaBr) 9121 59-1 71-12
Sodium chloride (NaCl) 36 755 38-00
Potassium chloride (KCI) 34 851 21-82
Potassium sulfate (K,SO4) 11-05 97-6 3-29
The WRCs were measured at three different initial dry 30 - = 127 alem?
densities (1-27, 1-60and 1-90 g/cm?), whereas the ESEM and pg = 1ol giom
MIP tests were performed at low (1-27 g/em®) and high i ffs_'g :\\A"E: ;O; ;?i;“M'ﬁza ;ﬁ: Qgii}p“fa
(1-90 g/lem®) compaction dry densities only. 25 ,L 21-82 MPa —0— 3-29 MPa
. /O/O"O*O"O*O
20 5 PN °
Water retention curves oo —°

The vapour equilibrium method (Delage et al., 1998) was
applied to suction control. Relative humidity in the closed
desiccator was controlled by different saturated salt solutions
(adopted from OIML (1996)). The total suction has a unique
relationship with relative humidity described by Kelvin’s
equation.

s = (RTPw) 1n(1/RH
(%22 a1/

where S; is the total suction (kPa); R is the molar gas
constant, which equals 8314462 J/(mol K); T is the absolute
temperature (K); p,, is the density of water (kg/m?); w is the
molecular mass of water vapour, which equals 18-016 g/mol;
RH denotes the relative humidity of the system, which is
defined as the ratio of partial pressure of vapour over satu-
ration vapour pressure.

The relative humidity, solubility and total suction of
each saturated salt solution applied in this paper are listed
in Table 5. The samples of different dry densities were dried
in the oven at 105°C for over 24 h. Then, the samples were
broken into small irregular pieces weighing between 0-8
and 1-5 g and put into the desiccator. All the desiccators
were placed in an air-conditioned room at 20°C. The samples
were not confined; they could thus freely expand during
wetting. The weight of the bentonite was regularly measured
until the sample mass stabilised. It usually took about
2 months to reach equilibrium, consistently with Tang &
Cui (2005) (see example results in Fig. 1). Once the equili-
brium was reached, one part of the samples was used for the
equilibrium water content determination, another part was
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Fig. 1. Example of water content time evolution in WRC measure-
ments by vapour equilibrium method for initial dry density of
1-27 glem®

immediately weighted and then covered by wax. The volume
was measured using the wax immersion method following the
ASTM C914-95 (ASTM, 2004) procedure. The water content
and void ratio of each of the samples were determined and
the degree of saturation was calculated from the obtained
values.

In order to evaluate the precision of volume measurements
using the wax immersion method, three iron balls of different
diameter with known volumes were used to calibrate the
volume measurements. Fig. 2(a) shows the volume errors
with respect to measurement number for three different
iron ball volumes. Fig. 2(b) shows the relationship between
the error and the iron ball volume. It can be seen that, as
expected, the error increased with decreasing volume.
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Fig. 2. Uncertainty of volume measurement by wax immersion
method. (a) Volume measurement errors with respect to measurement
number for balls of three different volumes; (b) volume measurements
errors plotted against ball volumes

Considering the volume of bentonite used for evaluation of
WRCs, the uncertainty of volume measurements of —5-8 to
7-1% was assumed for calculated void ratio and these values
are included as error bars in the graphs presenting the
measurement data.

Mercury intrusion porosimetry

Mercury intrusion porosimetry is based on the capillary law
governing non-wetting liquid (with contact angle bigger than
90°) penetration into small pores. The pore entrance diameter
(D) can be determined from the applied mercury pressure (P)
by assuming that the cylindrical pores existed in soil according
to the Washburn equation (Juang & Holtz, 1986)

D = —(4o1g c0S Oy )/ P (2)

where D is the entrance pore diameter; oy, is the surface
tension of mercury; 6, is the contact angle between the
mercury and the soil surface; and P is the intrusion pressure.
In this study, the values 6,y = 130° and opg =0-484 N/m at
25°C were considered in the pore diameter calculation.

The tests were performed at the Department of Inorganic
Technology at the University of Chemistry and Technology
Prague (Apparatus Autopore IV, Micromeritics). The

measurement was done in two regimes, one was a low-
pressure regime from 0-01 to 0-2 MPa (corresponding to the
pore radius between 100 and 3 um); the other one is the
high-pressure regime from 0-2 to 400 MPa (corresponding to
the pore radius between 3 pm and 1-5 nm). MIP tests were
conducted on freeze-dried samples to retain the original
microstructure. In freeze-drying methods, the samples were
first immersed in liquid nitrogen and then the frozen samples
were placed under a deep vacuum. Finally, the samples went
through sublimation in the vacuumed chamber of a freeze
dryer (Delage et al., 1996).

In the tests, samples of two different initial dry densities of
the as-compacted initial water content were oven dried and
then equilibrated at suctions of 286-7, 38 and 3-29 MPa. Other
experiments were performed on samples with as-compacted
initial water content, again equilibrated at the three suction
levels of 286-7, 38 and 3-29 MPa subsequently.

Environmental scanning electron microscopy
The ESEM tests were performed using a Quanta 650 FEG
scanning electron microscope at the Institute of Scientific

Table 6. Water vapour pressure, relative humidity and total suction
adopted in ESEM measurements

Temperature 5°C

Relative Water vapour Total
humidity: % pressure: Pa suction: MPa
10 93 290-75
30 266 152:03
50 439 87-52
60 519 64-50
74 649 3802
80 692 28-18
90 785 13-30
97 850 3-85
90 785 13-30
80 692 28-18
74 649 38-02
60 519 64-50
50 439 87-52
30 266 152:03
10 93 290-75
1-2
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Fig. 3. The effect of oven drying on pore size distribution of
1-27 glem?® and 190 glem® samples
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Fig. 4. Water content, void ratio and degree of saturation with respect to suction for WRC measurements along wetting and drying path at three
different initial dry densities. (a) Water content against suction curves; (b, ¢) void ratio against suction curves for wetting and drying paths; (d, ¢) degree
of saturation against suction curves for wetting and drying paths. Shaded areas indicate volume measurement errors based on ball volume measurements

Instruments of the Czech Academy of Sciences, Brno. Oven-
dried samples equilibrated at the suction of 286-7 MPa were
used for the ESEM observations. The samples taken from
the desiccator were immediately prepared for the ESEM test.
No cutting tool was used to prepare the sample surface;
instead, following the procedures of Lin & Cerato (2014),
the specimen was fractured in order to expose a fresh,

undisturbed section of the sample. The tests were performed
at constant temperature of 5°C; the water vapour pressure
was imposed directly in the ESEM chamber, which made it
possible to observe directly the microstructure response to
suction changes. The water vapour pressure of 93 Pa (relative
humidity of 10%, suction of 290-75 MPa) was determined as
the optimal initial state for the experiment. Then the vapour
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pressure was gradually increased up to 850 Pa (relative
humidity 97%, suction of 3-85 MPa). After the relative
humidity had reached its maximum value, it was gradually
decreased back to 10%. The test conditions are summarised
in Table 6. The interval between vapour pressure changes was
15 min. A similar interval was adopted by other researchers
(Montes-H, 2005; Lin & Cerato, 2014).

RESULTS AND DISCUSSION
The effect of oven drying on microstructure

As some samples (see Table 4) used for WRC, ESEM and
MIP measurements were first oven dried at 105°C before
testing and the temperature could potentially affect their
microstructure, this effect was evaluated first. Fig. 3 shows
pore size density curves measured by MIP method for samples
compacted to dry densities 127 g/lem? and 1-90 g/em? directly
equilibrated at the suction of 38 MPa compared with MIP
results of the samples equilibrated at the same suction after
oven drying. The effect of oven drying on MIP curves is
insignificant, apart from its effect on the largest pores, where it
can be attributed to mechanical hysteresis due to the drying—
wetting cycle. The authors therefore consider the effect of oven
drying does not affect the qualitative and quantitative
evaluation of the presented data.
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Water retention curves

Figure 4(a) shows the WRCs of samples at three initial dry
densities (wetting and drying path). It is clear that the initial
dry density had only little influence on water content. With
the assumption that most water is concentrated in the micro-
pores at high suctions, these results suggest that micropores
are only little influenced by the compaction pressures, as
if their volume was to be affected, their water retention
capacity (which is known to be porosity dependent) would
also change. Contrarily, quite a remarkable effect of the
initial dry density was found on the degree of saturation
(Figs 4(d) and 4(e)) through its effect on void ratio (Figs 4(b)
and 4(c)). Although the void ratio measurements using the
wax immersion method were subject to an error (indicated as
shaded areas in Figs 4(b)-4(e)), the measurements consist-
ently show an increase in the global degree of saturation with
increasing dry density.

Mercury intrusion porosimetry measurements

Figure 5 shows the MIP results of low- (1-27 g/em®) and
high- (1-90 g/em®) density samples at each suction level.
Fig. 6 then shows the same results, replotted to identify the
effect of suction on pore size density curves. The MIP data
make it possible to identify the effects of suction and
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Fig. 5. Pore size distribution curves — the effect of dry density: (a) suction = 3-:29 MPa; (b) suction =38 MPa; (c) suction = 286-7 MPa
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compaction level on the individual pore sizes. Apart of the
inter-lamellar pores, which are not accessible to the adopted
measurement techniques, two primary pore size domains can
be distinguished, as described below.

(a) ‘Micropores’: these are between 3 nm and micro-macro
transition pore radius. Micropores are defined with the
aid of Figs 5 and 6 as smaller pores which are practically
unaffected by compaction. The transition pore radii
were identified on high-density samples as the
maximum pore size which remained open after
compaction (in low-density samples, the transition pore
radius was not clear due to the dominant effect of
macropores). The transition pore radii obtained were
0-07, 0-15 and 0-3 um for suctions of 286-7, 38 and
3-29 MPa, respectively.

(b) ‘Macropores’: these are larger than the micro-macro
transition pore radius. This is a family of larger pores,
which are affected by compaction level.

More detailed study of Figs 5 and 6 reveals that, in both the
two pore families, only the larger pores are affected by suction:
above 0-025 um for micropores and above 2-5 pm for macro-
pores. It thus seems that, at each level of structure, larger pores
are more deformable and are thus more responsive to a change
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Fig. 6. Pore size distribution curves — the effect of suction and
indication of micro—macro transition pore radius: (a) pg =1-27 glcm3;

(b) pa=1-90 glem®

in suction forces. In Fig. 7, void ratios corresponding to the
individual pore sizes are quantified from the cumulative pore
size distribution curves. It is clear that the compaction level
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Fig. 7. Void ratios corresponding to the individual pore families
calculated from MIP data
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Fig. 8. Cumulative pore size distribution curves along with void ratios
obtained during WRC measurements: (a) initial pq=1-27 glem>;
(b) initial pg =190 glcm®
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Macropores
Aggregates

Fig. 9. ESEM micrographs of compacted bentonite with a dry density of 1-27 glem® at different magnifications (note that ‘zoom 2’ and ‘zoom 3’
images are from a different sample section than the main photograph and ‘zoom 1’ image)

(e)

Fig. 10. Selected ESEM micrographs of compacted bentonite with a dry density of 1-27 g/lem® under the wetting—drying path: (a) 290-75 MPa;
(b) 38-:02 MPa; (c) 3-3 MPa; (d) 38-:02 MPa; (e) 290-75 MPa
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(e)

Fig. 11. Selected ESEM micrographs of compacted bentonite with a dry density of 1-9 g/cm® under the wetting—drying path: (a) 290-75 MPa;

(b) 38-02 MPa; (c) 3-3 MPa; (d) 38-02 MPa; (e) 290-75 MPa

influences mainly the macropores, following the definition
which the present authors adopted for distinction of transition
pore radius. Micropores are relatively insensitive to compac-
tion effort and they are moderately sensitive to suction,
whereas only the largest micropores contribute to deformation
due to suction change. Finally, in Fig. 8, cumulative pore size
density functions obtained in MIP measurements are com-
pared with void ratios obtained from the wax immersion
measurement method (results of wax immersion measure-
ments are plotted along with the error range). Both the
measurement methods are subjected to inaccuracies; the errors
in the wax immersion method of volume measurement have
already been discussed. In addition, MIP evaluation is based
on an assumption of cylindrical pore size. Irrespectively of
these assumptions, however, it appears that both measure-
ments are relatively consistent with each other in samples with
low initial dry density. In samples with high initial dry density,
void ratios extracted from MIP data are lower than the void
ratios measured by wax immersion method, but relative
positions of the curves for different suctions are consistent
between the two methods.

Environmental scanning electron microscopy observations
Figure 9 shows example ESEM micrographs of the
compacted bentonite with a dry density of 1-27 g/em®

which was equilibrated at the total suction of 286-7 MPa.
The arrangement of aggregates may be clearly seen, along
with different pore families. The aggregates are clearly visible
at lower magnification (complete photograph and zoom 1),
zoom 2 and zoom 3 then show details of the aggregate
structure with microporosity. The micrographs of compacted
bentonite subjected to wetting and drying in the ESEM
chamber are presented in Fig. 10 for dry density of
1-27 g/em® and in Fig. 11 for dry density of 1:90 g/cm?.
These photographs are qualitatively consistent with MIP
observations: macropores and distinct aggregates are visible
in the sample with low dry density, only aggregates with the
fine bentonite matrix, without clear macroporosity, are
visible in the samples with high dry density. It is also clear
that the macropores remain dry at most suction levels, apart
of lowest suction in the soil at high dry density (Fig. 11(c)),
where water menisci in the macropores start to be identifiable
in the photographs. Water retention measurements (in par-
ticular, the independence of water content from the compac-
tion level, Fig. 4(a)) are consistent with these observations.
To quantitatively analyse the measured data, the authors
evaluated the macroporosity evolution with suction and the
aggregate size variation with suction. To identify the macro-
porosity evolution with suction, a double arrow has been
included in Figs 10 and 11, which indicates the distance
between the selected aggregates. The macropore size increases
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(b)

(d)

Fig. 12. Digital image analysis methodology for target aggregates: (a) original ESEM microphotographs; (b) image grey level adjustment;
(c) target aggregates; (d) measurement of the surface area

Fig. 13. Aggregates of the initial dry density 1-27 glcm® samples selected for calculation of volume strain
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upon wetting and decreases upon drying, consistently with
MIP data, which have shown the suction dependency of the
larger macropores. The authors could also observe an
hysteretic phenomenon occurring after one wetting—drying
cycle. The aggregate distance was larger after a wetting—drying
cycle than initially. Recall that, consistently with these measure-
ments, an oven drying-wetting cycle on low-density samples
caused a smaller volume of larger macropores compared to
the directly equilibrated samples (Fig. 3). The wetting—drying
cycle thus caused the macroporosity to open, whereas the
drying—wetting cycle caused its densification.

In order to quantitatively analyse the volume change of
aggregates upon wetting and drying, the digital image
analysis technique was used. The original ESEM photograph
represents a plan view in two dimensions, as shown in
Fig. 12(a). First, the original ESEM photographs were
adjusted by threshold grey level to clearly identify
the boundary of the aggregates. Then, the surface area of
the aggregate was measured using a software tool at each
stage (see Figs 12(b)-12(d)). Once the surface area had been
obtained, the appropriate aggregate volume was calculated
based on an assumption of its spherical shape. The first
observation was set at the suction of 290-75 MPa as a
starting point. Then, the volume strain could be calculated.
The volume strain is used to define the relative volume
change of the aggregate, defined as

e = (Vi—V)/(Vo) (3)

where ¢, is the volume strain; V; is the volume of the
aggregate at the stage i; and ¥V is the volume of the aggregate
at the initial state.

Four different aggregates of each dry density were chosen to
analyse their volume strain with suction. Figs 13 and 14 show
the selected aggregates from ESEM photographs of low- and
high-density samples. The volume strain upon wetting and
drying paths is shown in Fig. 15. The volume strain increased
with decreasing suction; however, this increase was relatively
minor up to the low suction of 3-3 MPa. At this suction,
a sudden increase in volume strain can be seen, but it is
presumed that the values are affected by water entering the
macropores, which caused the aggregate boundaries to be less
clearly defined in the photomicrograph. During drying, water
remained initially in the macropores due to hydraulic hyster-
esis and thus the apparent aggregate volume was also affected.
Above a suction of 38:02 MPa, however, only a very small
effect of hydraulic hysteresis is measured; the aggregate
volumetric response thus appears to be reversible with suction.

Evaluation of aggregate saturation

Based on the volumetric strain of selected aggregates and
water content determined from WRCs, calculation of the
aggregate saturation was carried out. The aggregate satur-
ation was investigated along the wetting path (for both
ESEM and WRC measurements), because it was not affected
by the presence of inter-aggregate water up to very low
suctions. The calculation of aggregate saturation comprised
the following steps.

(a) The water content corresponding to each value of
suction applied in the ESEM chamber was calculated
by interpolation from the wetting path of WRCs.

Fig. 14. Aggregates of the initial dry density 19 g/cm® samples selected for calculation of volume strain
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For all of the aggregates studied, the suctions just before
water entered the macropores was considered as a
threshold state, in which aggregates were fully saturated,
but the inter-aggregate pores were dry. This state
corresponded to 3-85 MPa for low-density samples
and 7-8 MPa for high-density samples.

() The volume of micropores was then calculated with
the assumption of full saturation of aggregates from
the water content at the threshold state. At this state,
the calculated S, was equal to one by definition
(see Fig. 16).

(¢) Subsequently, the volume change of the aggregates
for each higher suction was calculated from ESEM
microphotograph analysis (Fig. 15). The corresponding
water content for each particular suction value was
interpolated from WRC. Based on these values, the
degree of saturation could be calculated for each
aggregate and each suction level along the wetting path.

Despite the assumptions adopted in the volume strain
estimation, including full saturation of the microstructure
at the water-expulsion value of suction, dry inter-aggregate
space and spherical shape of the aggregates, the calculation
of S, for all eight aggregates gives relatively consistent
results (Fig. 16). This indicates that during wetting the
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Fig. 15. Volume strain plotted against suction for compacted
bentonite along wetting and drying paths: (a) initial pq =1-27 glem?;
(b) initial pg =190 g/em®
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Fig. 16. Degree of saturation of aggregates during wetting evaluated
from a combination of ESEM and WRC measurements

samples were unsaturated down to the values of suction
between 10 MPa and 60 MPa, the air expulsion value of
suction being higher for samples with high dry density. These
values are lower compared to the assumption of fully
saturated aggregates up to the suctions of 80-100 MPa
(Delage et al., 1998; Masin & Khalili, 2015).

CONCLUDING REMARKS

In this paper, the authors have presented the results of
water retention measurements along with void ratio measure-
ments, MIP tests and ESEM micrographs of the Czech B75
calcium—magnesium bentonite at various initial dry den-
sities. Results of the methods were quantitatively analysed
and compared, leading to the following main conclusions.

(a) Apart from the inter-lamellar pores, which are not
accessible to the adopted observation methods, two
main pore families could be identified. Their transition
pore size was suction dependent (0-07 to 0-3 um for
suctions varying between 286-7 and 3-29 MPa). The
micropores were practically insensitive to compaction
and only the largest micropores were sensitive to
suction. The smaller macropores were sensitive to
compaction only, whereas the larger macropores
were sensitive to both compaction and suction.

() During wetting from the as-compacted state,
the macroporosity remained completely dry up to
very low values of suction (3-29 MPa).

(¢) During wetting from the as-compacted state the
micropores were found to be unsaturated up to the
suction values between 10 to 60 MPa.

(d) Both macropores and micropores contributed to sample
volume changes during suction change. Although the
micropore volume change appeared to be reversible,
permanent deformation remained on the macropore
level. The wetting—drying cycle caused macroporosity
loosening, whereas the oven-drying—wetting cycle
caused densification of the largest macropores.

(e) Oven drying at 105°C and subsequent wetting was
found to have little effect on the bentonite
microstructure, apart from its effect on the largest
macropores, which may be attributed to the mechanical
hysteresis effects.

Downloaded by [ UniverzitaKarlova] on [18/07/19]. Copyright © | CE Publishing, all rights reserved.



BENTONITE MICROSTRUCTURE AND SATURATION EVOLUTION 725

ACKNOWLEDGEMENTS

This project receives funding from the Euratom research
and training programme 2014-2018 under grant agreement
no. 745942. The first author acknowledges support by the
grant no. 846216 of the Charles University Grant Agency.
Institutional support by the Center for Geosphere Dynamics
(UNCE/SC1/006) is greatly appreciated. Dr Sedlarova
of the University of Chemistry and Technology (Prague)
and Dr Plachy of the Czech Agriculture University are
acknowledged for the MIP testing and sample preparation,
respectively.

NOTATION

D entrance pore diameter

e void ratio
e initial void ratio

I, plasticity index

P intrusion pressure

R molar gas constant
S, degree of saturation
S total suction

s suction

T absolute temperature

Vi volume of aggregate at stage i
Vo volume of aggregate at initial state

w. water content
&, volume strain
fnw contact angle between mercury and soil surface
pa  dry density
ps  particle density
pw density of water
ong surface tension of mercury
® molecular mass of water vapour
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Abstract

In this paper, we aim to clarify microstructure of bentonite from Cerny vrch deposit in
the Czech Republic. We adopt results of ESEM and MIP experiments performed at
various suctions along wetting and drying paths on bentonite samples compacted from
powder to two different initial dry densities. The data were used for quantification of
fractal dimension characteristics of pores of different sizes. Two different methods of
calculating fractal dimension were used for MIP data and one method was used for
evaluation of ESEM images. Fractal dimensions obtained from MIP data, combined
with the measured pore size density functions, allowed us to identify two different pore
families: micropores and macropores. Macropores can be further subdivided to fine
macropores and coarse macropores based on fractal analysis. The pore systems were
further distinguished by different responses to suction changes and to compaction effort.
In general, we observed slight increase of fractal dimension with increasing suction and

with increasing dry density.
Key words: bentonite, fractal dimension, suction, ESEM, MIP, microstructure
1. Introduction

Over the past few decades, bentonite has been an extensively studied material, thanks
to its application as a buffer material in the planned repositories of spent nuclear fuel.
It is now well accepted that bentonite structure is composed of different pore families.
Typically, two predominant pore sizes are identified: macropores, formed between silt-
sized aggregates of clay particles, and micropores, which represent the pore system
within these aggregates. This distinction has been a basis for development of models
describing mechanical and coupled hydro-mechanical behaviour of these materials

[1-7].

Although the simple distinction of two pore systems is efficient for model formulation,
various recent studies indicate that the pore structure of bentonite and its evolution
during wetting and drying cycles is actually more complex. Wang et al [8] identified
four major pore sizes in MX80 bentonite. Similarly, four pore sizes were suggested by
[9] for bentonite from Czech deposit. [loret and Villar [10] observed emergence of a
new mode in pore size density function during wetting, located between two pore size

peaks of as-compacted material. This is consistent with observation by [11], who



identified that bi-modal pore size distribution curve of bentonite transforms to
monomodal after saturation. Similarly conclusions reached other researchers at
different soil types [12-14]. In the cited studies, it was observed that mono-modal
distribution transforms back to bi-modal in subsequent drying. However, Seiphoori et
al [15] and Burton et al [16] observed that the double porosity structure did not recover
when drying after wetting. Romero et al [14] assumed two pore families in compacted
Boom clay, but elaborated more on selection of delimiting pore size between
micropores and macropores. Detailed review of the microstructure of compacted

unsaturated clays has been presented by [17].

In this work, we studied microstructure of Czech bentonite from Cerny vrch deposit,
denoted as B75. This bentonite has been used as a buffer material in Mock-Up-Josef
model of nuclear waste repository [18]. Microstructure determines pore shape, pore
specific surface and pore size distribution. These properties are related to the cation
exchange capacity, permeability and sorption capacity, which are important properties
considered in the design of high level nuclear waste repositories. Most of the bentonite
microstructure evaluation is based on quantification of global quantities (like micro-
and macrovoid ratio), or on visual evaluations of ESEM images and pore size
distributions measured by MIP method. In this work, we aim for a more quantitative
evaluation using a fractal theory. It gives us better insight into the pore structure and it
also allows us to better identify different pore families based on their sizes, which is a

supporting argument for microstructurally-based bentonite material models.

The fractal theory was first introduced by [ 19]. The Euclidian or topological dimension
is an integer; one represents line, two represents surface and three represents volume.
However, the fractal dimension is a real number, for a line its value varies between 1
and 2, for surface varies between 2 and 3. The fractal dimension can be used to analyse
the pore systems of porous medium based on self-similarity of pore geometry. Fractal
dimension has been proven to be an efficient tool to describe and study the pore
irregularity and surface roughness of different porous materials, such as the
heterogeneities of pore spaces in sedimentary rocks [20-22], the fractal characteristic
of micropores on the fracture surface of sandstone [23-25], the fractal description of
particle fragmentation related to fracture energy [26]| and shear strength [27]and the
methane and gas adsorption of coals [28-30]. The fractal dimension of clay related to

its structure has also been studied by many researchers [31-33,17,34-35].



Various techniques have been applied to analyse the pore structure of compacted
bentonite. One of the methods is based on the digital image analysis using scanning
electron microscopy (SEM) [36,33,37,38,30], environmental scanning electron
microscopy (ESEM) [17,38,39] or transmission electron microscopy (TEM) [40]
microphotographs. The other common methods include evaluation of mercury intrusion
porosimetry test (MIP) [44] and the nitrogen gas adsorption-desorption tests [41-43].
Among all the methods, SEM, ESEM and MIP are most frequently used to investigate
the pore structures of compacted bentonite [45,38,62]. Because bentonite is a clay
sensitive to water, the pore structure would change with changing water content. The
advantage of ESEM to SEM is that in ESEM the relative humidity can be controlled
observing the fabric change with time or relative humidity, while with SEM we can
only observe dry samples. The image analysis can only show two-dimensional pictures

and local information, which doesn’t represent complete 3D structure of the pores.

In this paper, we adopted results of ESEM and MIP methods to study bentonite
microstructure using fractal theory. The ESEM method was selected as a representative
photography method, giving detailed insight into the pore shape and structure, but
providing only 2D images. MIP method was selected to supplement ESEM method, as
it provides 3D information on pore sizes, which is however expressed in terms of
cumulative volumes only, without information on pore shapes. Experiments on samples
with different initial dry densities under different relative humidity conditions reported

by [46] were adopted to evaluate the fractal characteristics.
2. Materials

The commercial compacted Czech bentonite B75 was used in this study. The
montmorillonite content was around 60% and initial water content about 10%. The
chemical composition of bentonite B75 is shown in Table 1 and the cation exchange

capacity is shown in Table 2.

The bentonite powder was used to prepare the compacted samples. This powder was
uniaxially compacted in the laboratory mould to reach the desired initial dry densities
of 1.27 g/cm?® and 1.90 g/cm®. The initial water content of the powder was around 10%.
The height of the sample was 10 mm and the diameter was 50 mm. The manufactured
bentonite was cut into small pieces. Tests on two groups of samples were evaluated in

this paper. Samples from the first group were dried in the oven for more than 48 hours



with temperature of 105 °C. Subsequently, the dried samples were put in the dessicator
with suction control by different vapor pressure. Samples from the second group were
initially compacted, directly dried by two different methods (freeze drying and oven
drying) and adopted in ESEM measurements. All the evaluations were done on samples
from the first group, except of evaluations from Sec. “The effect of oven drying and

freeze drying on fractal dimension using ESEM images”.

Each dessicator was in equilibrium with different chemical saturated salt solution
corresponding to different relative humidity. In this paper, suctions of 286.7 MPa, 38
MPa and 3.29 MPa were imposed on the compacted bentonite for wetting path. After
equilibration, the samples for MIP tests were freeze-dried before the measurement. The

detailed information and procedures were described in [46].
3. Methods
3.1 Environmental Scanning Electron Microscopy

The Environmental Scanning Electron Microscopy (ESEM) tests have been performed
using QUANTA 650 FEG scanning electron microscope at the Institute of Scientific
Instruments of the Czech Academy of Sciences, Brno. Samples of compacted bentonite
were equilibrated at suction of 286.7 MPa before their placement into ESEM cell. The
samples were placed in a special conical holder and cooled by a Peltier stage. This
holder allows minimising sample shift in conditions of very high relative humidity as
well as better cooling which is necessary for sample stabilisation and repeatability of
observation. Conditions of observation were kept constant throughout the experiment.
The samples of the bentonites were observed in water vapour environment under
increasing and then decreasing relative humidity (wetting and drying). The water
vapour pressure of 93 Pa (relative humidity of 10%) was determined as optimal initial
state for the experiment. Then the vapour pressure was gradually increased up to 850
Pa (relative humidity 97%). After the maximum value of the relative humidity was
reached, the relative humidity was gradually decreased again down to 10%. The
microphotographs were taken at each stage. The time interval between vapour pressure

changes was 15 minutes. Similar interval was used by other researchers [45,38].



3.2 Mercury intrusion porosimetry tests

Mercury intrusion porosimetry (MIP) is based on the capillary law governing non-
wetting liquid (with contact angle bigger than 90°) penetration into small pores. The
pore entrance diameter (D) can be calculated from the intrusion pressure, p, the surface
tension of mercury, oHg, the contact angle between the mercury and soil surface, Onw,

and the equivalent entrance diameter, D, D =—(40,, cos6,,)/ P. In this study, the Onw

= 130° and ong = 0.484 N/m at 25 °C were considered in pore diameter calculation.

The tests were performed at the Department of Inorganic Technology at the University
of Chemistry and Technology Prague (Apparatus Autopore IV, Micromeritics). All the
samples for this measurement were freeze dried. The aparatures has two pressure
regimes, one is the low one from 0.01 MPa to 0.2 MPa which can measure the pore
radius between 100 pum and 3 pm, the other is the high regime from 0.2 MPa to 400
MPa which corresponds the pore radius between 3 um to 1.5 nm. It is noted that the
MIP method cannot detect nanopores below approx. 3 nm and these results were thus

not adopted in the evaluation.
4. Fractal dimension calculation theory
4.1 Fractal dimension calculated from ESEM images

For fractal dimension analysis, the original gray scale microphotographs taken from
ESEM apparatus must be transformed into binary images. The binary image contains
only two colors, black and white. Typically, the black color represents pores and the
white color represents the solid skeleton. The gray scale threshold value was used to
separate the solid and pore. An appropriate global threshold value was chosen to apply

to all microphotographs.

There are many methods to calculate fractal dimension from microphotographs taken
from ESEM tests, such as box counting method [30], probability statistic method [47]
or Fourier method [48]. The box counting method, which has been widely used in rocks
and soils [30] characteristing the pore distribution and fractal dimension, was chosen to
determine the fractal dimension of compacted bentonite. The procedures of calculating
fractal dimension are shown in Figure 1 including the original gray scale ESEM photo
(Figure 1 (a)), the binary image after applied threshold value (Figure 1(b)) and the

binary image used in box counting to measure the fractal dimension (Figure 1 (c)). The



size of the box was denoted as €. The number of boxes which cover solid surface was
then marked as N(g). This procedure was repeated with different box sizes with
corresponding covering counts N obtained, so the box counting fractal dimension Dy
could be calculated with equation (1) [49,30]:

i In(N(E)
Dp=~lm= D

The fractal dimension equals to the slope of natural logarithms N(¢) versus €.

In this paper, the free software ImageJ [50] and associated open source plugins [51]

were used to process the microphotographs and to analyse the results.
4.2 Fractal dimension calculated from MIP data

The results of MIP were often used for the analysis of pore structure of materials like
coal, clay and so on. For calculation of the pore surface fractal dimension Ds, the
equation (2) based on Menger fractal dimension model has usually been used by other
researchers [52,33,53,17], which is related to derivative of the cumulative intrusion

volume as a function of intrusion pressure.
log[(dV,/dVinax)/dp] & (Ds —4)logp  (2)

where p is the intrusion pressure (MPa), V; is the cumulative volume intruded for a
given pressure p, Vmax is the total volume intruded for the maximum intrusion pressure
and Ds is the surface fractal dimension. The interval zones of self-similarity and the
different types of pore structure can be obtained from the linear sections of

log[(dV, /dV,, )/ dp] versus log p, the slope of which yield the values of fractal

max

dimension.

Another method is based on thermal dynamic relation of porous medium in the process
of mercury intrusion porosimetry [54]. It is considering the equilibrium of surface
energy increased by mercury intrusion and work done by surroundings, which is used

to calculate the fractal dimension (denoted as D) using the following equations,
In(W) =In(@) +C (3)
Let Q= 1" P17 (4)

W, = XL DAV (5)



Substituting Equation (4) and (5) in to equation (3) leads to:

1

In(W,/r2) = D, In (‘:—f) rc’ (6

where i means i-th intrusion step, » means total intrusion number, p; is the average
intrusion pressure for ith intrusion, p,AV is the increased intrusion volume for i-th
intrusion, 7 is the pore radius, C and C are constants, D, is fractal dimension calculated
from thermal dynamic relations, Wh is the accumulated surface energy, Qn is a function
of pore radius and pore volume. Both these methods (Eq (2) and Eq (6)) were used for

calculation of fractal dimension in this paper.
5. Results and discussion
5.1 Observation scale effects on fractal dimension using ESEM images

Figure 2 shows the ESEM microphotographs of compacted bentonite with initial dry
density of 1.27 g/cm® under different magnifications. The pore size was measured by
Imagel software. Obviously, with magnification increase, the pore size decreases. The
range of pore diameters roughly corresponding to each magnification is shown in Table
3. It is obvious from images that the compacted bentonite has multiple pore systems.
The clay matrix looks homogeneous under low magnification in Figure 2 (a), but with
increasing magnification, details of structure of the aggregates becomes clear. Two pore
families were visually identified by [46]: macropores and micropores (see Figure 3). In

this work, we investigate the data by evaluating the surface fractal dimension.

Although the microphotographs are in two dimensions, they still represent surface
roughness under different magnifications. The surface fractal dimension (Dv) was used
to analyse the roughness of the clay surface. Because of the 2D images, the surface
fractal dimension will be between 1 and 2. The box counting method mentioned above
and demonstrated in Figure 1 was used. Figures 4 and 5 show the results of box counting
methods for dry density of 1.27 g/cm® and 1.9 g/cm® separately. The linear equation
with the real box counting data has a high correlation coefficient of more than 0.997 for
all the cases, which indicates that the pore structures of compacted bentonite has high
fractal characteristics. The relation between fractal dimension and magnification for
low and high dry density samples is shown in Figure 6. The results show a decrease in

Dby with increasing magnification, which is followed by an increase at high



magnifications (the increase is however indicated by few data points only). Dy has a
linear relationship with logarithm of magnification for both dry densities until the
threshold value at magnification of 10 000 for lower dry density and 25 000 for higher
dry density samples. The same linear trend was observed for soils by [55] and rocks by
[22]. At low magnification, the microphotographs contain more aggregates than high

magnification, which makes the surface more irregular.

Finally, we also evaluated possible effect of porosity on fractal dimension (Figure 7).
This figure shows that fractal dimension does not correlate significantly with the

porosity.

5.2 The effect of oven drying and freeze drying on fractal dimension using ESEM

images

It is generally accepted that different drying techniques have different influence on the
microstructure of compacted clays. Delage et al[ 56| summarized the water volume and
total mercury intrusion volume of Champlain clay, which verified that freeze-drying
can preserve its original micro structure. The oven drying produces large shrinkage
especially for high water content samples. Keiser et al[57] studied influence of three
different drying techniques (drying in ambient air, oven drying, and freeze drying) on
the grain size of clay. The results showed that soil with high clay content (>39%) was

sensitive to drying techniques.

Figure 8 shows microphotographs of the freeze dried and oven dried samples for
medium dry density of 1.6 g/cm® compacted bentonite at various magnifications. The
initial water content was around 10% and the samples were identical before drying. The

details of freeze drying and oven drying methods were described in [46].

In order to investigate the drying method, influence of the microstructure of compacted
bentonite on surface fractal dimension (Db) was calculated on freeze dried and oven
dried samples. Three initial dry densities of 1.27 g/cm?, 1.6 g/cm? and 1.9 g/cm? with
initial water content of 10% were studied. Surface fractal dimension (D») versus
magnification for the two drying methods are shown in Figures 9 (a), (b) (c¢) for low,
medium and high dry density samples respectively. The fractal dimension decreased
with increasing magnification regardless of the drying method. The fractal dimension
was almost the same at low magnification, while the difference is increasing with

magnification increase. The fractal dimension calculated from oven dried samples show

9



a higher value at higher magnification for medium and high dry density samples, while
little effect is observed on low dry density samples. Recall that, the higher the fractal
dimension, the rougher the surface is. The fractal dimension reflects that oven drying
may change the original structure which makes the clay surface more irregular with

higher pore surface fractal dimension.

5.3 The effect of wetting and drying cycles on fractal dimension using ESEM

images

In general, the water content influences the behavior of compacted bentonite. The
volume of soil increases when water is adsorbed and consequently, the microstructure
is affected. The clay surface was observed in different stages under various relative
humidities. The compacted oven-dried bentonite was first equilibrated at suction of
286.7 MPa, then it was placed into ESEM cell and it was controlled by wetting path
(relative humility 10% to 97%) and subsequently by drying path (relative humidity was
decreased back to 10%).

The bentonite samples compacted to dry density of 1.27 g/cm? and 1.9 g/cm® were used
for ESEM observation. 24 microphotographs were taken for each dry density for both
wetting and drying paths. The suction can be calculated from relative humidity using

equation (7),

S =(RTp, / @)In(1/ RH) (7)

where st is the total suction (kPa); R is the molar gas constant, which equals to 8.314462
J/(mol K); T is the absolute temperature (K); pw is the density of water; ® is the
molecular mass of water vapour, which equals to 18.016 g/mol; RH is relative humidity
of the system which is defined as the ratio of partial pressure of vapour over saturation

vapour pressure.

Considering the sharpl increase of swelling volume of bentonite aggregates under high
relative humidity conditions [46], the magnification of 2500 was chosen for observation.
It is detailed enough when compared with lower magnifications and still the aggregates
can be tracked along all relative humidities. Fractal dimension was evaluated from each
microphotograph with magnification of 2500. The surface fractal dimension (Dbv)
versus suction are shown in Figure 10 for dry densities of 1.27 g/cm® and 1.9 g/cm®. It

can be seen, that for low dry density samples the fractal dimension decreased with

10



wetting. Fractal dimension increased with drying up to suction of approx. 20 MPa and
then it dereased again for suction above 100 MPa. For highly dry density samples,
fractal dimension is independent of suction for wetting, while sharp increase followed
by a slight decrease of Dy can be seen during drying. Similar phenomenon was observed

by [58] for cement paste and [59] for unsatured soils.
5.4 Suctions effects on fractal dimension in MIP measurements

5.4.1 Pore surface fractal dimension Ds from MIP

The porosity measured by mercury intrusion porosimetry is shown in table 4. It
decreases with increasing dry density and suction. Figure 11 shows the original data of
mercury capillary pressure versus mercury intrusion saturation degrees. The mercury
intrusion saturation degree equals to the intruded mercury volume divided by the total

intruded mercury volume.

Figures 12 and 13 show the pore surface fractal dimension Ds versus pore radius from
MIP data for low and high dry density samples respectively. The fractal dimension was
calculated from Eq (2). An attempt was made to identify the interval zones of self-
similarity and the different type of pore structure from the linear sections in Figures 12
and 13. There, the values of Ds can be calculated from the curve slope. Figures 12 and
13 show the surface fractal dimension of dry density samples of 1.27 g/cm? and 1.90
g/cm?’ under three suctions. According to [60], a surface fractal dimension, Ds, which
equals to 2 represents a fissure like porosity, while Ds equals to 3 is representing a more
space filling volumetric pore structure. This concept was used in boom clay by [33] [17]

and in unsatured soils by [34].

In order to describe different pore size domains based on pore geometry, data for both
dry densities and all suctions were plotted in one graph (Figure. 14(a)). Both micropores
and macropores can be clearly identified based on the fractal analysis. Inside the family
of macro-pores, fine macropores and coarse macropores can be distinguished (indicated
by dashed lines in Figures 12 and 14). Micropores are represented by parallel regression
lines of all samples demonstrating similar values of surface fractal dimension Ds. It
shows that this domain representing the pores inside the aggregates is compaction-
insensitive. However, close to the micro-macro boundary, Ds of high density samples

is influenced by applied suction (Figure 15). The size of the micro-pores domain is

11



therefore not uniquely defined and depends on the value of suction. These results

confirm quantitatively the qualitative evaluation presented by [46].

The actual value of surface fractal dimension for both pore families is shown in Figure
16. As is also clear from Fig. 14, the pores exhibit approximately similar value of Ds.
The Ds of macropores is slightly higher in the case of low density samples, whereas for
high dry density, the values are similar. When the trend of Ds values is compared to the
fractal dimension Dy calculated from box counting method (Figure 6), the Dy decreased
with magnification and then a little increased (this increase can, however, be caused by
small number of pores present in the evaluated images at high magnificantions). This
trend is supported by Ds values, which are higher for bigger pore radius and lower for
smaller pore radius. The micropores exhibit similar Ds values in the range 2.72-3.0
(Table 5, Figure 16). It suggests similar shape of the pores, which can be described as
a space-filling volumetric structure [17]. The fractal dimension of macropores in low
dry density samples at high suction exceeds the value of 3. This can be caused by more
complex shape of these pores, which can be also combined with microcracks. Similar

values were observed by [17].
5.4.2 Thermal fractal dimension from MIP (Eq (6))

Figures 17 and 18 show the pore surface fractal dimension D calculated from equation
(6). The D; is constant in all pressure ranges compared with the fractal dimension Ds.
The correlation coefficient of fitting curves of these MIP data is greater than 0.98,
which indicates a good linear relationship. The fractal dimension D of low and high
dry density samples under each suction level is shown in Figure 19. It can be seen that,
as a general trend, fractal dimension slightly increased with the suction increase. This
observation is consistent with pore surface fractal dimension (D») evaluated using
ESEM images in wetting tests, but no clear comparison is possible with Dy evaluated
using drying tests and with Ds variation with suction. High dry density samples have

higher fractal dimension than low dry density samples.

5.5 Discussion on the differences between results obtained using ESEM and MIP

methods

The MIP method is characterizing indirectly the features of the solid-pore interfaces.
The MIP provides a limited information, however, as it describes the surface/volume

accessible by mercury only. The fractal dimension calculation is based on ideal fractal
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structure of Menger Sponge, which may vary with the scale Ds. The thermal fractal
dimension (D7) calculated from MIP is based on the thermal dynamic relation of porous
medium in the process of mercury intrusion, which makes the fractal dimension
constant through all the pressure range. Contrary, the fractal dimension calculated from
ESEM uses images which covers most macropores (2500X), but the smallest and
largest pores cannot be quantified using this magnification, it only represents 2D
sections through the samples and evaluation of pore boundaries is subject to
uncertainties. The fractal dimensions obtained from both results thus can’t be compared
directly, however, both give an insight in the pore structure characteristics quantifiable

by these methods.
6. Conclusions

The fractal dimension of compacted bentonite using samples of different dry densities
was studied by ESEM and MIP tests at different suctions. The influence of pore size,
wetting and drying cycles, suction and compaction energy on fractal dimension were
discussed and analysed. The different approaches based on box counting method (Dv),
Menger fractal dimension model (Ds) and thermal dynamic relation (D-) were applied.

The following conclusions can be made:

1) The fractal analysis using box counting method on ESEM images proved high
fractal characteristics of bentonite pore system. The fractal dimension decreases with
increasing magnification due to more smooth and regular structures observed under
high magnifications. However, the fractal dimension increases again when approaching
extremely high magnifications. The effect of freeze drying and oven drying was
investigated, showing higher fractal dimension of oven dried samples. This indicates

certain change of the pore structure of the samples exposed to oven drying.

2) Two pore size domains were defined based on the fractal analysis of MIP data,
namely micropores and macropores. The macropores can be subdivided to fine
macropores and coarse macropores. The zones influenced by suction and different
compaction energy where identified. An estimation of pore geometry of different size
domains can be made based on the value of fractal dimension Ds. Pore size domains
determined from fractal analysis correlates with size domains obtained by visual

evaluation of MIP distribution curves. The fractal analysis of MIP data thus proved to
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be a useful tool, which complements the information obtained from MIP distribution

curves.

3) Comparison of the different methods of fractal analysis is problematic, due to
different nature of methods used in evaluation. We can however conclude that often
fractal dimension decreases slightly with decreasing suction (Dv evaluated using

wetting tests, Ds on low density samples and D for both dry densities).
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Table 1. The chemical composition of bentonite B75 [61].

Component | Weight(%)
SiO2 5191
ALO3 15.52
Fe203 8.89
TiO2 2.28
CaO 4.6
MgO 2.22
Na20 1.21
K20 1.27
P20s 0.4
MnO 0.11
FeO 2.95
SO3 0.09
CaCO:s 11.71
CO2 5.15
Lost-drying | 10.65
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Table 2. The cation exchange capacity of bentonite B75.

Cation | mmol/100g
Ca®" | 47.27

Na* 15.39

K* 2.01

Mg?* | 15.80

H* <0.5

Table 3. Typical pore diameter under different magnification.

Magnification 800 1500 2500 5000 10000 | 25000 | 50000
Pore - diameter | ) )5 610 |48 |24 |153 |051 |002-0.1
(um)
Table 4. Initial porosity measured by MIP test.
286.7 38 3.24
1.27 42.99% 46.07% 51.59%
1.90 13.75% 17.70% 23.90%

Table 5. Fractal dimension Ds with pore systems for both dry densities.

1.27 g/em? 1.90 g/cm?
Suction/MPa | Macropores Micropores Macropores Micropores
286.7 3.25 2.73 2.99 2.72
38 3.35 2.86 2.95 3.00
3.29 2.97 2.78 2.71 2.99
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(a) Original grayscale image (b) Binary image (c) Box counting

Figure 1. Examples of ESEM microphotographs of compacted bentonite used for box
counting fractal dimension methods, the original gray scale image (a), binary image

(b), box counting (c).
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Figure 2. ESEM observation of freeze dried compacted bentonite (pa = 1.27 g/cm?)
under different magnification: (a) 800X, (b) 1500X, (¢) 2500X, (d) 5000X,
(e)10000X, (f) 25000X, (g) 50000X. left: original grayscale images; right: binary

images.
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Aggregates ‘A Macro pores Zoom ‘1

Figure 3. ESEM micrographs of compacted bentonite with a dry density of 1.27

g/cm® with macropores and micropores pore families[46].
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Figure 6. Surface fractal dimension (Db) versus magnification, low dry density of

1.27 g/cm? (a) and high dry density of 1.9 g/cm? (b).
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Figure 7. Porosity from binary image versus surface fractal dimension (Db).
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100 m

Freeze drying Oven drying

Figure 8. Dry density of 1.60 g/cm® bentonite dried by freeze drying (left) and oven
drying (right) with magnification of 800X (a&e), 1500X (b&f), 2500X (c&g) and
5000X (d&h).
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Figure 9. Surface fractal dimension (Db) of freeze dried and oven dried samples along

with magnification for both dry densities
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A new method to predict swelling pressure of compacted bentonites based on

diffuse double layer theory
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Abstract. Compacted bentonites were chosen as the backfill material and buffer in high level nuclear waste disposal due to its
high swelling pressure, high ion adsorption capacity and low permeability. It is essential to estimate the swelling pressure in
design and considering the safety of the nuclear repositories. The swelling pressure model of expansive clay colloids was
developed based on Gouy-Chapman diffuse double layer theory. However, the diffuse double layer model is effective in
predicting low compaction dry density (low swelling pressure) for certain bentonites, and invalidation in simulating high
compaction dry density (high swelling pressure). In this paper, the new relationship between nondimensional midplane potential
function, u, and nondimensional distance function, Kd, were established based on the Gouy-Chapman theory by considering the
variation of void ratio. The new developed model was constructed based on the published literature data of compacted Na-
bentonite (MX80) and Ca-bentonite (FoCa) for sodium and calcium bentonite respectively. The proposed models were applied
to re-compute swelling pressure of other compacted Na-bentonites (Kunigel-V1, Voclay, Neokunibond and GMZ) and Ca-
bentonites (FEBEX, Bavaria bentonite, Bentonite S-2, Montigel bentonite) based on the reported experimental data. Results

show that the predicted swelling pressure has a good agreement with the experimental swelling pressure in all cases.

Keywords:

bentonite, swelling pressure, expansive soils, nuclear waste disposal

1. Introduction

Deep geological repository is popularly being
considered as storage for high level nuclear waste in many
countries such as Sweden, France, Japan, China, Czech
Republic, Germany, Belgium, Spain and so on (Dixon and
Grey 1985, Pusch 1992, Delage 2007, Sun et al. 2018). The
high level nuclear wastes are mainly from the 'burning' of
uranium fuel in a nuclear reactor. The used uncycled
nuclear fuels are firstly storage in ponds for 40 or 50 years.
After that the used fuel assemblies are ready for
encapsulation or loading into casks ready for indefinite
storage or permanent disposal underground (WNA 2016).
Spent nuclear fuel will be stored in isolated copper canisters
inside underground bedrock with a depth of several hundred
meters. The canisters will be placed in the tunnel galleries
surrounded by multiple release barriers. Generally, the
compacted bentonite blocks or other forms of bentonite like
bricks and pellets are often planned as buffer and backfill
material thanks to its low hydraulic conductivity, high-ion
adsorption capacity and high swelling pressure (Bucher and
Muller Vonmoos 1989, ENRESA 2000, Schanz and
Tripathy 2009, Gueddouda 2011, Sun 2015). The function
of compacted bentonite barrier is that the material should
hold the canister tightly when subjected to water,
simultaneously limit the access of water to waste container
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and prevent the migration of radionuclide into the nature,
and should transfer the heat produced by nuclear radiation
of nuclear fuels to the host rocks.

Once emplaced, the tunnel galleries are closed and the
around environment are rebalanced. The unsaturated
compacted bentonite will be hydrated by adsorbing the
water or electrolytes from surrounding bedrocks. The space
between canisters and bedrocks are always assumed to be
constant full of compacted bentonite. The initially
unsaturated compacted bentonite will exhibit swelling
pressure when meet with water. To make sure the safety of
the repository, the swelling pressure of the compacted
bentonite must be no more than the in situ strength of the
surrounding rocks. Thus, the estimation and determination
of swelling pressure is essential and crucial for safety
design and long terms functionality of backfill materials and
buffer in nuclear repositories. Swelling pressure determined
by laboratory tests have been studied by many researchers
(Pusch 1982, Dixon and Gray 1985, ENRSEA 2000 and
Komine 2004) who performed the tests at confined
conditions without volume change of the compacted
bentonite specimen.

Compacted bentonites are clays with high content of
montmorillonite. Bentonite swelling is because of the clay-
water-electrolyte interaction (Bolt 1956). It is known that
the physicochemical forces are responsible for the swelling
behavior of colloid bentonite substance from diffuse double
layer theory (Bolt 1956, van Olphen, 1977, Mitchell 1993).
According to Masin (2015) summarized, the basic forms of
diffuse double layer theory are only available for
montmorillonite clay particles suspended in monovalent
liquid solutions at low concentrations (Warkentin and
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Schofield 1958, Sridharan and Jayadeva 1982, Zhang et al.
1993, Yong 1999a, b, Komine and Ogata 1996, Mitchell and
Soga 2005, Phillips and Tripathy 2011, Liu 2013). Some
researchers attempted to study the swelling pressure of
compacted bentonite based on diffuse double layer theory
related to the physicochemical forces (Komine and Ogata
1996, Sridharan and Choudhury 2002, Tripathy et al. 2004,
Bharat et al. 2013, 2017, Liu 2015, Sun 2017). The reason
for difference between theoretical values from DDL theory
and experimental data have been studied by many
researchers (Barcey et al. 1972, Pusch 1982, Young and
Mohamed 1992, Sridharan and Choudhury 2002, Tripathy
et al. 2004 and Schanz and Tripahty 2009).

2. Literature review

Three mechanisms for clay mineral formation
(inheritance, neoformation, and transformation) operating in
three geological environments (weathering, sedimentary,
and diagenetic-hydrothermal) yield nine possibilities for the
origin of clay minerals in nature (Eberl 1984). The main
group of clay minerals are kaolinite, illite and
montmorillonite. Montmorillonite is the main content of
bentonites. Generally, many types of exchangeable cations
exist in bentonites material. The amount and type of cations
of the bentonite depends on the mechanisms and geological
environments of formation as mentioned before.

The unit layer of the montmorillonite consists of an
aluminium octahedral sheet sandwiched between two silica
tetrahedral sheets, as shown schematically in Fig. 1(a) (1-3).
The thickness of unit layer is about 9.6 Angstrom (A)
shown in Fig. 1(a) (3). Generally, cations and water
molecules exist in the interlayer. The unit layers are bonded
by weak van der Waal forces which occurred between
molecules. The silica tetrahedral - aluminium octahedral -
silica tetrahedral forms the structure of unit layer. The
strong chemical bond is formed by atoms (Si-O, Al-O),
which is much higher than van der Waal forces. The
extensive isomorphous substitution occurred for silicon and
aluminum which were replaced by other cations such as
magnesium, iron, zinc, nickel, lithium etc. (Grim 1968).
The charge deficiencies due to isomorphous substitution are
balanced by exchangeable cations located within clay
particles as shown in Fig. 1(b). The ideal arrangement of
unit layers is parallel structure as shown in Fig. 1(c). In
general, several unit layers comprise clay particles. The
thickness of clay particles varies from 10 to 50 A. The
space between clay particles are called inter-particle pores
where the diffuse double layer formed. At very low water
content condition, the exchangeable cations are strongly
attracted to the negative surface of unit layer. Two parallel
unit layers are separated by cations which shows a very low
level of hydration. This would be correspond to water in
region A in Fig. 1(d). With ingress of water, the cations are
partial hydrated by combining with the water molecules.
The distance between unit layers will expand when the
potential energy of repulsion is higher than the potential
energy of attraction which comes from van der Waals forces
and electrostatic forces between negative charged surface
and positive charged interlayer cations. Probably, at this
situation the water exist in region B as shown in Fig. 1(d).

The balance of attraction and repulsion is denoted as
crystalline swelling (Norrish 1954, Kittrick 1969).
Crystalline swelling is a process whereby 0 to 4 discrete
layers of water molecules are intercalated between unit
layers shown in Fig. 1(b) (3). Layer hydrates with O, 1, 2, 3,
and 4 layers of water molecules are distinguished by basal
spacings of approximately 10.0, 12.5, 15.0, 17.5 and 20.0
A, respectively (Laird 2006). Upon further ingress of water,
it will reach region C as shown in Fig. 1(d), the cations
were fully hydrated and produced a higher concentration
compared with the bulk fluid ion concentration far away
from the clay surface. At the same time, the cations near
surface try to diffuse to equilibrium the whole concentration
due to the difference in ion concentration in bulk fluid
solution and high ion concentration near clay surfaces. The
swelling of the clay particles due to the osmotic phenomena
are termed as osmotic swelling or diffuse double layer
swelling (Van Olphen 1977). The negative charged clay
surface, the distributed charged cation and the adsorbed
water are together termed as the diffuse double layer (Bolt
1956, Van Olphen 1963). Usually, the thickness of diffuse
double layer is around 200 A which depends on the
exchange cations, electronical surface charge, pore fluid,
density, temperature etc.

The montmorillonite clay usually contains some
monovalent or divalent cations during its formation under
different geological environment. The different types of
bentonite are each named after the respective dominant
element, such as sodium bentonite, calcium bentonite etc.
The types of exchange cations deeply influence the
behavior of montmorillonite. Lambe and Whitman (1969)
give the radius of un-hydrated and hydrated sodium ions as
0.98 A and 7.8 A, respectively. The thickness of DDL can
expand to 120 A for sodium bentonite under certain
conditions (Grim 1968, Van Olphen 1977). If the
monovalent sodium cations are replaced by divalent
calcium or magnesium cations, there would need to be only
half as many cations present to balance the negative charges
on the clay particles, and the whole size of the clay particle
would shrink (Nelson et al. 2015). Benson and Meer (2009)
showed that clays having an abundance of monovalent
cations had a much higher swell index than those with an
abundance of divalent cations. Tamura et al. (2000) shown
that the water uptake capacities of calcium or magnesium
montmorillonites are nearly similar. The osmotic repulsive
pressure is much less for divalent cations (Norrish 1954).
However, the repulsive energy due to hydration of divalent
exchangeable cations is significantly greater than that of
monovalent ions (MacEwan 1954). These may contribute to
the different swelling behavior of Na-bentonite and Ca-
bentonite.

The basic form of DDL theory was proposed by Gouy-
Chapman (Gouy 1910, Chapman 1913). This theory can
predict the swelling behavior of bentonites by consideration
of variations in clay-water-electrolyte systems. According
to DDL theory, the interaction forces between double layers
depends on the mindplane potential and ion concentration at
mindplane between the two parallel clay platelets and its
value equals to the osmotic pressure in that plane (Bolt
1956).

It is shown that the DDL theory can predict good value
of swelling pressure with dry density lower than 1.55Mg/m?
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Fig. 1 Schematic diagram of structure of montmorillonite, (a) structure of unite clay layer, (1) Silica tetrahedral sheet,
(b) Clay-water interactions, (1) dry condition, (2) water
molecules wedge into the interlayer, (3) fully hydrated cations which results in repulsive forces and expanding caly
layers (due to hydration energy); (c) interaction of clay particles, interpaticle, interlayer, diffuse double layer
(thickness data from Lambe (1958) and Grim (1968)) and (d) Iron hydration (modified from Frank and Wen (1957))

(2) Aluminium octahedral sheet, (3) unit clay layer;

for bentonite S-2 (Schanz and Tripathy 2009). Komine and
Ogata (1996) pointed out that the DDL can predict
adequately the swelling characteristics of compacted
bentonite when the swelling pressure is less than about
3MPa and the type is sodium bentonite (Kunigel). However,
there exists big difference between the theoretical value and
experimental data at high dry density. The difference
between theoretical values from DDL theory and
experimental data have been studied by many researchers
(Barcey et al. 1972, Pusch 1982, Young 1984, Young and
Mohamed 1992, Sridaran and Choudhury 2002, Tripathy et
al. 2004, Schanz and Tripahty 2009, Puppala et al. 2017).
Some researchers (Verwey and Overbeek 1948, Van Olphen
1963 and Yong 1999) pointed out that the hydration energy
due to surface and ion hydration are the major contributing
factors to swelling pressure at close separation of clay
platelets (high dry density). The difference between

theoretical and experimental data was attributed to many
factors (Bolt 1956, Sridharan and Jayadeva 1982, Mitchell
1993, Tripathy et al. 2004): (1) poorly developed or
partially developed diffuse double layers, (2) surface and
ion hydration near clay particles, (3) nonuniform size of
clay particles, (4) deviation of clay fabric structure, (5)
presence of non-swelling minerals in the clay.

From the literature review, it can be seen that the DDL
was effective in predicting swelling pressure with low dry
density for some certain bentonites (Komine and Ogata
1996) and has been successfully to explain the
compressibility behavior of colloid clays (Mitchell 1993).
Tripathy et al. (2004) proposed three new equations for
prediction of swelling pressure by considering multiple
valent montmorillonite, while it doesn’t work well on some
divalent rich bentonites (Schanz and Tripathy 2009).

In this paper the Gouy-Chapman diffuse double layer
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theory are used to calculate the theoretical swelling
pressure. The difference of swelling pressure between
theoretical and experimental data are shown for all
compacted Na-bentonites and Ca-bentonites from literature.
Two new proposed equations are derived from Na-
bentonites (MX80) and Ca-bentonites (FoCa), later the new
equations are proposed to predict the swelling pressure of
other compacted bentonites.

3. Theoretical relationship between
pressure and dry density

swelling

The swelling pressure is the difference between the
osmotic pressure in the central plane between two clay
platelets and the osmotic pressure in the equilibrium
solution (Bolt 1956). The osmotic pressure at the central
plane between clay platelets can be calculated from Gouy-
Chapman diffuse double layer theory which original
presented by Bolt (1956) and Van Olphen (1963) and
improved by Sridharan and Jayadeva (1982). The following
equations are used to establish the theoretical relationship
between swelling pressure and dry density

e = Gy,,Sd x 10° (1)
Gy
=—= (2
Ya T Tve

u 1 d
dy = [d&=-Kd
!\/(ZCOSh y—2coshu) y ! g 3)

dy oo~ Zeou
(= =.J(2coshz—-2coshu
(dg)x:o )

LN @
S\ 22,Dn kT at x=0, y=2

p =2n,kT (coshu -1) (5)
2,2 1
K= (L ©
&,DKT

where e is the void ratio of compacted bentonite, G is the
specific gravity, v, is the density of water, yq4 is the dry
density, S is the specific surface area (m?/g), d is the half of
the distance of clay platelets (m), u is the nondimensional
midplane potential, y is the nondimensional potential at a
distance x from the clay surface, z is the nondimensional
potential function at the surface (x = 0), & is the distance
function(§ = Kx), B is the base cation exchange capacity
(meq/100g), € is the permittivity of vacuum (8.8542x10%
C%'m™), D is the dielectric constant of bulk fluid (80.4 for
water), nq is the ionic concentration of the bulk fluid in
ions/ms, k is the Boltzmann’s constant (1.38X10'23 JK), K
is the diffuse double layer parameter (1/m), T is the absolute
temperature in Kelvin, p is the swelling pressure (Pa), e’ is
the elementary electric charge (1.602x10% C), v is the
weighted averaged of valency of exchangeable cations
(Tripathy et al. 2004).

12 \i’alues of (dy/dg), _,

Fig. 2 Theoretical u-Kd relationship (Sridharan and
Jayadeva 1982)

Sridharan and Jayadeva (1982) summarized the u and kd
relationships for different values of (dy/d&)x=0 shown in
Fig. 2. A linear relationship between u and log(Kd) was
suggested to compute u value for known Kd. Sridharan and
Choudhury (2002) proposed u-log (Kd) for saturated
slurries of Na-montmorillonites with valence of 1. Three
different u-log Kd relationships were proposed as following

u=235-4.375logKd (@)
u=2.10—4.583logKd (b)
u = 2.81 —3.375log Kd (c)

Eq. (a) was constructed based on all the clays (illite,
kaolinite, motmorillonite) in pressure of 10-1000KPa. Eq.
(b) was the theoretical u-log(Kd) only related to
montmorillonite in pressure of 50-400KPa. Eg. (c) was
recalculated based on experimental Na montmorillonite
data.

Tripathy et al. (2004) used the procedures similar to
Sridharan and Choudhury (2002) to propose u-log(Kd)
relations. Tripathy et al. (2004) proposed three methods to
establish the u-log(Kd) relations. The method 1 considered
all u and kd values in pressure of 50-40000 KPa and with ng
from 107 - 10*M. The method 2 was used by consideration
of all the u and Kd values from 50 to 40000KPa, with ng
equals to 10“M. The method 3 considered u-log(Kd) in the
pressure range of 50-400kpa, similar to Eq. (b). The method
3 was used in his article to establish new relationship
between the nondimensional midplane potential function, u
and the distance function, Kd, for MX80, FEBEX, Montigel
bentonite, based on comparing the experimental results and
swelling pressure derived from diffuse double layer theory.

Because the swelling pressure tests were performed under
the infiltration of distilled water with a concentration of
approximately 10“M, thus the method 2 were adopted as
theoretical DDL values in this paper. The swelling pressure
can be predicted by relating the value of u obtained from
Eqg. (5) and Kd for any given properties of bentonite and the
known bulk fluid properties (Sridharan and Jayadeva 1982,
Tripathy et al. 2004). For a range of assumed swelling
pressure, the value of u can be obtained
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Table 1 Physical properties, montmorillonite content and cation exchange capacity for all compacted bentonites

CEC (meq/100g) BEC

Type Name MMT 3 v w (%) o References
() 2 L ()
(%) Na Ca Mg K (meq/100g) (m7g) (%)
Muller-Vonmous and
MX80 75 624 74 3 0.2 73 2.76 562 1.14 411+10 47 Kahr (1982), (1983)
Japan nuclear Cycle
Kunigel-V1 104.4 2.7 525 1.46 416 21 Development Insitute
Na - (1999)
bentonites Voclay 69 56.6 29.3 132 16 100.7 2.84 558.9% 1.42 628.2 448 Komine (2004
Neokunibond 76 62 33 6.3 19 103.5 2.68 615.6* 1.38 607.5 50.69 Komine 2004
GMz 75.4 434 291 123 25 78.3 271 570 1.67 276 38 Wen (2006)
\Volckaert et al. (2000)
FoCa 80 36 731 65 0.8 84 2.67 300 1.94 112 50 Marcial et al. (2002)
ENRESA 2000,
FEBEX 9243 25 42 32 3 102 2.7 752447 1.73 102+4 53+3 Lajudie et al. 1996
ca Muller-Vonmous and
y ) Kahr (1982), (1983),
bentonites Montigel 66 18 376 224 02 62 2.85 493 1.97 50 50 Lajudie et al.
(1996)
Bentonite S-2 92+4 22+3 41+7 31+7 25+£1 97 2.78 61474 1.66 105+10 ENRESA 2000
Bavaria 9 33 32 74 2.8 650 1.88 178 56.1 Schanz et al. (2009)

*Note: MMT- montmorillonite, BEC — base exchange capacity, CEC- cation exchange capacity, G — specific gravity, S — specific
surface, *-value estimated form the specific surface of MMT (810 m%g) (Komine and Ogata 1996)

Table 2 Initial water content,
dimensions, laboratory temperature and
compacted bentonite used in the paper

compaction pressure,
reference of

Initial Compaction Dimensions
Bentonite o T (°C) Reference
WC (%) pressure(KN) Dia/mm  H/mm
Bucher and Miiller-
MX80 100-300 56.4 20-25 20 Vonmoos (1989)
Japan Nuclear Cycle
. o 5 Development Institute
Kunigel-V1 6.5~10.0 8.5~145 60 5 (1999) and Komine
(2004)
Voclay 11.1~15.1 8.5~145 60 5 22+1 Komine (2004)
Neokunibond ~ 11.3~12.3 8.5~145 60 5 22+1 Komine (2004)
Schanz and Al-Badran
GMZ 11.14 50 20 (2014)
Imbert and Villar
FoCa 12 38~57 12-20 24+1 (2006)
FEBEX 12.5~15.5 53 7-8 20~25 ENRESA (2000)

. Bucher and Miiller-
Montigel 100~300 56.4  20~25 20 Vonmoos (1989)
Ben. S-2 9~11 53 7~8 20~25 ENRESA (2000)
Bavaria 9.9 50 15 go Schanzand Tripathy

(2009)

from Eq. (5) and the value of z can be calculated from Eq.
(4). The value of Kd also can be calculated from Eqg. (3) by
knowing u and z. The value of K can be determined by Eq.
(6), so the value of d can be obtained from Eg. (3).
Knowing d, Eg. (1) can be used to calculate e. The dry
density can be calculated from Eqg. (2). The integration of
Eq. (3) is evaluated numerically using the “quad” MATLAB
method. Thus, the theoretic relationship between swelling
pressure and dry density can be obtained.

4. Materials

Various bentonites including Na-bentonites and Ca-
bentonites were studied as buffer materials for nuclear

waste disposal all over the world. Such as MX80, Na-
bentonites original from Wyoming, USA, and FoCa
bentonite, Ca- bentonites original from France and so on,
which were planned as buffer and backfill materials for
high level nuclear waste disposal. In this paper, it contents
five Na-bentonites and five Ca-bentonites. The detailed
physical properties, montmorillonite content, cation
exchange capacity, liquid limit and plastic limit were shown
in Table 1. Generally, the value of swelling pressure
depends on the amount of montmorillonite content. It can
be seen the MX80 bentonite with the montmorillonite
content is around 75%, which is the average content among
all the compacted Na-bentonites in the publish papers. The
FoCa bentonites with the montmorillonite content is around
80% which is also the average content among all the
compacted Ca-bentonites in the publish papers. In addition,
the MX80 and FoCa bentonite contains the highest sodium
and calcium cation content respectively. Based on this
priority, the two bentonites were selected as representative
of Na- bentonites and Ca-bentonites respectively. The
valencies of the bentonites were obtained from the weighted
average of the valencies of the cations exist in the
bentonites, which suggested by Tripathy et al. (2004).

The swelling pressure of compacted bentonites was
usually determined in the laboratory. For preparation of
each dry density of specimen, the bentonite powders were
statically compacted in a special compaction mould
corresponding to different compaction forces. The general
condition was oedometric condition which fixing the top
part of the oedometric cell. And the water was infiltrated
from the bottom of the specimen, the swelling pressure is
measured using the load cell placed between the restrain
and the top of the compacted bentonites. The volume of the
compacted bentonites keeps constant during the saturation
process. The tests were conducted in normal soil mechanic
laboratories which has a temperature around 20 °C. After
swelling pressure test, the water content was determined by
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oven drying, the degree of saturation with a value of 90-
120% indicted that the specimens were almost saturated.
The detailed information about the specimens such as initial
state, preparation procedures, specimen dimensions, testing
equipment and laboratory testing temperature were listed in
Table 2.

5. Difference between theoretical and experimental
swelling pressure

To calculate the theoretical swelling pressure, the u-
log(Kd) relationship must be established as presented
before. According to Sridharan and Jayadeva (1982) and
Tripathy et al. (2004), the ionic concentration of the bulk
fluid nearly has a molal concentration of approximately 10
M, so the concentration n, is assumed to 10 M in this
paper. The swelling pressure varies from 0 kPa to 40 MPa
for all the studied compacted bentonites. The following
procedures were suggested to establishe the u-Kd
relationship for all compacted bentonites: (i) assumed the
pressure range which is from 50 to 40 000 KPa increased by
step, u values can be obtained by Eq. (5); (ii) the value of z
can be calculated from equation (4) by given the value of B,
S; (iii) The value of Kd also can be calculated from
equation (3) by given the value of u and z. In order to save
the space, here only MX80 Na-bentonite and FoCa Ca-
bentonite were listed, the calculated u and Kd values are
shown in Table 2.

From Table 3, the value of (dy/d&)y- is 211.17 and
455,208 for MX80 and FoCa bentonite respectively.
According to Sridharan and Jayadeva (1982), it was noted
that u plotted against log(Kd) is linear for larger values of
(dy/d&)x= and for u>1.0. The linear fitting curve of u-
log(Kd) of MX80 and FoCa bentonites were shown in
Fig.3. Once the relationship was obtained, the theoretical u
can be calculated from Kd, in which d was calculated from
Eq. (1) by assuming a series of dry density, K was
calculated from Eq. (6) by the known parameters listed in
Table 1. Once the value of theoretical u was got, the
theoretical swelling pressure can be calculated from Eg. (5).
Thus, the swelling pressure of theoretic DDL prediction of
each compacted bentonite were presented in the following
Egs. (7)-(16).

Figs. 4 and 5 show the theoretical and experimental
swelling pressure of sodium and calcium compacted
bentonites versus dry density respectively. It can be
observed that the theoretical swelling pressure of Na-
bentonite corresponds to the experimental data well at low
dry density for MX80 bentonite and Kunigel-V1 bentonite
(<1.5 Mg/m?).

p = 2nokT[cosh(-3.462 log(Kd) + 3.292) - 1] MX80 @)

p = 2nokT[cosh(-3.749log(Kd) + 3.052)- 1] Kunigel-V1 (8)
p = 2nokT[cosh(-3.684 log(Kd) + 3.108) - 1] (Voclay) ©)]

p = 2nokT[cosh(-3.638 log(Kd) + 3.148) - 1] (Neokunibond) (10)

p = 2n¢kT[cosh(-3.500 log(Kd) + 3.262) - 1] (GMZ)  (11)

Table 3 Values of u, z, (dy/d&),-, and Kd for MX80
bentonite and FoCa bentonite

MX80 bentonite FoCa bentonite

Pressure
/KPa

z (dy/d&)y=0 Kd z (dy/d&)x=0 Kd
np=10*M
50 5.32 10.710 211.17 0.211 12.242 455.208 0.216
100 6.01 10.714 211.17 0.146 12.243 455.208 0.152
200 6.70 10.723 211.17 0.101 12.245 455.208 0.106
400 7.39 10.741 211.17 0.069 12.249 455.208 0.074
800 8.08 10.775 211.17 0.046 12.257 455.208 0.051
1000 8.30 10.792 211.17 0.040 12.261 455.208 0.045
2000 9.00 10.872 211.17 0.026 12.280 455.208 0.031
4000 9.69 11.015 211.17 0.016 12.317 455.208 0.020
8000 10.38 11.250 211.17 0.010 12.386 455.208 0.013
10000 10.61 11.350 211.17 0.008 12.420 455.208 0.011
20000 11.30 11.739 211.17 0.005 12.571 455.208 0.007
40000 11.99 12.236 211.17 0.002 12.818 455.208 0.004

p = 2ngkT[cosh(-3.957 log(Kd) + 2.869) - 1] (FoCa)  (12)
p = 2nokT[cosh(-3.494 log(Kd) + 3.266) - 1] (FEBEX) (13)

p = 2nokT[cosh(-3.494log(Kd) + 3.267)- 1]

(14)
Bentonite Montigel
p = 2ngkT[cosh(-3.555log(Kd) + 3.217) - 1] (15)
(Bentonite S-2)
p = 2ngkT[cosh(-3.3711og(Kd) + 3.363) - 1] (16)

Bavaria bentonite

This phenomenon was observed by Komine and Ogata
(1996) of sodium Kunigel bentonite. According to them, the
DDL theory was only effective in prediction swelling
pressure with low dry density for certain bentonites. As for
other Na-bentonites, the theoretical value was higher than
experimental data at low dry density, while they consist
with experimental data well only among some certain
ranges. In Fig. 5 for compacted Ca-bentonites, the same
phenomenon was found that the theoretical value
corresponds well with the experimental data among low dry
density range. Meanwhile it occurred bigger difference than
Na-bentonites during high dry density range. In order to see
the accuracy of the DDL prediction clearly, redraw the dry
density against with the difference of swelling pressure
which equals to the experimental data minus the DDL
calculated values. Fig. 6(a) and 6(b) shows the difference of
swelling pressure with increasing dry density for Na-
bentonite and Ca-bentonite respectively. Assumed the
difference is within +0.5MPa, the model can be accepted.
The dash line included the area between -0.5MPa and 0.5
MPa, it is clearly that the DDL model is only suitable for
certain Na-bentonites shown in Fig. 6(a), while the DDL
model is unavailable for Ca-bentonite with dry density
higher than 1.6 Mg/m® shown in Fig. 6(b). It can be
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concluded that the DDL theory is unavailable for
compacted bentonites and it should need some revises.

It is known that swelling of bentonite (montmorillonite)
has two mechanisms. One is the crystalline swelling and the
other is the diffuse double layer swelling (Van Olphen
1963). Swelling of montmorillonite takes place in two
distinct ways. At closed clay platelet distance (<2.2 nm)
(high dry density), the expansion was primary dependent on
the exchangeable cation and the hydration energy of the
cations. Upon further ingress of water, when the clay
platelet distance is greater than 3.5 nm, the hydrated cations
will move into the solution to form the electrical diffuse
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Fitting curve of MX80
= = - Fitting curve of FoCa

@
T

u = -3.462 log (Kd) + 3.292
R2=0.996
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Fig. 3 Theoretic u-Kd relationships of MX80 and FoCa
bentonite
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double layer. The montmorillonite was thought to develop
the rest of the micelle fluid and the swelling was essentially
osmotic (Norrish 1954). At lower dry density, a possible
dissociation of ions from the clay particle surface
contributed to the diffuse double layer repulsion (Schanz et
al. 2009). At higher dry density, the adsorptive forces due to
surface and ion hydration dominated the swelling pressure.
The hydration energy due to surface and ion hydration are
the major contributing factors to swelling pressure at close
separation of clay platelets (Verwey and Overbeek 1948,
Van Olphen 1963 and Yong 1999). The swelling pressure
can be regard as equivalent to the double layer repulsive
pressure only when double layer repulsion is the dominated
force. It is clearly to see that there are some limited
conditions when using the DDL theory. The effects of ion
and surface hydration energy may have effects on the
swelling pressure of compacted bentonite at very close
separation distance. However, the DDL theory doesn’t
consider this influence.

It was noted that several factors may significantly
influence the swelling pressure of compacted bentonite
other than the one only predicted by diffuse double layer
theory. There are different kinds of cations existing in
compacted bentonite, which has different hydration radius
and hydration energy, and they can contribute to swelling
pressure. For higher dry density, the distance between clay
platelets is much closer, even their respective force fields
overlap and have a great influence on the behavior of the
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clay-electrolyte system. Therefore, it needs developed of
the basic DDL theory used for predicting the swelling
pressure of compacted bentonite.

6. Suggested new relationship of u-log(Kd)

The effects of ions and surface hydration energy can
deeply influence the swelling pressure of compacted
bentonite at very close separation distance as previous
discussed. The swelling pressure is initially predicted by
Eqg. (5). The parameter ny, k and T in Eqg. (5) are assumed to
be constant in this article, the theoretical swelling pressure
only depends on the non-dimensional mid-plane potential u.
The value of u is the reason for the difference between
theoretical DDL prediction and experimental data. It is
necessary to compare the theoretical and experimental u and
study their difference. From experimental results, the u
values can be calculated by knowing the swelling pressure
by Eq. (5). K values can be obtained by Eq. (6). The values
of d can be calculated by Eq. (1), thus Kd values can be
obtained. The void ratio corresponding to each dry density
also can be calculated by Eqg. (1).

Considering the difference of preserve cations in
different bentonite, the mineral components and the
difference between theoretical and measured swelling
pressure (Table 1, Fig. 6). Here, the MX80 and FoCa
bentonite contained the highest sodium and calcium content
respectively, also they have the average montmorillonite
content among Na-bentonite and Ca-bentonite. Therefore,
MX80 and FoCa bentonite can be regarded as the
representative of Na-bentonites and Ca-bentonites
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Fig. 6 The swelling pressure difference between
experimental data and DDL theoretical values versus dry
density for (a) Na-bentonites and (b) Ca-bentonites
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respectively. Fig. 7 shows the theoretical and actual
experimental relationship of u and log(Kd) for MX80
bentonite and FoCa bentonite. The slope of experimental
data is much lower than theoretical value for both
bentonites, which results the difference between theoretical
and experimental results. Considering Fig. 6, it is obvious
that the difference between the DDL predicted and
experimental swelling pressure seems to have an
exponential increase trend against the dry density for all
bentonites.

Once the experimental u and log(Kd) relationship was
obtained, the difference in u values, Au, can be calculated
using experimental u values minus theoretical DDL u
values. Because of the limit of DDL, especially its
inaccurately predicted at high dry density range, which the
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hydration energy of ions or repulsive forces mainly controls
(Schanz and Tripathy 2009). It results in the difference of
swelling pressure between theoretical and experimental
data. The difference Au may compensate the hydration
energy, repulsive pressure etc. which are not considered in
DDL theory. Because the swelling pressure has relations to
u (Eg. (5)), and u has relations with clay platelets d
(equation 3), d has relations with e (Eq. (1)), so the
difference of u should follow some function of void ratio.
From the expression of Eqg. (5), an attempt was made to
revise the relationship between u and log(Kd).

An idea came out that the difference of experimental
and theoretical non-dimensional mid-plane potential, Au,
should follow the same trend with dry density. The growth
form of hyperbolic function cosh(u) and exponential
function follows the same style. Based on this, it is assumed
that the Au has an exponential increased with dry density.
Considering the difference of swelling pressure is negative
below dry density of 1.5 Mg/m® and positive in the
following dry density, the Au would have a natural
logarithm decreased with increased of void ratio. Here we
choose the void ratio instead of dry density considering the
non-dimension of void ratio. Based on the experimental
information of MX80 and FoCa bentonite, the relationship
between Au and e were established for Na-bentonites and
Ca-bentonites. The Au versus void ratio (e) of MX80 and
FoCa bentonite was presented in Fig. 8.

The natural logarithm relationship between Au and
void ratio (e) can be obtained. Their relationships were
shown in Egs. (17) and (18). The values of Au decrease

with the increasing of void ratio. The new modified
nondimension midplane potential can be got by added Au to
theoretical u. And the swelling pressure can be recomputed
by Egs. (19) and (20) for MX80 and FoCa bentonite
respectively. Fig. 9 shows swelling pressure versus dry
density of MX80 and FoCa bentonite by the experimental,
DDL theory and proposed Egs. (19) and (20). It can be seen
the proposed equations predicted much better than the
original DDL theory at high dry density range. The
proposed equation has a good agreement with the
experimental data. Egs. (21) and (22) were the proposed
equations for calculating swelling pressure of Na-bentonite
and Ca-bentonite.

Auprxgo = -1.7291n(e+0.203) (Na - bentonite) @an
Aupocq =-5.158In(e+0.153) (Ca- bentonite) (18)
p = 2ngkT[cosh

((-3.462 log(Kd) + 3.292)-1.729In(e+0.203)) - 1] (19)

p = 2nykT[cosh
((-3.957 log(Kd) + 2.869)-5.158In(e+0.153)) - 1] (20)
p=2nkT[cosh(Uheory + AUprxgo) - 1] (21)
p=2n0kT[COSh(utheory + Aupoce) - 1] (22)

7. Verification of proposed equations for swelling
pressure

The modified swelling pressure equation (21) and (22)
were derived based on experimental MX80 and FoCa
bentonite data and DDL theory, which were proposed for
Na- and Ca-bentonite respectively. And later the equations
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Fig. 10 Theoretical DDL prediction, experimental and
developed model for swelling pressure of Na-bentonites
(&) Nekunibond bentonite, (b) Voclay bentonite, (c)
Kunigel-V1 bentonite and (d) GMZ bentonite
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will be applied in other nuclear waste barrier materials as

listed before. Detailed as following: experimental swelling
pressure data of FEBEX bentonite (ENRESA 2000) from
Spain, Kunigel V1 (Japan Nuclear Cycle Development
Institute  1999), Voclay and Neokunibond bentonite
(Komine 2004) from Janpan, bentonite S-2 (ENRESA
2000) from Spain, Bavaria Bentonite (Schanz and Tripathy
2009) and Montigel bentonite (Bucher and Mdller-Vonmoos
1989) from Germany, GMZ bentonite (Schanz and Al-
Badran 2014) from Gaomiaozi County (Inner Mongolia,
China) were selected for the verification of the new
modified swelling-pressure equations. The theoretical u-
log(Kd) relationship were presented from Eqgs. (7)-(16). The
experimental u-log(Kd) can be obtained by assumed the
known swelling pressure as mentioned before.

The swelling pressure of Na-bentonites and Ca-
bentonites, reported by experimental tests, calculated by
theoretical DDL prediction and recalculated by proposed
equations, versus dry density relationship are plotted in
Figs. 10 and 11, respectively. It can be seen that the
proposed equations can predict the swelling pressure more
accuracy than the DDL prediction.

In order to discuss the accuracy of the developed model,
the variance accounted for two values (VAF), mean
absolute error (MAE) and the root mean square error
(RMSE) which were presented by Egs. (23), (24) and (25)
respectively, were also computed to evaluate the
performance of the proposed model. VAF, MAE and RMSE
are frequently used to evaluate the difference between
values predicted by a model and the measured values
actually obtained in laboratory.

VAF = [1_M x100% (23)
Var(xcxp,i)
1 n
MAE = H Z |XCXp,i'Xmodel,i| (24)
i=0
n 5 32
RSEM = ZiZO(XCXp,I XlTlOdCl,l) (25)

n

Where Xexp,i and Xmogeri IS the experimental value and the
model predicted value at i stage, respectively. n is the
observation times.

If VAF equals to 100%, MAE and RMSE equals to zero,
in which the experimental value equals to model predicted
value, it means that the model is quite perfect. The higher
the VAF value and the lower the MAE and RSEM values,
the better the model works. The swelling pressure predicted
by the proposed equations are compared with their
experimental data. All the values of each compacted
bentonite are shown in Fig. 12.

In Fig. 13, the abscissa represents the experimental
swelling pressure and the ordinate represent the model
prediction swelling pressure of all the bentonites. The
model prediction values are very accurate when all the
points located in diagonal line (dash line). In other words,
the nearer the points closed to the line, the more accuracy
the model is. The Kunigel-V1 values are above the line at
0.3-09 MPa range, which means that the model predicted a
little higher than the experimental data. This phenomenon
can be confirmed by the highest VAF value of Kunigel-V1
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in Fig. 12. At lower swelling pressure range 0.06-0.3 MPa,
the Bavaria bentonite data is below the line, which means
that the model predicted much lower than the experimental
data. Due to the logarithmic-logarithmic coordinates, a tiny
difference would reflect a big difference in the Figures. At
this time, the MAE values will help us to evaluation the
accuracy of the proposed model. Results show that the
prosed model work well for Bavaria bentonite. The
agreement between experimental and model predicted value
can be observed in Fig. 13. The results show that the
proposed model prediction Egs. (21) and (22) worked well
for Na-bentonites and Ca-bentonites.

8. Comparison with other developed DDL model

In order to compare the proposed model with previous
published models especially for divalent rich bentonite, the
Bavaria bentonite was a good candidate. The modified
swelling pressure equations proposed by Tripathy et al.
(2004) considering the weight average valency of cations in
clay are as following

p = 2nkT[cosh(—=7.277 log,, Kd — 2.91) — 1]

(26)
(for v=1.14 -1.50)
p = 2nkT[cosh(—10.427 log,, Kd — 7.72) — 1] @7
(forv=1.66 —1.73)
= 2nkT[cosh(—9.190 log,, Kd — 3.26) — 1]
p = 2nkT[cosh( 0810 ) 28)

(forv=1.97)
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Because the average valency is 1.88, so the equation 28
was adopted to calculate the swelling pressure. The
calculated results were shown in Fig. 14 with green line, it
was far higher than the experimental results. Also, the Egs.
(26) and (27) were also used to calculate the swelling
pressure as shown in Fig. 14. Results show that both
equations predicted well below dry density of 1.55 Mg/m®.
Because Eqs. (26) and (27) were mainly for certain valence
range, both is not suitable for Bavaria bentonite. It can be
seen that the proposed model in the paper predicted well for
Bavaria bentonite.

9. Conclusions

The swelling pressure of several bentonites was
calculated from Gouy-Chapman diffuse double layer theory
and compared with the experimental data. Results show that
the original theoretical DDL prediction can’t predict
swelling pressure well. It predicted much lower at high dry
density for all the bentonites. Many factors contribute to
this as discussed in the paper. Based on the MX80
representing Na-bentonite and FoCa representing Ca-
bentonite data, the modified new relationship between
nonodimension midplane potential, u, and distance
function, Kd, were derived. The new relationships were
suggested to calculate swelling pressure of other bentonites.
The proposed equations were verified by other compacted
bentonites such as Kunigel, FoCa, Bentonite S-2 and
Montigel bentonite, Voclay, Neokunibond, GMZ bentonite,
FEBEX and Bavaria bentonite. The swelling pressures
calculated by proposed equations indicated a good
agreement with the experimental swelling pressures. The
proposed equations are valid in predicting of swelling
pressure of compacted bentonite.
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